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Abstract  

Single leg movement screens provide valuable information to practitioners when 

evaluating unilateral weightbearing control. The ability to maintain proper alignment of the 

trunk, pelvis, and lower extremity are often assessed during single leg movement screens 

such as the single leg squat (SLS), forward step down (FSD), and lateral step down (LSD). 

Each of these tasks examine an individual’s ability to lower and raise their center of mass 

while maintaining balance and proper mechanics (i.e., upright trunk position, neutral pelvis). 

Movement patterns identified by these tasks such as ipsilateral trunk lean, pelvic drop, and 

knee valgus that are known to place excessive forces on lower extremity joints and 

considered to be a sign of inadequate motor control. The ability of these tasks to identify the 

abovementioned factors provides utility for practitioners when screening movement and 

tracking the rehabilitation process. Additionally, the unilateral nature of the SLS, FSD, and 

LSD allow for the analysis of bilateral differences that may be associated with increased 

injury risk.  

Current research supports the idea that healthy individuals have symmetrical lower 

extremity movement during single leg weightbearing movements. Thus, rehabilitation 

protocols often assume symmetry prior to the injury and subsequently will utilize the 

unaffected leg as a benchmark for treatment goals. However, conventional research has 

focused on group analyses that have been found to obfuscate asymmetrical movement 

patterns that are occurring at the individual level. The masking of asymmetrical movement 

patterns at the group level is due to the dichotomization of legs by the dominant (i.e., the leg 

used to kick a ball) and non-dominant leg. Historically leg dominance, or preference, were 

arbitrarily selected as the dynamic leg used to kick a ball. However, this series of studies 

illustrates the importance of identifying a task specific method of identifying limb preference 

when performing clinical assessments from a group analysis perspective.  

The overall purpose of this dissertation was to examine 1) potential differences in the 

movement patterns of three single leg weightbearing tasks (e.g., SLS, FSD, LSD), 2) whether 

performing these tasks resulted in asymmetrical mechanics, and 3) whether asymmetrical 

movement patterns could be corrected with an intervention. To address this purpose, two 

separate data collections were collected using convenience samples. The results of the first 
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study provided the foundation for the clinical task used for the intervention of the 

culminating study.  

The purpose of the first manuscript was to assess potential differences in the 

movement patterns of healthy individuals during the SLS, FSD, and LSD. To identify 

differences between tasks, kinematic waveforms in the fontal and sagittal plane of the trunk, 

pelvis, hip, and knee were analyzed. Primary findings indicated that the FSD provoked 

greater knee abduction than both the SLS and LSD. The SLS generated the greatest amount 

of sagittal plane motion at the trunk, pelvis, and hip for the entirety of the movement. The 

LSD elicited the least amount of ipsilateral trunk lean. Thus, the FSD may be optimal for 

assessing frontal plane knee motion as a screen for injury risk, while the SLS provided 

greater demand on the sagittal plane motion resulting in increased demand of the hip 

musculature. 

 The purpose of the second manuscript was to examine the ability of each task to elicit 

bilateral differences at the group and individual level. Kinematic waveforms in the fontal and 

sagittal plane at the trunk, pelvis, hip, and knee were analyzed to compare bilateral 

differences elicited during each task. Participants self-identified their preferred (perceived as 

most stable) and non-preferred legs for each task. Minimal differences occurred at the group 

level when comparing preferred and non-preferred legs during the FSD, LSD, and SLS. 

Performing the LSD on the non-preferred leg resulted in increased pelvic drop at the group 

level. There were no other significant group findings for the LSD, FSD, or SLS. At 

individual level, numerous differences were identified with the largest percentage of 

participants demonstrating asymmetries for frontal plane knee motion. Sagittal plane 

asymmetries were most common at the pelvis during the FSD. Individual analyses were 

necessary to illustrate the prevalence of asymmetrical movement patterns across tasks and 

participants.  

The primary purpose of the final manuscript was to examine whether self-identified 

Total Motion Release® (TMR®) scores coincided with mechanical asymmetries during a 

SLS. The secondary purpose was to explore whether improving the subjective self-reported 

imbalances resulted in decreased movement pattern asymmetries. Sagittal plane mechanical 

waveforms for the SLS task were used to evaluate group and individual mechanical bilateral 
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differences before and after the TMR® intervention. The study population included 

individuals who had bilateral difference scores greater than 10 on 0–100-point TMR® scale, 

with higher scores indicating a greater difference between legs. The leg that scored higher 

was classified as the non-preferred leg. When preferred leg was identified based on task 

specific criteria, reduced knee flexion, ankle flexion, and internal knee flexion moments were 

identified on the non-preferred leg for both group and individual analyses. After the 

intervention, subjective scores for dysfunction had equalized between legs. Additionally, 

participants had increased their internal knee flexion moments on the non-preferred leg. 

Bilateral differences for knee and ankle flexion, as well as knee flexion moments persisted 

following the intervention. In conclusion, practitioners should consider the potential of the 

TMR® protocol to improve self-perceived scores of dysfunction during a SLS; however, 

objective measures of movement should also be included when rehabilitative protocols 

intend to address mechanical imbalances.  

 The overall results of this dissertation indicate: 1) single leg movement tasks should 

not be used interchangeably, and the mechanical demands of each task may best suit specific 

screening or rehabilitative protocols, 2) incongruities between group and individual analyses 

indicated that it is necessary to include individual analyses when assessing movement pattern 

asymmetries, and 3) including objective measures of patient perceptions is required to 

dichotomize legs for group analyses. Future studies should begin to examine the importance 

of the observed movement asymmetries by considering individual analyses in conjunction 

with patient reported scales while performing longitudinal injury tracking. 
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Introduction 

Movement analyses are commonly used in sports medicine when developing injury 

prevention and rehabilitation protocols.1 Control of the trunk, pelvis, and lower extremity are 

often assessed during single leg weightbearing tasks such as the single leg squat (SLS), 

forward step down (FSD), and lateral step down (LSD).1,2 Each of the tasks examine an 

individual’s ability to lower and raise their center of mass while maintaining balance and 

proper kinematic alignments (i.e., upright trunk position, neutral pelvis).1 Inadequate motor 

control during these tasks can lead to movement patterns that include ipsilateral trunk lean, 

pelvic drop, and knee valgus.1 When the abovementioned movement patterns occur during 

higher velocity activities such as running, and jumping, increased forces at the knee can lead 

to the risk of injury.3 Motion capture analyses of single leg weightbearing tasks provide 

similar data to higher velocity movements such as jumping, running, and cutting.4,5 As visual 

assessment of single leg tasks is associated with motion capture data,6 the use of these tasks 

in clinical settings provides information about more ballistic movements, when injuries are 

more likely occur.6 The relationship between the kinematics of single leg weightbearing tasks 

and higher velocity movements may also imply that improving kinematic alignment during 

these tasks is beneficial during situations with higher impact forces.  

The SLS, FSD, and LSD each examine similar joint alignments; however, nuances in 

task demands may lead to meaningful differences between the kinematic profiles of each 

task. For instance, the FSD and LSD are performed from a 15-25cm tall box that constrains 

sagittal plane range of motion for the movement.1 In contrast, clinical use of the SLS often 

has patients lower themselves to a self-determined depth.7 Another difference between the 

tasks is that the LSD is performed with the weight-bearing foot parallel to the edge of the box 

while the FSD places the foot in a perpendicular orientation.6,8 Positioning of the non-stance 

leg may also be a factor as placing the non-stance leg in the anterior (FSD) and posterior 

(SLS) position likely influenced sagittal plane positioning of the center of mass (COM).9,10 

Whereas the placement of the leg under the COM during the LSD may have limit the task 

demand of mitigating COM translation in sagittal plane. Distinguishing how these nuances 

affect movement pattern differences between the SLS, FSD, and LSD would improve the 

selection of an appropriate task during clinical analyses. 
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The demands of single leg weightbearing tasks also make them ideal for the 

assessment of bilateral movement symmetry. Asymmetrical movement patterns are often 

thought to place apparently healthy individuals at risk of injury due to increased loads on the 

“dominant” leg, and a lack of stability on the “non-dominant” leg. However, the importance 

of lower extremity movement symmetry as it pertains to injury risk remains debated.11 

Nevertheless, clinicians will often use these tasks to assess lower extremity movement 

symmetry during the rehabilitation of patients who have injuries that limit movement on one 

side of the body.12 The uninjured leg is often used as a benchmark for rehabilitation goals 

because it is assumed symmetry existed between legs prior to injury.13,14 The assumption of 

symmetry in healthy individuals, or the assumed importance of symmetry, could lead to 

inadequate treatment goals. Therefore, it is necessary to examine whether apparently healthy 

individuals display movement symmetry during single leg weightbearing tasks, and which 

tasks may best identify asymmetrical movement. This task could then be used to further 

assess the importance of asymmetrical movement patterns. 

The purpose of this dissertation is to examine the kinematic differences between the 

SLS, FSD, and LSD to identify the task that is best suited for a rehabilitation protocol 

designed to address sub-optimal movement patterns. To address the purpose, three protocols 

were designed to: 1) compare the kinematic profiles of the three tasks, 2) identify which of 

the three tasks is most sensitive to bilateral asymmetries, 3) explore the potential for a 

rehabilitative protocol to improve movement mechanics during the task that best identifies 

asymmetrical movement. 
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Significance of the Chapter 

 The goal for the first study of this dissertation was to characterize the magnitudes of 

joint and segment motion for the single leg squat (SLS), forward step down (FSD), and 

lateral step down (LSD) tasks. Prior investigations into kinematic differences between the 

aforementioned tasks have limited analyses to a single time point within the duration of the 

tasks. However, limiting analyses to the timing of peak knee flexion, or when the knee 

reaches 60° of flexion, omits valuable information, and does not adequately describe the 

different strategies utilized to accomplish the task demands. Analyzing the whole task is 

necessary to identify movement patterns, and better reflects how practitioners assess 

movement. Therefore, the current study used a novel approach that analyzed the kinematic 

timeseries for the entirety of the three single leg weightbearing tasks. The comparison of 

tasks through timeseries provides practitioners and researchers information for not only if, 

but when the movement patterns during the SLS, FSD, and LSD become different. This 

information could then be used to select a task that best fits specific rehabilitation protocols, 

or that best identifies movement patterns thought to increase risk of injury.  
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Abstract 

 The single leg squat (SLS), forward step down (FSD), and lateral step down (LSD) 

are clinically reliable movement screens for identifying motion imbalances. The current 

understanding for the kinematic profiles of each task is limited to discrete time points such as 

peak knee flexion. However, analyses of the entire movement would better aid clinicians 

when selecting the appropriate task for rehabilitation or movement screen purposes. The 

current study used Statistical Parametric Mapping to ascertain differences in the kinematic 

waveforms for the entire duration of each task. The trunk, pelvis, hip, and knee were 

analyzed in the sagittal and frontal planes. Data for each variable and task were analyzed 

from 0-100% of the movement. Primary findings indicated that the FSD provoked a greater 

magnitude of knee abduction than the SLS and LSD from 26-66% of the movement. The 

SLS generated the greatest amounts of trunk, pelvic, and hip flexion for the entirety of the 

movement. The LSD elicited the least amount of ipsilateral trunk lean (90-100%). Thus, the 

FSD may be optimal for assessing frontal plane knee motion as a screen for injury risk, while 

the SLS has potential to place increased sagittal plane demand on the muscles of the hip.  

Keywords: SPM; Movement Screens; Rehabilitation; Kinematics 
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Introduction 

 Single leg movement tasks are of interest to practitioners for evaluating dynamic joint 

alignment during movement screens, tracking rehabilitation progress, and as exercises.1 The 

single leg squat (SLS), forward step down (FSD), and lateral step down (LSD) are movement 

screens found to be clinically reliable and valid for identifying motion at the trunk, pelvis, 

hip, and knee when weight-bearing on a single limb.1,2 The assessment of joint alignments is 

similar during these movement screens; however, the FSD and LSD are performed from a 

15-25cm tall box that constrains the movement.1,3,4 In contrast, clinical use of the SLS often 

has patients lower themselves to a self-determined depth.1,5 Another difference between the 

tasks is that the LSD is performed with the weight-bearing foot parallel to the edge of the box 

while the FSD places the foot in a perpendicular orientation.3,4 Differences in task demands 

may lead to specific kinematic alignments of the trunk and lower extremities.6 Insights for 

kinematic alignment differences between the SLS, FSD, and LSD may help practitioners 

when selecting between tasks for movement screens, rehabilitation, and exercise.  

Prior to administering single leg weight-bearing tasks, practitioners should have 

evidence for how the subtle differences between task demands influence trunk, pelvis, hip, 

and knee kinematics. For example, positioning of the non-weight-bearing leg may influence 

hip and knee mechanics on the contralateral leg.7–9 The increase in hip flexion on the non-

weight-bearing leg during the FSD (and variations of the SLS) is thought to position the 

center of mass (COM) more anteriorly.7,8 In turn, this may require greater hip extension from 

the stance limb to mitigate the anterior migration of the COM and maintain anterior-posterior 

stability.7 This has been observed during a comparison of the FSD and LSD, when greater 

knee flexion occurred on the weight-bearing leg occurred during the FSD.7 The reported 

increase for knee flexion during the FSD may make it a better task than the LSD for inducing 

quad and gluteal activation.10 Kinematic differences have also been reported during 

variations of the SLS where the positioning of the non-weight-bearing leg in a flexed position 

decreased peak trunk flexion when compared to placing the non-weight-bearing leg in a 

neutral position.5,9 Tasks that limit trunk flexion could be important when it is necessary to 

reduce loads at the anterior cruciate ligament (ACL).11 Excessive knee abduction and pelvic 

drop are movement patterns that have also been attributed to increased loads at the knee.12,13 

As this pattern has been associated with decreased hip muscle function,14 a task that better 
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invokes knee abduction and pelvic drop would be useful when screening for hip muscle 

performance.  

While there is current evidence supporting movement pattern differences among these 

tasks; it has been based on discrete kinematic analyses. For example, prior investigations of 

these tasks have focused on the event identified at 60° of knee flexion,5,6,9 or the event of 

peak knee flexion for analysis.7,15 By reducing one-dimensional vector data into a zero-

dimensional scalar, prior approaches omit the analysis of various movement patterns that can 

be used to accomplish different the tasks. This approach may result in missed differences 

between tasks.16,17 Performing discrete analyses on vector data can also produce false 

positives at high rate.18 A proposed alternative to discrete analyses is Statistical Parametric 

Mapping (SPM), which can be used to assess differences in kinematic waveforms for the 

duration of tasks and reduce false positives when examining movement data.18,19 Expanding 

analyses to the entire movement interval better reflects how a practitioner would evaluate the 

movement and may improve the understanding of strategies used to accomplish the different 

tasks.20 Therefore, implementing an SPM analysis for comparisons of the SLS, FSD, and 

LSD would provide more robust statistical comparisons, as well as more a practical 

assessment of the movement pattern.  

The purpose of this study was to assess for potential differences in the movement 

patterns of healthy individuals during the SLS, FSD, and LSD. To identify differences 

between tasks, kinematic waveforms in the fontal and sagittal plane at the trunk, pelvis, hip, 

and knee were analyzed with SPM analyses. It was hypothesized that the positioning of the 

non-weightbearing leg during the FSD would result in less sagittal plane motion at the trunk, 

hip, and pelvis when compared with the other two movement screens. A secondary 

hypothesis was that participants lowering themselves to a self-determined depth during the 

SLS would invoke greater magnitudes of frontal plane motion at the hip and knee than both 

the FSD and LSD. 

Methods 

Participants 

A convenience sample of 11 female (21.3 ± 1.8 years, 167.5 ± 4.4 cm, 62.3 ± 9.9 kg) 

and 10 male participants (24.6 ± 3.6 years, 180.3 ± 6.5 cm, 78.6 ± 13.6 kg), were recruited 
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from the local community. To be included, participants had to be free from current self-

reported injury, and able to perform the SLS to 60° of knee flexion while maintaining their 

hands on their waist as a sign of being clinically rated as ‘good’.5 Participants with low back, 

or lower extremity pain during any of the tasks were excluded. Previous history of lower 

extremity or low back surgery also excluded participants. All participants were informed of 

the risks of participation and signed an informed consent form approved by the University’s 

Institutional Review Board prior to participation.  

Procedures 

 Prior to collecting data, participants were asked to perform FSD, SLS, and LSD on 

each leg. Participants performed repetitions on each leg until they were comfortable with the 

task demands for a single task and were able to identify which leg they felt most stable on 

while performing the task. All tasks were performed with the participant’s self-selected 

athletic footwear on. As leg dominance has been shown to be task-specific,21,22 the self-

identified ‘most stable’ leg was set as the participant’s preferred leg for that task and used for 

analysis. Participants were then fitted with a custom full-body cluster-based reflective marker 

set that defined the trunk, pelvis, thighs, and shanks as rigid segments. Calibration markers at 

the knee, and pelvis markers were applied by a single investigator to maintain a consistency 

of measurement.23 Trials were collected with an 8-camera motion capture system (250Hz, 

Vantage, Vicon Motion Systems Ltd., Oxford, UK). For the data collection, participants were 

asked to perform each task up to eight times to achieve five ‘good trials’. A trial was rated as 

‘not good’ and recollected if the participants hands came off their waist, they performed the 

trial in a jerky or non-continuous manner, or lost balance during the task.5 Participants 

completed all trials (both legs) of a single task prior to changing tasks. A preliminary analysis 

revealed that participants had increased pelvic drop on the non-preferred leg during the LSD; 

however, no other bilateral differences were observed. Thus, the preferred leg may have 

represented the participant’s most stable leg. The order of the tasks and legs was randomized 

across participants to account for potential learning effects and fatigue.  
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The SLS was performed to the depth the participant could achieve while still 

performing one continuous and smooth motion as determined by the researcher. The non-

weightbearing leg was placed in a neutral hip position with the knee bent to approximately 

90°.5 This SLS position was selected because the non-weightbearing hip was in a similar 

position to the LSD. Both step down tasks (FSD and LSD) were performed with the 

participant standing toward the edge of a 20cm box. For the FSD, participants stood with toes 

at the edge of the box and asked to dorsiflex their non-weightbearing foot, lightly touch their 

heel to the ground, and return to their starting position in one continuous motion.3,24 The LSD 

was performed with the medial aspect of the weight-bearing foot placed parallel to the edge 

of the box,24 following the same instructions as the FSD.  

Data Analysis 

Angular kinematics were computed using a Cardan (X-Y-Z) rotation sequence with 

Visual 3D software (v6, C-Motion Inc., Germantown, MD, USA). Pelvis segment angles 

were calculated using a Z-Y-X sequence of rotations to be consistent with the conventional 

clinical understanding of pelvic tilt and pelvic drop.25 The pelvis was modeled as a CODA 

pelvis and pelvis segment angles were calculated relative to the global coordinate system 

following Baker.19 Pelvic drop was defined with respect to the frontal plane, whereas pelvic 

tilt was defined with respect to the sagittal plane. Positive values in the frontal plane were 

represented as a contralateral pelvic drop and positive values in the anterior plane were 

represented as anterior pelvic tilt. Ipsilateral trunk lean was defined as a positive value and 

indicates frontal plane motion toward the weightbearing leg. Positive values were used to 

represent trunk, hip, and knee flexion. Hip adduction and knee abduction were also 

represented by positive values. The center of mass (COM) was estimated by Visual 3D using 

Figure 2.1 Depiction of Visual 3D model during each of the three tasks. 
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each of the segments. Vertical COM displacement was calculated from its position at the 

start of the movement to the lowest position relative to the lab for each of the three tasks.  

Marker trajectories were low-pass filtered using a fourth-order Butterworth filter at 6 

Hz.6,9 Kinematic time-series were interpolated to 101 data points (100% of cycle) for the 

SPM analysis from the beginning to the end of the task using a custom MATLAB script 

(Version 2021b, MathWorks, Natick, MA, USA). During the first second of each task, 

participants were asked to hold their position for a quiet stance period. During this period, the 

standard deviation of hip flexion for the stance limb was calculated. The beginning of the 

task was identified when hip flexion of the stance limb exceeded a change at least three 

standard deviations from the quiet stance period. The end of the task was defined as the point 

when hip flexion returned to that starting value. Vertical displacement of the COM was 

calculated as the difference between the peak and minimum vertical position during each 

trial.  

Statistical Analysis 

All SPM analyses were conducted in MATLAB using an open-source software 

package spm1D 0.4.26 Separate within-subjects repeated measures analysis of variance 

(ANOVA) were first performed to compare the effect of task on sex. When considered 

separately, males and females demonstrated similar differences between tasks; thus, males 

and females were combined into one group. Individual ANOVA tests were then performed 

on all angular kinematic data to compare the effect of task for each variable. Additionally, we 

performed paired t-tests between tasks when main effects were observed. The significance 

level for all statistical tests was set a priori to p < 0.05. A Bonferroni correction was not 

deemed appropriate due because the procedure requires independence across the tests which 

is not the case with time-series data.20 The null hypotheses were rejected if the computed F-

value (or t-value for paired t-tests) exceeded the critical threshold. Statistical models are 

based on a model of randomness and the probability that random data would produce the 

observed result.27 With an SPM model, the randomness is computed from the waveform and 

the critical threshold is the statistical probability that the observed trajectories are not 

random. Thus, when the time series exceed the F-value of the random data (i.e., the critical 

threshold) the waveforms were considered statistically different. The COM vertical 
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displacement was analyzed as a discrete variable because only the depth of which each task 

was performed was of interest. The COM displacement was compared between tasks using a 

within-subjects repeated measures ANOVA and followed up with t-tests. Descriptive data of 

peak angles and their timing were calculated to provide further context for the time-series. 

Results 

The SPM ANOVAs indicated differences for hip flexion, anterior pelvic tilt, trunk 

flexion, knee abduction, and ipsilateral trunk lean were present. Post hoc tests indicated that 

greater hip flexion (p<0.01), pelvic tilt (p<0.01), and trunk flexion (p<0.01) occurred across 

more than 90% of the movement when the SLS was compared to both the FSD and LSD 

(Figures 2.2-4,). When performing the LSD, participants demonstrated increased pelvic tilt 

(p=0.02, 6-40%, Figure 4) and trunk flexion (p=0.04, 6-15%, Figure 5) when compared to 

the FSD. Participants also performed the FSD with greater knee abduction (Figure 6) 

compared to both the LSD (p<0.01, 40-66%) and SLS (p<0.01, 26-62%). The LSD was 

found to have reduced trunk lean (p<0.01) relative to both the FSD and SLS during the last 

10% of the task (Figure 7). The COM vertical displacement was changed between each of the 

task comparisons (FSD-LSD, p<0.01; FSD-SLS, p=0.04; LSD-SLS, p<0.01). The SLS had 

the greatest vertical COM displacement (24.9 ± 5.1cm), followed by the FSD (21.6 ± 1.3cm), 

and LSD (19.0 ± 1.0cm). 
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Figure 2.2 Kinematic waveforms for hip flexion. Blue = LSD, Pink = FSD, Black = SLS. Shaded areas 

indicate significant differences. Below: SPM t-tests, dashed lines indicate threshold for significant 

differences; shaded areas indicate where the threshold was exceeded. 

Figure 2. 3 Kinematic waveforms for pelvic tilt. Blue = LSD, Pink = FSD, Black = SLS. Shaded areas 

indicate significant differences. Below: SPM t-tests, dashed lines indicate threshold for significant 

differences; shaded areas indicate where the threshold was exceeded. 



16 

  

Figure 2.4 Kinematic waveforms for trunk flexion. Blue = LSD, Pink = FSD, Black = SLS. Shaded areas 

indicate significant differences. Below: SPM t-tests, dashed lines indicate threshold for significant 

differences; shaded areas indicate where the threshold was exceeded 

Figure 2.5 Kinematic waveforms for knee abduction. Blue = LSD, Pink = FSD, Black = SLS. Shaded 

areas indicate significant differences. Below: SPM t-tests, dashed lines indicate threshold for significant 

differences; shaded areas indicate where the threshold was exceeded 
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Discussion 

Analyses of the entire duration of the SLS, FSD, and LSD tasks enabled the detection 

of differences at different time points between the movements as well as the vertical 

displacement of the COM. Each of these tasks were found to elicit differences in the 

kinematic waveforms and vertical COM displacements, indicating different task demands on 

the system. The hypothesis that the FSD would elicit less sagittal plane trunk, hip, and pelvic 

motion was supported (Figures 2.2-4). The SLS provoked the most sagittal plane motion as 

demonstrated by increased flexion at the trunk, pelvis, and hip, which resulted in greater 

vertical displacement of the COM compared to both the FSD and LSD. Furthermore, the 

hypothesis that the SLS would elicit the greatest magnitude of hip adduction and knee 

abduction was not supported. This hypothesis was rejected because during the FSD, knee 

abduction was greater than both the LSD and SLS (Figure 2.5) and no frontal plane 

differences were observed at the hip. The mean value for ipsilateral trunk lean was less 

through the duration of the LSD, but this only became significant toward the end of the task. 

Other kinematic waveforms in the frontal plane, such as hip adduction, and pelvic drop were 

not affected by the different demands of the three tasks.  

Assessing the overall movement pattern revealed that performing the FSD resulted in 

greater knee abduction than the other two tasks from 26-62% of the movement. Interestingly, 

Figure 2.6 Kinematic waveforms for ipsilateral trunk lean. Blue = LSD, Pink = FSD, Black = SLS. 

Shaded areas indicate significant differences. Below: SPM t-tests, dashed lines indicate threshold for 

significant differences; shaded areas indicate where the threshold was exceeded 
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the greater vertical displacement of the COM during the SLS did not result in greater knee 

abduction. Similar knee abduction waveforms for the SLS and LSD also suggested that 

squatting lower on a single leg did not affect frontal plane knee motion. Excessive knee 

abduction during the SLS is considered a risk factor for injury,28 and may be attributed to 

inadequate strength of the hip musculature.15,29 As hip abductor weakness has also been 

associated with a decreased SLS depth,30 it is likely that factors other than hip muscle 

strength were responsible for the increased knee abduction during the FSD. For example, the 

non-weightbearing hip was in a flexed position during the FSD and a neutral position for the 

other tasks. Therefore, the placement of the non-weightbearing leg may have elicited greater 

knee abduction during the FSD. Although increased knee abduction angles have not been 

previously reported, increases in hip adduction angles during the FSD in comparison to the 

SLS,6,15 and LSD 7 have been found. Participants in the current study had mean peak hip 

adduction angles for the FSD (17.4 ± 6.7°) and LSD (14.7 ± 5.7°) similar to what has been 

previously supported as a difference (FSD = 18.5 ± 4.2°, LSD = 17.1 ± 4.0°).7 Thus, 

practitioners and researchers may want to select the FSD when screening for individuals with 

excessive knee abduction.  

 The increased magnitude of hip flexion during the SLS was likely a result of allowing 

the participants to squat as deep as they could while maintaining a perceived smooth and 

stable motion. Controlling the depth of the SLS with knee position has previously been found 

to elicit similar hip angles for both the FSD and SLS.31 However, the current study’s 

population had increased hip flexion angles during the entire waveform of the SLS which 

suggests that the kinematic timing of the analysis or a reduced squat depth would not have 

affected the current results. Although hip flexion was increased during the SLS and the SLS 

had the greatest vertical COM displacement, it does not appear that knee flexion was a 

primary contributor to the differences in COM displacement as the SPM analyses were 

similar across tasks. Therefore, individuals performing this version of the SLS may use a 

more hip dominate strategy to lower their COM. The SLS could be used as part of an 

assessment in patients with femoral acetabular impingement (FAI), due to the populations 

reluctance to perform hip flexion on the affected leg.32 Additionally, the increased sagittal 

plane demand and depth of squat during the SLS make it the best of the three tasks when 

training to increase jumping performance.33 
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 While increased trunk and pelvic kinematics may not be directly involved in lowering 

the COM during squatting tasks, they are often considered as markers of movement quality 

during these tasks.1,34 Excessive trunk movement is often considered a risk factor due to the 

subsequent increase in mechanical demand at the hip and knee.35,36 For example, increased 

trunk flexion has been associated with greater hip extensor moments during the stance phase 

of gait.36 The current study findings of increased trunk and pelvic motion during SLS may 

have resulted in greater torque at the hip throughout the movement than found with the FSD 

and LSD. Additionally, the LSD may place greater torque on the hip than the FSD during the 

eccentric phase of the movement. Thus, the FSD may be an appropriate task for patients with 

low back pain due to a reluctance to flex the lumbar spine during stepping tasks.37 The FSD 

may also be useful when practitioners are aiming to reduce hip torque during rehabilitative 

exercises. 

 Trunk motion was also different between tasks in the frontal plane as participants 

demonstrated less ipsilateral trunk lean during the LSD. While this difference only became 

statistically significantly in the last 10% of the task, the t-statistic touched (but did not 

exceed) the critical threshold multiple times compared to the SLS (Figure 2.6). As ipsilateral 

trunk lean during steady standing on a single leg has been correlated with increased knee 

abduction moments,38 the LSD task may be more appropriate for knee rehabilitation 

exercises with a need for reduced frontal plane torque. For example, individuals with PFPS 

who have increased ipsilateral trunk lean during the SLS 39 may place less torque on the 

pathological knee during the LSD. Thus, clinicians may want earlier stages of PFPS 

rehabilitation to use the LSD and then progress to the exercises like the FSD and SLS.  

 The current study has several limitations. It is possible that the self-identified most 

stable leg (i.e., preferred) was not the most stable leg from a mechanical perspective. 

Although we found minimal differences between preferred and non-preferred legs, group 

data has been shown to mask bilateral differences.40 Future work should consider using a 

single subjects design to determine the most stable leg prior to group analysis. Similar to 

other studies on SLS, FSD, and LSD, we used a single rigid segment to model the trunk.5,6 

More complex models exist 41 and may have better represented differences between tasks at 

the trunk. Lastly, although the SPM waveform analysis has been shown to reduce the 
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likelihood of false positives when compared to the discrete analysis of kinematic trajectories 

18 the statistically significant findings in this study do not necessarily imply practical 

meaningfulness. Currently there is no statistical measure of effect sizes when using an SPM 

analysis that may help interpret magnitude of these differences. 

Conclusion 

 The results of the current study indicate that subtle changes between the leg position 

and task demands during the SLS, FSD, and LSD resulted in different movement patterns 

between the tasks. When selecting a task to elicit lower extremity functional testing, the 

current study identified the FSD task may be best applied to movement screens that want to 

target excessive frontal plane knee motion. Whereas the SLS would be most useful for 

exercises that want to place demands on the muscles of the hip in the sagittal plane. The LSD 

task reduced frontal plane trunk motion relative to the other two tasks and may be best used 

to limit frontal plane knee torque during rehabilitation.  
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Significance of the Chapter 

 The first study of this dissertation demonstrated that the subtle differences between 

the tasks demands during the single leg squat (SLS), forward step down (FSD), and lateral 

step down (LSD) influenced the overall movement pattern required to complete the task. The 

design of the study considered only the participant’s self-identified most stable leg. 

Preliminary analyses of the first study indicated that there were minimal group differences 

when the preferred and non-preferred legs were considered. Conventional research also 

supports the idea that healthy individuals have symmetrical lower extremity movement. 

However, use of a group design to compare preferred and non-preferred legs may have 

obfuscated bilateral differences at the single subject level due to intraparticipant variability. 

The potential for asymmetrical movement patterns to occur at the single subject level is 

important because the assumption of symmetry may negatively impact rehabilitative 

protocols. Therefore, the second stage of this dissertation was used to expand on the findings 

of stage one by exploring the potential for bilateral differences to occur at the single subject 

level, and whether one task would best invoke asymmetries. 
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Abstract 

Apparently healthy individuals are assumed to have symmetrical movement patterns 

during single leg weightbearing tasks such as the Forward Step Down (FSD), Lateral Step 

Down (LSD) and Single Leg Squat (SLS). The current evidence in support of symmetry has 

focused on group analyses, which may mask differences at the individual level. The primary 

purpose of this study was to examine the potential of bilateral differences to occur in 

apparently healthy individuals at the group and single subject level The secondary purpose of 

this study was to explore which tasks were more sensitive to asymmetries at trunk and lower 

extremities in the frontal or sagittal planes. Frontal and sagittal plane trunk, pelvis, hip, and 

knee kinematics of 23 healthy individuals were analyzed bilaterally with statistical 

parametric mapping (SPM). Participants identified task specific preferred and non-preferred 

legs. Dependent variables were analyzed using both group and single subject approaches to 

capture the potential of group masking. Minimal differences occurred at the group level when 

comparing preferred and non-preferred legs during the FSD, LSD, and SLS. Pelvic drop was 

greater on the non-preferred leg from 41-77% of the LSD (p=0.01). There were no other 

significant group findings for the LSD, FSD, or SLS. At the single subjects level, the largest 

percentage of participants with asymmetries occurred at the knee in the frontal plane (SLS = 

78%, LSD = 71%, FSD = 70%). Sagittal plane asymmetries were most common at the pelvis 

during the FSD (FSD = 56%, SLS = 48%, LSD = 38%). Individual assessments were 

necessary for identifying asymmetrical movement patterns. Asymmetries should be 

considered by clinicians when using the uninjured limb as guide for rehabilitative goals. The 

LSD may best identify imbalances for pelvic drop. 

Key Words: Bilateral differences, Rehabilitation, Movement Screens 
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Introduction 

Lower extremity movement symmetry is often established as a rehabilitation goal 

with patients who have injuries that limit movement on one side of the body.1 During 

rehabilitation of the injured leg, the contralateral leg may be used as the benchmark for 

rehabilitation goals and return to play protocols. The selection of the contralateral limb as the 

standard point of reference is supported by the idea that healthy individuals display 

symmetrical lower extremity movement patterns between legs.2–4 However, the assumption 

of symmetry could lead to inadequate treatment goals if asymmetries were present prior to 

the injury.  

Investigations of movement symmetry have primarily focused on group mean data, 

without consideration for single subject analyses.2,3,5 Although group analyses may provide 

information on the probability that the average performance within the group will occur in a 

larger population; different movement strategies can affect the statistical outcomes.6 The 

effect of different movement strategies may be of particular importance when determining 

the potential for bilateral asymmetries.7,8 For example, group differences may be masked in 

situations when some individuals have increased values on the “dominant” side and others 

have greater values on the “non-dominant” side. In which case, the means would indicate that 

there is no difference between sides. This is one reason why researchers have contended that 

single subject post hoc analyses should be reported in addition to group analysis when 

making bilateral comparisons.6,8,9  

 Selection of the appropriate leg for dichotomization is another challenge when 

investigating bilateral differences at a group level. Individuals will often develop a tendency 

for performing movement patterns with an approach that favors one side of the body. The 

term “lateral preference” (often termed leg dominance) has been used to describe the 

development of a specific arm or leg to perform a given task.10,11 A common method for 

determining leg dominance is to identify the leg used to kick a ball;3 even though, lateral 

preference has been shown to be task specific.12–14 Thus, the selection of the kicking leg to 

stratify the lower extremities during single leg tasks may be inappropriate and limit research 

findings. Lateral preferences should therefore be assessed on a task-by-task basis. 
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Movement tasks such as the single leg squat (SLS), forward step down (FSD) and 

lateral step down (LSD) are clinically applicable tools for tracking unilateral movement.15,16 

While the kinematic profiles of the FSD, SLS, and LSD have been compared,17–19 these 

investigations have only examined differences between the tasks using one side of the body, 

or the dominant leg. Current evidence is limited for whether one of the aforementioned 

movements better invokes asymmetries when imbalances are present. This information may 

be valuable when assessing populations that are thought to lack movement symmetry. For 

example, imbalances in trunk and lower extremity frontal plane kinematics often follow 

anterior cruciate ligament reconstruction (ACLR),20,21 Following hamstring injury, sprinters 

may present with sagittal plane asymmetries at the pelvis, hip, and knee.22,23 Therefore, the 

identification of a single leg movement that better invokes asymmetries in the frontal or 

sagittal planes would aid clinicians when selecting the appropriate task for individuals at risk 

of imbalances. 

 The primary purpose of this study was to examine the potential of bilateral 

differences to occur in apparently healthy individuals at the group and single subject level. 

As lateral preference has been shown to be task specific, participants identified their 

preferred (perceived as most stable) and non-preferred legs for each task. It was hypothesized 

that frontal plane asymmetries would result in increased frontal plane motion on the non-

preferred legs, and sagittal plane asymmetries would have a greater magnitude on the 

preferred side. A secondary hypothesis was that a single subject approach would reveal 

bilateral differences that would otherwise be masked by the group analysis. The secondary 

purpose of this study was to explore which tasks were more sensitive to asymmetries at trunk 

and lower extremities in the frontal or sagittal planes. It was hypothesized that the SLS would 

invoke more asymmetries in the sagittal plane at the hip and knee due to squat depth not 

being limited. 

Methods 

Participants 

Twenty-three participants (11 female, 24.5 ± 4.9 years, 174.2 ± 6.7 cm, 67.7 ± 15.5 

kg) volunteered for this within-subjects, repeated-measures study design. Only 21 

participants (11 female, 22.7 ± 3.03 years, 171.5 ± 6.5 cm, 66.3 ± 10.2 kg) were used in the 
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LSD analyses, due to lost or missing data. To be included, participants had to be able to 

perform the SLS to 60° of knee flexion while maintaining their hands on their waist as a sign 

of mobility and stability. Participants who reported a current lower extremity injury, pain 

during any of the tasks, or prior history of lower extremity or low back surgery were 

excluded. All participants were informed of the risks of participation and signed an informed 

consent form approved by the University’s Institutional Review Board prior to participation.  

Procedures 

 Prior to collecting data, the participants were asked to perform each of the three tasks 

(FSD, SLS, LSD) bilaterally to determine which leg they identified as the most stable for 

each task. The self-identified ‘most stable’ leg was used as their preferred leg for that 

individual screen. Lateral preference (i.e., limb dominance) for this study was task specific 

creating the possibility of differences across tasks per participant.10,11 Participants were then 

fitted with a custom cluster-based reflective marker set that defined the trunk, pelvis, thighs, 

and shanks. Trials were collected with an 8-camera motion capture system (Vantage, 250Hz, 

Vicon Motion Systems Ltd., Oxford, UK). Following instrumentation, participants were 

asked to perform each task bilaterally, collecting 5 ‘good trials’ per side. A trial was rated as 

‘not good’ and recollected if the participants hands came off their waist, they performed the 

trial in a jerky or non-continuous manner, or lost balance. Participants completed all trials of 

one task prior to changing tasks. Task order was randomized across participants to account 

for order effect.  

The SLS was performed to the depth the participant could achieve while still 

performing one continuous motion. The non-weightbearing leg was placed in a neutral hip 

position with the knee flexed to approximately 90°. This SLS position was selected because 

the non-weightbearing hip was in a similar position to the LSD. Both step down tasks (FSD 

and LSD) were performed with the participant standing toward the edge of a 20cm box. For 

the FSD, participants stood with the toes of their stance leg at the edge of the box and 

dorsiflexed their non-weightbearing foot. They were instructed to lightly touch their heel to 

the ground, then return to their starting position in one continuous motion.19,24 The same 

procedure was followed for the LSD; however, the medial aspect of the weight-bearing foot 

was placed parallel to the edge of the box.19 
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Data Analysis 

Angular kinematics were computed using a Cardan (X-Y-Z) rotation sequence with 

Visual 3D software (v6, C-Motion Inc., Germantown, MD, USA). The pelvis was modeled 

as a CODA pelvis, with segment angles calculated relative to the global coordinate system. 

Pelvis segmental angles were calculated using a Z-Y-X sequence of rotations to be consistent 

with the conventional clinical understanding of pelvic tilt and pelvic drop.25 Pelvic drop was 

defined with respect to the frontal plane, whereas pelvic tilt was defined with respect to the 

sagittal plane. Positive values in the frontal plane were represented as a contralateral pelvic 

drop and positive values in the anterior plane represented anterior pelvic tilt. Ipsilateral trunk 

lean was defined as a positive value and indicated frontal plane motion toward the 

weightbearing leg. Trunk, hip, and knee flexion were defined as positive values in the sagittal 

plane. Hip adduction and knee abduction (valgus) were represented as positive values in the 

frontal plane.  

Marker trajectories were low-pass filtered using a fourth-order Butterworth filter at 6 

Hz.17,26 Kinematic time-series were interpolated to 101 data points (100% of cycle) for the 

SPM analysis from the beginning to the end of the task using a custom MATLAB script 

(MathWorks, Natick, MA, USA). During the first second of each task, participants were 

asked to hold their position for a quiet stance period. During this period, the standard 

deviation of hip flexion for the stance limb was calculated. The beginning of the task was 

identified when hip flexion of the stance limb exceeded a change at least 3 standard 

deviations from the quiet stance period.27 The end of the task was defined as the point when 

hip flexion returned to that starting value.  

Statistical Analysis 

All SPM analyses were conducted in MATLAB using an open-source software 

package spm1D 0.4.28 Paired t-tests were performed between preferred and non-preferred 

legs for group (i.e., preferred vs. non-preferred) and single subject analyses. The significance 

level for all statistical tests was set a priori to an alpha of 0.05. An alpha correction was not 

deemed appropriate because the procedure requires independence across the tests which is 

not the case with time-series data.29 Additionally, SPM analyses have been shown to reduce 

type I error associated with kinematic data.29,30 The null hypothesis was rejected if the 



33 

computed t-value exceeded the critical threshold. For group data, the participant’s mean 

values of the five trials, for both the preferred and non-preferred legs, were calculated for 

each task and used for analysis. For the single subject analyses, the five trials were compared 

between the two legs for each task.31 When the participant’s statistical difference between 

legs crossed the critical threshold, the timing of this cross from 0-100% of the movement was 

recorded. If any portion of the task reached statistical difference, the participant was 

classified as containing an asymmetry and reported as a percentage of the population. 

Results 

 Contralateral pelvic drop was increased on the non-preferred leg from 41-77% of the 

movement (p = 0.01, Figure 3.1) for the LSD group analysis. No other significant differences 

were found for the LSD group analysis. There were no significant bilateral differences 

recorded for the FSD and SLS throughout the entire cycle for the group analyses.  

For the single subject analyses, the number of participants with significant differences 

were task and variable dependent. The largest percentage of asymmetries occurred at the 

knee in the frontal plane, with the SLS having the highest percentage of participants with 

significant findings (78%, Figure 3.2). The SLS also identified the highest percentage of 

participants with bilateral differences for knee flexion (48%, Figure 3.3). During the FSD, 

participants demonstrated the highest percentage of asymmetries for hip flexion (43%, Figure 

3.4) and anterior pelvic tilt (56%, Figure 3.5). Asymmetries for ipsilateral trunk lean were 

highest during the LSD (57%, Figure 3.6); however, the LSD had the lowest percentage of 

participants with sagittal plane asymmetries at the hip (24%, Figure 3.4), pelvis (38%, Figure 

5), and trunk (29%, Figure 3.7). The LSD was also shown to have the lowest percentage of 

bilateral differences for hip adduction (57%, Figure 3.8). 
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Figure 3.2 Top row plots display time series for group comparisons of knee abduction. Bottom row 

displays results of single subject analyses. Red dashed line indicates the overall percentage of individuals 

with a significant difference. Black bars represent the percentage of participants with a significant 

difference at each percentage of the task.  

 

 

Figure 3.1 Top row plots display time series for group comparisons of pelvic drop with shaded area 

indicating a significant difference between groups. Bottom row displays results of single subject analyses. 

Red dashed line indicates the overall percentage of individuals with a significant difference. Black bars 

represent the percentage of participants with a significant difference at each percentage of the task.   
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Figure 3.4 Top row plots display time series for group comparisons of knee flexion. Bottom row displays 

results of single subject analyses. Red dashed line indicates the overall percentage of individuals with a 

significant difference. Black bars represent the percentage of participants with a significant difference at 

each percentage of the task. 

Figure 3.3 Top row plots display time series for group comparisons of hip flexion. Bottom row displays 

results of single subject analyses. Red dashed line indicates the overall percentage of individuals with a 

significant difference. Black bars represent the percentage of participants with a significant difference at 

each percentage of the task. 
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Figure 3.5 Top row plots display time series for group comparisons for ipsilateral trunk lean. Bottom 

row displays results of single subject analyses. Red dashed line indicates the overall percentage of 

individuals with a significant difference. Black bars represent the percentage of participants with a 

significant difference at each percentage of the task. 

Figure 3.6 Top row plots display time series for group comparisons for pelvic tilt. Bottom row displays 

results of single subject analyses. Red dashed line indicates the overall percentage of individuals with a 

significant difference. Black bars represent the percentage of participants with a significant difference at 

each percentage of the task.  
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Figure 3.8 Top row plots display time series for group comparisons for hip adduction. Bottom row 

displays results of single subject analyses. Red dashed line indicates the overall percentage of individuals 

with a significant difference. Black bars represent the percentage of participants with a significant 

difference at each percentage of the task. 

Figure 3.7 Top row plots display time series for group comparisons for trunk flexion. Bottom row 

displays results of single subject analyses. Red dashed line indicates the overall percentage of individuals 

with a significant difference. Black bars represent the percentage of participants with a significant 

difference at each percentage of the task. 
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Figure 3.9 Examples of single subject analyses. Shaded regions indicate statistically significant differences 

p < 0.05. 
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Discussion 

 The primary purpose of this study was to examine the potential of bilateral 

differences to occur in apparently healthy individuals at the group and single subject level. At 

the group level there were minimal kinematic bilateral differences in the frontal and sagittal 

planes between the preferred and non-preferred legs across the LSD, FSD, and SLS. The 

hypothesis that sagittal plane asymmetries would demonstrate greater motion on the 

preferred leg was rejected at the group level due to a lack of significant findings. However, 

the hypothesis that frontal plane asymmetries would result in increased frontal plane motion 

on the non-preferred leg was partially accepted due to significant findings at the pelvis during 

the LSD (Figure 3.1). As excessive pelvic drop during the LSD is considered a “faulty” 

movement pattern and a sign of instability,32 the LSD may be the best task for identifying 

imbalances for pelvic stability at the group level. At the single subject level, 67% of the 

participants were shown to have bilateral differences during the LSD. Although group 

findings were statistically significant for difference between the preferred and non-preferred 

legs, the timing of the group difference contrasted what was presented at the single cases 

level. Timing for the statistical difference between group data occurred from 41-77% of the 

movement (Figure 3.1). In contrast, the single subject analysis indicated that during the first 

30% of the movement there was the largest concentration of significant differences among 

individuals with statistical asymmetries (Figure 3.1). This inconsistency between the timing 

of significant differences at the group and single subject level provides evidence that 

averaged movement patterns incorrectly represent bilateral differences of individuals.   

Prior investigations using a single subject design have also observed that group mean 

data did not represent individual movement patterns.6,33,34 Thus, there is a demand to 

combine group and single subject analyses when attempting to identify bilateral differences 

while accounting for participant variability. For instance, the lack of a single subject analysis 

may have limited the findings of a recent study 2 that used an SPM analysis to investigate 

bilateral kinematic symmetry during a SLS. No group kinematic differences at the pelvis, 

hip, or knee, in the frontal and sagittal planes were found among a population of healthy 

individuals who performed the SLS. The authors 2 concluded that symmetry between legs is 

predominant in healthy individuals. A similar conclusion could be made based on the group 

findings from the current study. However, bilateral differences were prevalent among the 
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current study’s population when individual assessments were performed. For example, 71% 

of participants had bilateral differences in frontal plane knee motion during the LSD, 70% 

during the FSD, and 78% during the SLS (Figure 3.2). Additionally, frontal plane hip motion 

was significantly different between the two legs in 57% participants during the LSD, 61% of 

participants during the FSD, and 70% of participants during the SLS (Figure 3.8). The 

obfuscation of individual bilateral differences at the group level is not novel to our 

study.7,35,36 Thus, the hypothesis that a single subjects approach would elicit greater bilateral 

differences across tasks was accepted. 

 The minimal differences at the group level may be explained by dissimilar movement 

patterns between the preferred and non-preferred legs of individual participants in this study. 

Specifically, differences in the mean data may have been canceled out by some participants 

having greater magnitudes on the preferred leg and others on the non-preferred leg. This was 

made evident by the single subject approach for frontal plane hip motion. An equal number 

of participants with bilateral differences had increased hip adduction on the non-preferred leg 

as those that did on the preferred leg for each of the three tasks. A similar observation was 

made for frontal plane knee motion during the FSD. Of the 70% of participants that had a 

significant difference during the FSD, 50% of those participants had increased knee 

abduction on the preferred leg. The exception to this inter-participant variability occurred for 

frontal plane pelvis kinematics during the LSD. During the LSD, 85% (12/14) of the 

participants with bilateral differences demonstrated increased contralateral pelvic drop on the 

non-preferred leg. It is likely that the similar movement pattern (i.e., increased pelvic drop) 

on the non-preferred legs is what resulted in the significant group finding. Overall, lateral 

preference was not indicative of whether a participant would have increased or decreased 

motion on the preferred or non-preferred side.   

 The secondary purpose of this study was to explore which tasks were more sensitive 

to asymmetries at trunk and lower extremities in the frontal or sagittal planes. Due to the 

limitation of the group analysis to correctly detect asymmetries, it was necessary to compare 

tasks at the single subject level. As the SLS had the highest percentage of participants with 

bilateral differences for knee flexion (Figure 3.3) and trunk flexion (Figure 3.7), the 

hypothesis that the SLS would invoke more asymmetries in the sagittal plane was partially 
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accepted. The FSD was also shown to have a greater percentage of participants with sagittal 

plane asymmetries for hip flexion (Figure 3.4), and pelvic tilt (Figure 3.5). It appears that the 

FSD and SLS may be more sensitive to sagittal plane asymmetries than the LSD. For hip 

flexion, pelvic tilt, and trunk flexion, the LSD had the lowest percentage of asymmetries 

(Figures 3.4, 3.5, 3.7). Positioning of the non-stance leg in the anterior (FSD) and posterior 

(SLS) position likely influenced sagittal plane positioning of the center of mass (COM).18,37 

Whereas the placement of the leg under the COM during the LSD may have limited the task 

demand of mitigating COM translation in sagittal plane and resulted in fewer asymmetries. 

The identification of asymmetries in the sagittal plane may be of particular importance in the 

examination of sprinters who have or may go on to suffer hamstring strains.22,23 Sprinters 

with prior hamstring strains have been shown to have increased hip flexion and anterior 

pelvic tilt, as well as decreased knee flexion, on the injured leg through the stance phase of 

sprinting.22,23 Therefore, the FSD or SLS may be valuable tools in the clinical assessment of 

individuals who have suffered or are at risk of hamstring strains.  

 Kinematic asymmetries in frontal plane knee motion often occur following injuries 

such as ACLR.20,21 As each of the three tasks found bilateral differences in 70% or more of 

the participants in this study (Figure 3.2), clinicians may consider the effectiveness of the 

LSD, FSD, and SLS to detect frontal plane knee asymmetries when assessing the movement 

symmetry of patients who have occurred ACLR. The LSD demonstrated the highest 

percentage of participants with pelvic drop asymmetries (67%, Figure 3.1) and ipsilateral 

trunk flexion (57%, Figure 3.6). Thus, it may be well suited when assessing pelvic and trunk 

imbalances in athletes at risk of recurrent ACLR due to the population’s propensity toward 

asymmetry for these variables.38 Although clinicians can use the SLS, FSD, and LSD to 

identify asymmetrical movement, it should be noted that the return to symmetry may not be 

an adequate rehabilitation goal if the uninjured leg displays movement mechanics associated 

with a lack of stability or strength. Additionally, a battery of single leg movement tasks may 

be appropriate to identify asymmetries at different joints or segments.  

This study has several limitations to consider. First, we assessed a population of 

apparently healthy individuals without regard for training backgrounds. In populations with a 

more homogeneous training background, or a similar history of pathology, asymmetries may 
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be more likely to occur at the group level. Next, kinematic trajectories are subject to error 

from marker placement, specifically in the frontal and transverse planes.39,40 However, it has 

been demonstrated that errors in marker placement can be limited by having a single 

practitioner apply the reflective markers.41 For this reason, all pelvis, hip, and knee markers 

were applied by the same researcher. Lastly, the single subjects analysis may have been 

underpowered to detect smaller changes due to the small sample size (i.e., 5 trials on each 

leg). Using statistical models, 5-10° differences in kinematics have previously been shown to 

have a range of power from 0.5-0.75 for a sample size of five.42 Thus, differences may have 

occurred in the single case analyses that did not reach statistical significance due to a lack of 

power (Figure 3.9). Additionally, significant findings may have also presented with more or 

greater statistically significant differences between the two legs. Future analyses looking at 

differences greater than 5º may want to consider at least 7 trials to achieve a power of 0.8.42   

Conclusion 

In conclusion, the current study found that there were minimal differences at the 

group level when comparing preferred and non-preferred legs during the FSD, LSD, and 

SLS. Single subject analyses were necessary to elucidate when bilateral differences occurred. 

It appears that symmetry is not common in healthy individuals, and the presences of 

asymmetries prior to injury should be considered by clinicians. The FSD and SLS are 

appropriate tasks for identifying sagittal plane imbalances, while the LSD invokes more 

asymmetrical movement patterns at the pelvis and trunk in the frontal plane.  
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Significance of the Chapter 

 The first two studies of this dissertation established that the single leg squat (SLS), 

forward step down (FSD), and lateral step down (LSD) each invoked different movement 

patterns. The SLS was shown to elicit patterns that would be best used when increased 

demand on the hip and pelvis in the sagittal plane is desired. Additionally, the SLS was 

shown to be sensitive for sagittal plane asymmetries at the hip and knee. For these reasons, 

the SLS was selected for further analyses using a rehabilitative protocol that has been 

proposed to correct movement disparities. Movement pattern asymmetries are commonly 

observed following injury and often occur alongside self-identified factors such as pain, 

tightness, limited range of motion, etc. However, little is known about the relationship 

between objective mechanical imbalances (e.g. kinematics, kinetics) and self-identified 

factors thought to limit function during the SLS. To begin assessing the importance of 

bilateral asymmetries, it is first necessary to understand the relationship between mechanical 

asymmetries, and perceived symptoms that are often related to injury. The next step would be 

to understand whether the resolution of these symptoms results in a reduction of the 

potentially asymmetrical movement. Thus, the relationship of self-perceived imbalances to 

mechanical imbalances, as well as the resolution of both perceived and mechanical 

imbalances would suggest that asymmetries are associated with factors of injury. Therefore, 

the final study of this dissertation will assess the effectiveness of rehabilitative protocol 

designed to correct movement imbalances related to pain, weakness, and instability during a 

SLS.  

Key words: Movement asymmetries, Total Motion Release, Injury Prevention 
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Abstract 

The potential for a unilateral training protocol to improve lower extremity movement 

symmetry would be of great benefit for rehabilitation protocols targeted at improving 

movement symmetry between legs. The Total Motion Release® (TMR®) protocol has been 

theorized to assess and improve movement asymmetries. Therefore, the purpose of this study 

was to examine whether self-identified imbalances with the TMR® scale coincided with 

kinematic and kinetic asymmetries during a SLS. The secondary purpose was to explore 

whether improving the self-scored imbalances resulted in decreased movement pattern 

asymmetries. Participant identified TMR® scores along with kinetic and kinematic lower 

extremity data were assessed bilaterally. The current study hypothesized that participants 

with self-identified imbalances greater than 10 on the TMR® scale would present with 

decreased range of motion (ROM), less squat depth, and reduced internal joint moments on 

the non-preferred side. A secondary hypothesis was that participants would reduce their 

scores on the non-preferred side after performing the unilateral training protocol. Lastly, it 

was hypothesized that after the training protocol, the deficits in ROM, squat depth, and joint 

moments would be increased, subsequently improving the symmetry between legs. Sagittal 

plane kinematic and kinetic waveforms for the SLS task were examined with Statistical 

Parametric Mapping (SPM) to evaluate bilateral mechanical differences. Main effects for 

bilateral asymmetries were found for knee flexion (p < 0.01, 7-45%), ankle dorsiflexion (p < 

0.01, 11-36%), and knee flexion moments (p < 0.01, 7-50%). Participants were also found to 

have decreased TMR® scores on the non-preferred leg immediately following (Δ15.0, p < 

0.01) and after the rest period (Δ19.6, p < 0.01). Main effects of treatment were found for 

knee flexion (p < 0.01, 48-67%), knee flexion moments (p = 0.03, 46-53%), and ankle 

dorsiflexion moments. In conclusion, bilateral asymmetries were identified at the group and 

single subject level using the TMR® scale. Additionally, the current study found reduced 

TMR® scores on the non-preferred leg following the unilateral training protocol, as well as 

increased internal knee flexion moments on the non-preferred leg after the intervention. 

However, overall squat depth did not increase on the non-preferred leg and bilateral 

asymmetries persisted after the intervention.  
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Introduction 

Lower extremity movement symmetry is often established as a rehabilitation goal 

with patients who have had injuries that limit movement on one side of the body.1 Injuries 

and their corresponding symptoms (e.g., pain, tightness, nervousness) have the potential to 

limit movement on that limb, which may result in a discrepancy between sides. For example, 

sprinters with prior hamstring injuries have been found to present with increased hip flexion 

as well as decreased knee flexion on the previously injured leg through the stance phase of 

sprinting,2,3 while adults with anterior knee pain (AKP) have been found to have decreased 

hip flexion on the affected leg when performing a single leg squat (SLS).4 Additionally, 

patients with femoral acetabular impingement syndrome (FAIS) have been found to have 

decreased hip and knee flexion, as well as overall squat depth on the affected leg during a 

SLS.5 A commonality across these populations is that the injury is unilateral, which may 

provide practitioners with the opportunity to use the unaffected leg to achieve rehabilitation 

goals.  

Total Motion Release® (TMR®) is a rehabilitation protocol theorized to reduce 

symptoms of dysfunction such as pain, tightness, and limited range of motion (ROM) by 

performing movements on the side contralateral to the symptomatic limb.6–8 When using 

TMR®, a baseline series of six upper (arm raise, trunk twist, arm press) and lower extremity 

motions (SLS, straight leg raise, single leg sit to stand), are first performed and each motion 

is then rated on both sides using a scale from 0-100.7,9 The higher the rating, the greater the 

patient’s symptoms, which may be related to subjective measures of stability, range of 

motion, pain, tightness, etc.6 After an imbalance or imbalances are identified (i.e., a 

difference in scores between sides), the patient will self-treat by using the movement with the 

greatest imbalance and performing that motion on the side that scored lower (i.e., the 

preferred side).7,10 Performing the exercises on the preferred side is thought to improve 

symptoms on the non-preferred side (i.e., the side that scored higher); thus, practitioners 

reduce the risk of exacerbating symptoms while potentially improving movement on the 

injured or affected side.  

The TMR® protocol is theorized to work from a model of regional interdependence 

that infers a connectedness across body segments.6 This theory is supported by studies that 
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have found increased internal and external shoulder ROM by performing movements such as 

the trunk twist and arm raise;9,10 while a TMR® protocol8 using a trunk twist and straight leg 

raise was demonstrated to increase hip internal rotation. Although each of these studies 

observed regionally interdependent changes that resulted in greater ROM, no study has 

examined whether patient identified imbalances coincide with objective measures like 

kinematic and kinetic analyses. Additionally, evidence for whether performing one of the 

baseline motions (i.e., SLS) on the preferred side results in a reduction of the score on the 

non-preferred side is lacking.  

Of the six primary TMR® movements, the SLS requires the most strength and 

coordination to perform. The SLS is also a commonly used task in rehabilitation due to its 

potential to identify unilateral deficits in movement,11 as well as for its utility as a 

rehabilitative exercise for lower extremity injury.12 The SLS movement mechanics 

(kinematics and kinetics) have also been correlated to higher velocity single leg movements 

such as jogging and jumping;13,14 suggesting, joint mechanics during the SLS may transfer to 

movements that place greater forces on ligaments and soft tissue. Therefore, the purpose of 

this study was to evaluate whether perceived asymmetries identified by a TMR® scoring 

protocol related to mechanical asymmetries and whether improving perceived asymmetries 

influenced movement mechanics. The current study hypothesized that participants with self-

identified imbalances greater than 10 on the TMR® scale would present with decreased 

range of motion (ROM) of the lower extremity joints resulting in a smaller squat depth and 

reduced internal joint flexion moments on the non-preferred side. A secondary hypothesis 

was that participants would reduce their scores (i.e., perceptions of dysfunction) on the non-

preferred side after performing the unilateral training protocol, resulting in increased squat 

depth on the non-preferred leg, and improved mechanical symmetry. 

Methods 

Participants 

Twenty-seven participants were recruited from a convenience sample for the current 

study. Of those 27 participants, 20 qualified for the study (10 female, 10 male; age = 24.1 ± 

3.5 years; height = 173.8 ± 10.8 cm; mass = 72.0 ± 14.4 kg) with TMR® score imbalances ≥ 

10 (non-preferred side scores = 50.2 ± 15.6, preferred side scores = 29.5 ± 17.2) during the 
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SLS. Participants with musculoskeletal pathologies (e.g., AKP, hamstring strains, hip 

impingement), or a prior history of orthopedic surgery, were eligible for inclusion in this 

study. Ineligibility was determined by having less than a 10-point discrepancy between legs 

during the SLS or if the participant was unable to perform the SLS within a self-determined 

range of pain tolerance on the non-preferred side. Participants with bilateral pain during the 

SLS were also considered ineligible to protect participants from exacerbating pain during the 

protocol. Participants who were using medications that could impair proprioceptive 

capabilities were also excluded. Prior to participation, all participants signed an informed 

consent form approved by the University of Idaho’s internal review board. 

Instrumentation 

Three-dimensional marker trajectories were collected with an eight-camera motion 

capture system (200 Hz; VICON, Oxford Metric Ltd., Oxford, UK). Participants were 

equipped with 45 retro-reflective markers used to create a custom cluster-based model for the 

pelvis and lower extremities. The markers defined segments for the trunk and pelvis, as well 

as the thigh, shank, and foot bilaterally. A force-platform (1000 Hz; ORG-6, AMTI Inc., 

Watertown, MA, USA) temporally synchronized with the motion capture system was used to 

collect ground reaction forces (GRFs).  

TMR® Pre-Post Procedures 

 Prior to the motion capture analysis, participants performed the SLS, and identified 

preferred and non-preferred sides using the TMR® protocol. The participants were first 

shown the TMR® rating scale which considered pain, tightness, range of motion (ROM), 

strength, tension, nervousness, quality, etc. Participants were asked to rate their SLS on the 

0–100-point scale using the above criteria. The SLS began in a position with hip of the non-

stance limb in a partially flexed position and the knee extended, with their hands on their 

waists. Hand position was to be maintained for the duration of the squat. Participants were 

then asked to squat down as far as they could without pausing at the bottom of the squat and 

without allowing the heel of their non-stance limb to touch the ground. This was performed a 

maximum of three times on each leg to identify their scores on each leg. The leg that scored 

higher was defined as the non-preferred leg and the leg that scored lower was defined as the 

preferred leg. A difference score was calculated between the two limbs by subtracting the 
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lowest from the largest self-reported score. Participants who reported a bilateral difference 

score of 10 or greater were invited to continue through the remainder of the study (N=20). 

Participants with a reported difference of less than 10 were excluded from further study 

participation (N=7). 

Following instrumentation, participants performed one SLS on each limb (starting 

with the non-preferred side) and rated each leg again on the 0-100 scale. This was performed 

to account for the potential of the attachments of the retro-reflective markers and clusters to 

affect the participants perception of the movement. This was the baseline score that was used 

for subsequent analyses. Participants then performed the SLS on each leg (starting with the 

non-preferred) to achieve eight ‘good’ trials to be used as their baseline data prior to the 

intervention. Due to the TMR® protocol using the preferred leg to perform the treatment, the 

non-preferred side was collected first to remove the potential of a treatment effect by 

continuing to perform repetitions of the SLS on the preferred leg. A trial was deemed as ‘not 

good’ and recollected if the participant performed the trial in a non-continuous manner (i.e., 

pausing at the bottom), or lost balance as determined by the stance foot moving out of its 

original position, or hands coming off their waist. The number of trials was based on prior 

statistical models that determined a minimum of seven trials was necessary to reach a 

statistical power of 0.8 for kinematic data during an SPM analysis.15 Trials were performed at 

a participant selected rate to limit fatigue and squat velocity was not controlled for.  

Following the collection of baseline data, participants performed the SLS TMR® 

intervention. This consisted of performing the SLS in sets of ten repetitions only on the 

preferred side. Participants were allowed to perform these squats at their own pace so long as 

they were able to complete them within 90 seconds. Symmetry of TMR® scores between the 

two legs was reassessed with one SLS on each leg (starting on the non-preferred side) after 

each set.  Following the completion of the ten repetitions and reassessment of the TMR® 

scores, a rest period of 30 seconds was given between sets. If the self-reported score 

imbalances were resolved (i.e., the difference between sides was equal to zero) the 

intervention was completed, and participants moved on to perform the first post treatment 

assessment. The intervention was also stopped if the maximum number of four sets were 

performed without a symmetrical score being achieved. After the TMR® intervention, the 
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participants again performed eight good trials on each leg, starting with eight on the non-

preferred side. These SLSs were performed in the same manner as the baseline testing which 

allowed them to be performed at a self-selected rate. Following the first set of post-treatment 

SLSs, participants were asked to sit on a treatment table for 10-minutes in an attempt to 

wash-out the immediate treatment effect. After 10-minutes had elapsed, participants 

reassessed their score by performing one SLS on each leg. Then, eight more single leg squats 

were collected bilaterally, starting on the non-preferred side, following the same instructions 

as the baseline and first post-treatment protocol. 

Data Analysis 

Angular kinematics and kinetics were computed using a Cardan (X-Y-Z) rotation 

sequence with Visual 3D software (v6, C-Motion Inc., Germantown, MD, USA). Marker 

trajectories were filtered using a low-pass, fourth-order Butterworth filter at 6 Hz.16,17 Ground 

reaction force data were filtered using a low-pass, fourth order Butterworth filter with a 

cutoff frequency of 10 Hz.16 Kinematic marker positions and ground reaction force data were 

used to calculate internal joint moments from an inverse dynamics model within the Visual 

3D software. Moments were normalized to body mass and calculated so that internal flexion 

moments for the hip, knee, and ankle were represented by positive values.  

Statistical parametric mapping (SPM) analyses were used to assess joint angles and 

moments. The kinematic and kinetic time-series were interpolated to 101 data points (100% 

of cycle) using a custom MATLAB script (MathWorks, Natick, MA, USA). During the first 

second of each task, participants were asked to hold their position to achieve a quiet stance 

period. During this period, the standard deviation of hip flexion for the stance limb was 

calculated. The beginning of the task was identified when hip flexion of the stance limb 

exceeded a change at least 3 standard deviations from the waveform during the quiet stance 

period.18 The end of the task was defined as the point when hip flexion angle returned to that 

starting value. Center of mass (COM) vertical displacement was used to determine squat 

depth.19 This was calculated by normalizing each participants data to the highest vertical 

point of their COM within a given trial and resulted in a net vertical displacement in cm.  
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Statistical Analysis 

 A 2x3 repeated measures ANOVA was used to assess differences of TMR® scores 

between the preferred and non-preferred legs at Baseline, post-treatment (Post1), and 10-

minutes post-treatment (Post2) in R (The R Foundation for Statistical Computing Platform, 

2021). The significance level for statistical analyses of TMR® scores was set a priori to α ≤ 

0.05. Significant main effects were followed up with post hoc t-tests and Bonferroni alpha 

corrections. Interactions were followed up with separate one-way ANOVAs for time on each 

leg and followed up with t-tests and Bonferroni corrections when the ANOVA indicated a 

difference. Additionally, the effect of leg at each time point was assessed with follow up 

paired t-tests and alpha corrections. Effect sizes were calculated for TMR® scores using 

partial eta squared values that were interpreted as small (𝜂𝑝
2 = 0.01), medium (𝜂𝑝

2 = 0.06), and 

large (𝜂𝑝
2= 0.14), and Cohen’s d values were calculated for pairwise comparisons and 

interpreted as small (d = 0.2), medium (d = 0.5), and large (d = 0.8).20 

Separate 2x3 repeated measures ANOVAs were also used to compare kinetic and 

kinematic waveforms for the preferred and non-preferred limbs at each of the three time 

points using an open-source software package spm1D 0.4.21 Significant results from the 

repeated measures ANOVAs were followed up with post hoc t-tests as well as SS analyses. 

The significance level for all SPM tests was set a priori to α ≤ 0.05. For the SPM analyses, an 

alpha correction was not deemed appropriate because the procedure requires independence 

across the tests which is not the case with time-series data.22 Additionally, SPM analyses 

have been shown to reduce type I error associated with kinematic data.22,23 For group data, 

the participant’s mean values of the eight trials, for both the preferred and non-preferred legs, 

were calculated for each task and used for analysis. For the single subject (SS) analyses, the 

eight trials were compared between the two legs for each task. When the participant’s 

statistical difference between legs crossed the critical threshold, the timing of this cross from 

0-100% of the movement was recorded. If a cumulative 10% or more of the task reached 

statistical difference, the participant was classified as containing an asymmetry and reported 

as a percentage of the population. As some participants were found to have significant 

differences only during the first or last five percent of the trial, and these findings may lack 

clinical implications, the cutoff percentage of 10% was used to limit inflation for number of 

participants with significant differences between legs. Descriptive statistics of peak values 
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and the maximum differences between waveforms at the group level were also recorded 

(Table 1). 

Results 

TMR® scores 

An interaction of leg and time (p < 0.01, 𝜂𝑝
2 = 0.05) was found for TMR® scores. The 

one-way ANOVA for the preferred leg found no effect of time on score (p = 0.91, 𝜂𝑝
2 = 0.00). 

A significant effect of time was found for the non-preferred leg (p < 0.01, 𝜂𝑝
2 = 0.19). Post 

hoc t-tests indicated a significant difference between Baseline and Post1 (Δ15.0, p < 0.01, d 

= 0.85) and from Baseline to Post2 (Δ19.4, p < 0.01, d = 1.17); however, there was no effect 

of time between Post1 and Post2 (Δ4.4, p = 0.06, d = 0.23). There was an effect of leg at 

Baseline (Δ20.7, p < 0.01, d = 1.25), Post1 (Δ5.9, p = 0.04, d = 0.31), but not at Post2 (Δ3.4, 

p = 0.26, d = 0.20). Immediately following the intervention 55% of participants achieved an 

equal (symmetrical) score between legs. 

Kinematics 

 A main effect of time was found for COM displacement (p < 0.01, timing = 53-66%) 

and the post hoc t-tests indicated a significant difference between Post1 and Post2 on the 

non-preferred leg (p < 0.01) from 27-65% of the movement and with 55% of participants 

demonstrating a significant difference. For hip flexion, there was a main effect of time (p = 

0.02, timing = 3-23%, p < 0.01, timing = 55-83%) with the post hoc tests indicating 

significant differences on the non-preferred leg between Baseline and Post1 (p = 0.04, timing 

= 8-15%, SS = 30%), Baseline and Post2 (p < 0.01, timing = 7-23%, SS = 60%), and from 

Post1 to Post2 (p < 0.01, timing = 32-66%, SS = 30%). The effect of time for hip flexion on 

the preferred leg was significant between Baseline and Post1 (p = 0.03, timing = 7-17%, SS = 

50%), and from Baseline to Post2 (p = 0.03, timing = 62-70%, SS = 65%). Knee flexion was 

found to have a significant main effect of time (p < 0.01, timing = 48-67%) and leg (p < 0.01, 

timing = 7-45%). Post hoc tests of time for knee flexion indicated a significant difference 

from Post1 to Post2 (p < 0.01, timing = 48-63%, SS = 30%) on the non-preferred side. The 

effect of leg was found to be statistically significant at Baseline (p < 0.01, timing = 4-43%, 

SS = 60%), Post1 (p < 0.01, timing = 62-70%, SS = 65%), and Post2 (p < 0.01, timing = 12-

34%, SS = 70%). Ankle dorsiflexion was found to have a main effect of leg (p < 0.01, 11-
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36%) with post hoc tests indicating significant differences at Baseline (p < 0.01, timing = 5-

27%, SS = 50%), Post1 (p = 0.04, timing = 18-21%, SS = 55%), and at Post2 (p < 0.01, 

timing = 18-40%, SS = 60%). Descriptive statistics for discrete values from kinematic 

waveforms are provided in Table 1. 

Joint Moments 

 No main effects were observed for internal hip flexion moments. Knee flexion 

moments demonstrated a significant effect of time (p = 0.03, timing = 46-53%) and leg (p < 

0.01, timing = 7-50%). Post hoc tests indicated that there was a significant difference 

between Baseline and Post1 (p < 0.01, timing = 45-59%, SS = 45%) for the non-preferred 

leg. Significant differences were observed between legs at Baseline (p < 0.01, timing = 8-

27%, SS = 50%), Post1 (p < 0.01, timing = 12-34%; p < 0.01, timing = 90-97%, SS = 60%), 

and Post2 (p < 0.01, timing = 12-39%, SS = 20%). Ankle flexion moments were found to 

have a significant effect of time (p = 0.02, timing = 41-55%; p = 0.03, 74-100%). The non-

preferred side had significant findings from the post hoc tests for Baseline-Post1 (p = 0.02, 

timing = 85-99%, SS = 15%), Baseline-Post2 (p = 0.04, timing = 89-92%, SS = 30%), and on 

the preferred side from Baseline to Post1 (p = 0.02, timing = 44-51%; p = 0.03, 93-97%, SS 

= 15%). Descriptive statistics for discrete values from kinetic waveforms are provided in 

Table 1. 

Table 4. 1 Descriptive data for peak joint angles and moments at baseline, post treatment (Post1) and 10-

minutes post treatment (Post2). Max difference indicates the maximum difference between waveforms 

and the percentage of the cycle where that occurred. 

 



59 

Discussion 

 This study included participants with bilateral TMR® score differences between 

preferred and non-preferred legs (Δ 20.7). Increased values were observed on the preferred 

leg for knee flexion, ankle flexion, and knee flexion moments (Figure 4.1). Overall, 75% of 

the current study’s sample had an asymmetry for at least one of the aforementioned variables. 

On the preferred leg, 83% percent of participants with a bilateral difference had increased 

knee flexion and 90% had increased ankle flexion and knee flexion moments on that leg. 

Thus, the SS analyses support the findings at the group level. The current findings provide 

initial evidence that self-identified asymmetries with the TMR® scale for a SLS are related 

to deficits in knee flexion, ankle flexion, and knee flexion moments during a SLS. This is an 

important finding as bilateral differences can often be masked at the group level due to 

intraparticipant variability or defining limb dominance based on the leg used to kick a 

ball.24,25 Thus, the TMR® scale could be used as an effective instrument for identifying 

preferred and non-preferred legs during movement screen scenarios, or when assessing single 

leg weightbearing movement prior to developing rehabilitative protocols. 

Following the intervention, the average participant was able to perform the SLS with 

greater internal knee flexion moments on the non-preferred leg, with 40% of participants 

demonstrating increased knee flexion moments between Baseline and Post1 (Figure 4.2). Of 

those eight participants, seven also had reduced perceptions of dysfunction (average Δ 

Baseline-Post1 = 16.5), suggesting that improved TMR® scores are sensitive to changes in 

loading the knee during the SLS. Participants maintained this gain after the 10-minute cool-

down period as there was no effect of time between Post1 and Post2 for internal knee flexion 

Figure 4.1 Time series analyses comparing preferred and non-preferred legs at Baseline. Shaded areas 

represent the time when statistical differences were found (p<0.05). Vertical blue bars indicate the 

percentage of participants with a significant difference at each percentage of the task. Horizontal blue 

line indicates the total percentage of participants with a significant difference. 
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moments. However, clinicians should be 

cognizant of the potential for patients to 

not respond in this manner as less than 

half of our sample increased loads at the 

knee. As this protocol requires limited 

contribution from the non-preferred leg, 

mitigating the risk of exacerbating 

symptoms, TMR® should still be 

considered during rehabilitation protocols 

where patients are reluctant to perform 

SLSs on one side due to factors such as 

pain, tightness, limited ROM, etc.  

 The current findings are the first to 

indicate that performing one of the primary TMR® motions on the preferred leg can improve 

TMR® scores on the non-preferred leg (Figure 4.3). Prior studies7–10 have not reported 

these measures but have demonstrated the potential effectiveness of a TMR® intervention to 

increase ROM. However, the current 

study only found a slight change in hip 

flexion following the SLS intervention (p 

= 0.03, 7-17% of SLS). This finding may 

not be clinically significant as there was 

only a 0.2° average increase in hip flexion. 

Additionally, of the six participants who 

had a bilateral difference (30% of the 

population), three increased hip flexion, 

and three had decreased hip flexion on 

the non-preferred leg immediately after 

the intervention. Although, increased 

knee moments were observed and 55% of the participants had resolved TMR® scores 

following the intervention, squat depth did not increase, and bilateral differences were still 

present (Figure 4.4). Thus, improvements in TMR® scores may coincide with mechanical 

Figure 4.2 Time series analyses comparing the non-

preferred leg at Baseline and Post1. Shaded areas 

represent the time when statistical differences were 

found (p<0.05). Vertical blue bars indicate the 

percentage of participants with a significant 

difference at each percentage of the task. Horizontal 

blue line indicates the total percentage of 

participants with a significant difference. 

 

 

Figure 4. 3 Box plots comparing TMR® scores 

between legs at Baseline, immediately following the 

intervention (Post1), and 10-minutes after the 

intervention (Post2). 
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changes at the knee but do not necessarily result in visually observable changes for clinical 

measures of movement. 

The current findings are partially corroborated by a case-series26 that found a TMR® 

intervention resulted in clinically important differences in pain scores for patients 

experiencing AKP. The case-series26 also found that the functional measures of single leg 

weightbearing were unchanged after a TMR® intervention. A reduction in self-identified 

factors of dysfunction with no visually observable changes for SLS mechanics has not been 

limited to the TMR® paradigm. For example, investigations into different taping 

techniques27,28 intended to improve AKP have found that symptoms were reduced following 

the tape application but did not impact SLS kinematics. A reduction of pain during the SLS 

has been attributed to changes in quadriceps muscle activation;27 however, pain effects 

beyond biomechanical explanations (i.e., placebos) should also be considered as an 

explanation. The potential of interventions such as TMR® or taping to acutely improve 

symptoms during a SLS could be useful during rehabilitation but clinicians may want to 

supplement these interventions with longer-term training protocols that have been found to 

improve kinematic variables.29 

Although bilateral differences were identified by using the TMR® scale, the 

importance of the mechanical bilateral differences during a SLS is disputed.25 A longitudinal 

study found that practitioner rated bilateral differences in the frontal plane at 90° of knee 

flexion were not indicative of non-contact anterior cruciate ligament injury.30 However, by 

not including potential differences for sagittal plane asymmetries of the lower extremity, 

longitudinal studies may limit potential findings as it relates to injury risk. Longitudinal 

Figure 4.4 Time series analyses comparing preferred and non-preferred legs at Post1. Shaded areas 

represent the time when statistical differences were found (p<0.05). Vertical blue bars indicate the 

percentage of participants with a significant difference at each percentage of the task. Horizontal blue 

line indicates the total percentage of participants with a significant difference. 
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studies for bilateral differences have also neglected to include a SS approach for the 

identification of asymmetries25 or focused on the leg used to kick a ball.26 As leg dominance 

has been found to be task specific,26,27 and bilateral kinematic differences can be masked at 

the group level,27 the inclusion of a SS approach is necessary to fully understand the 

importance of injury risk as it relates to movement symmetry. Additionally, investigators 

should consider the potential of the bilateral movement imbalances found in the current study 

to coincide with more functional movements such as walking and running, subsequently 

identifying whether these potential imbalances elicit chronic lower extremity injuries through 

increased repetitive loads at the knee and ankle on the non-preferred leg. As the TMR® 

screen for the SLS can be performed in a few minutes, its use as an instrument to track injury 

risk from bilateral asymmetries may be warranted. 

 The current study has its limitations. First, only one movement from the six primary 

TMR® motions for movement assessment was included. As TMR® is often thought to 

identify regionally imbalances throughout the body that may be connected,6 only assessing 

one of these movements may have missed the root cause of the dysfunction and limited the 

effectiveness of the treatment. However, as the core foundation of the treatment is to use 

movement on one side of the body to improve movement on the other, it is essential to 

establish the efficacy of this fundamental concept for the paradigm. The current study’s 

protocol also differed from the TMR® protocol in the number of sets and repetitions (2x15-

20) that are typically performed prior to reassessing the TMR® score.6,7 Per the TMR® 

protocol, if an observed improvement (score decreased by ≥ 10) is not found after the first 

reassessment, a change is made to the treatment that could increase the intensity (e.g., 

performing the repetitions faster).6 Thus, a lack of treatment dosage and omitting changes to 

the treatment protocol may have influenced the outcomes of this study, and is a factor that 

could be considered by future studies examining TMR®. Lastly, the observed decrease in 

TMR® scores is less than what has been reported as a minimal detectable change (26.1) 

using the TMR® scale for the SLS.6 This may not directly translate to the current results 

though, as the reliability study did not assess scores before and after a TMR® treatment. 

Conclusion 



63 

 The results of the current study indicate that a TMR® assessment for the SLS can 

identify bilateral mechanical differences between legs at the group and SS level. Performing 

sets of the SLS on the preferred leg can reduce symptoms related to pain, tightness, and 

stability on the contralateral leg and enable increased loading of the non-preferred knee. 

However, equalizing TMR® scores after the intervention did not affect bilateral asymmetries 

or increase squat depth on the non-preferred leg. Future longitudinal investigations are 

necessary to ascertain the importance of SLS movement symmetry as it relates to developing 

self-identified factors of dysfunction and potential injury risk. 
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Conclusion 

The purpose of this dissertation was to examine the differences in movement patterns 

between three single leg weightbearing tasks (e.g., SLS, FSD, LSD) and whether performing 

these tasks resulted in asymmetrical movement patterns. To address this purpose, two 

separate data collections were performed. Data from the former data collection were 

analyzed with the aim to: 1) examine the differences in movement patterns between tasks, 

and (2) evaluate whether one of these tasks was better suited to identify asymmetrical 

movement patterns. The final study explored the potential of a subjective self-scored rating 

scale to identify bilateral differences at the group level, and whether improving scores on the 

rating scale coincided with a reduction in bilateral differences.  

Clear differences were found between tasks that may guide their use in clinical 

practice. Differences in movement patterns on the weightbearing leg occurred due to the 

subtle changes between the non-weightbearing leg position and task demands during the 

SLS, FSD, and LSD. The FSD task may be best applied to movement screens that want to 

target excessive frontal plane knee motion. Whereas the SLS would be most useful for 

exercises that want to place demands on the muscles of the hip in the sagittal plane. The LSD 

task reduced frontal plane trunk motion relative to the other two tasks and may be best used 

to limit frontal plane knee torque during rehabilitation.  

The secondary analysis from the first data collection found that each of these tasks 

elicited different bilateral differences among individuals; however, there were minimal 

differences at the group level when comparing preferred and non-preferred legs during the 

FSD, LSD, and SLS. Interestingly, individual analyses were necessary to elucidate when and 

whether bilateral differences occurred. Results from individual analyses indicated that 

bilateral symmetry through the complete FSD, LSD, and SLS movements is uncommon in 

healthy individuals. Clinicians can use the FSD and SLS when identifying sagittal plane 

imbalances, while the LSD invokes more asymmetrical movement patterns at the pelvis and 

trunk in the frontal plane. Although the relationship of movement asymmetries to injury risk 

remains disputed, the current evidence has focused on frontal plane motion, and group data 

that uses the leg for kicking to define dominance. For future studies to accurately assess the 
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impact of movement symmetry, sagittal plane imbalances and individual analyses are 

necessary.  

The selection of the SLS was made for further evaluation in the final study because 

the findings from the first study demonstrated that the SLS increased muscular demand on 

the hip relative to the other two tasks. Additionally, the results of the second study 

highlighted the SLS as a task for eliciting movement pattern imbalances in the sagittal plane. 

For the final study, the SLS was assessed before and after a Total Motion Release (TMR®) 

rehabilitative intervention theorized to improve bilateral asymmetries. The intervention used 

a self-identified score for factors such as pain, tightness, stability, and limited range of 

motion to assess each leg. These factors were hypothesized to limit squat depth on the leg 

that scored higher due to feelings of dysfunction during the SLS.  

 Similar to the second study, results of individual analyses in the final study also 

revealed sagittal plane kinetic and kinematic imbalances throughout the movement for the 

SLS. However, the final study also found bilateral differences at the group level for knee 

position and joint moments. It is likely that the findings at the group level in the final study 

were due to the added inclusion of the rating scale and threshold for inclusion which yielded 

perceived differences between legs for the abovementioned factors at baseline testing. Thus, 

researchers investigating bilateral differences at the group level should consider the methods 

of the final study when dichotomizing legs during the SLS. Additionally, clinicians should be 

aware that the non-preferred leg (i.e., the leg that had a higher TMR® score) is likely to 

present as decreased knee flexion, ankle flexion, and internal knee flexion moments. 

Following the intervention, the self-identified scores equalized between legs. This result 

coincided with the average participant increasing the amount of internal knee flexion torque 

that they could apply to their knee during the SLS following the intervention. However, the 

bilateral mechanical imbalances that were present at baseline persisted after the intervention. 

Therefore, clinicians should consider the potential for a TMR® intervention to improve 

factors such as pain, tightness, stability, and limited range of motion during the SLS; 

however, objective measures of movement should be tracked alongside TMR® scores when 

assessing the progress of rehabilitation.  
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The overall results of this dissertation indicate: 1) single leg movement tasks should 

not be used interchangeably, and the mechanical demands of each task may best suit specific 

screening or rehabilitative protocols, 2) incongruities between group and individual analyses 

indicated that it is necessary to include individual analyses when assessing movement pattern 

asymmetries, and 3) including objective measures of patient perceptions is required to 

dichotomize legs for group analyses. Future studies should begin to examine the importance 

of the observed movement asymmetries by considering individual analyses in conjunction 

with patient reported scales while performing longitudinal injury tracking. 
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Appendex 1: Chapter 1 Article Copyright 
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peer review. 

 The article comprising Chapter 4 titled “Effects of a Total Motion Release (TMR®) 

Intervention on Asymmetrical Movement Patterns” has been submitted to the International 

Journal of Sport Physical Therapy of the North American Sports Medicine Institute (NASMI) 
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