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GENERAL ABSTRACT 

The anterior cruciate ligament (ACL) plays an important role in knee joint stability, and 

unfortunately is one of the most commonly injured knee joint structures. The muscles 

surrounding the knee are also critical for stabilising the knee joint and their activations are 

altered following ACL injury. Despite the fact that ACL injuries are up to 8 times more likely to 

occur in females compared to males, there is limited research evaluating the effects of sex on 

how ACL-deficient individuals adjust neuromuscular control strategies during varying loading 

conditions. In order to have clinicians implement optimal rehabilitation strategies for ACL-

deficient males and females, it is crucial to understand the adaptive functional strategies that are 

taking place once an ACL injury has occurred. The purpose of this thesis was therefore to 

provide objective and quantitative measurements describing the functional roles of muscles 

surrounding the knee. This was accomplished and outlined in this thesis through two chapters in 

manuscript format and summarised below.   

i) Sex and ACL-deficiency influence functional muscle roles during an isometric, weight-

bearing, force-generation task 

 

First, the functional roles of muscles were quantified through the assessment of muscle 

activations during a series of multi-directional force-production tasks in ACL-deficient males 

and females while weight bearing. A highly controlled, isometric, force-matching task, whereby 

participants modulated ground reaction forces in various combinations of sagittal and frontal 

plane loads was used to quantify force-generation strategies (muscle activations and functional 

role) of the knee joint. Mean activation magnitudes and profile patterns from 10 muscles in the 

lower extremity (rectus femoris, vastus lateralis, vastus medialis, biceps femoris, semitendinosus, 

lateral gastrocnemius, medial gastrocnemius, tensor fascia latae, adductor muscle group, and 

gluteus medius) were recorded using wireless electromyography (EMG) sensors. Their 
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activations were quantified with an orientation analysis to determine if differences in functional 

muscle roles existed between four groups; healthy female controls, healthy male controls, ACL-

deficient females, and ACL-deficient males.  

Overall, different functional muscle roles were found between groups. Healthy male 

controls activated their muscles the most specifically; females with ACL-deficiency activated 

their muscles the least specifically, while healthy female controls and males with ACL-

deficiency shared similar functional muscle roles. This suggests that there was a specificity 

hierarchy in the ability, or efficiency, to modulate the activation of muscles about the knee joint 

when exposed to various directional loading conditions.  

 ii) Associations between subjective measures of knee dysfunction and measures of 

ground reaction forces in ACL-deficient males and females  

Correlational relationships were evaluated between perceived knee joint function and 

functional capacity of the knee joint. These relationships were calculated between patient 

reported outcome measures (PROM) from commonly used knee assessment scoring scales 

maximal generated forces in the sagittal and frontal planes. 

Both ACL-deficient groups had significantly lower perceived knee joint function compared 

to healthy controls. A trend towards significance was observed in the ability to generate 

maximum forces in the sagittal and frontal planes, with ACL-deficient females generating 

smaller maximal posterior GRFs compared to healthy females. Only two statistically significant 

correlations (both for ACL-deficient females) were found between maximal medial GRFs and 

patient reported outcome measures from the Lysholm and Tegner scoring scales. This indicates 

that there may be a discrepancy in the sensitivity of subjective outcome measures between sexes 

and their corresponding ability to generate maximum GRFs. 
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In conclusion, sex differences exist in subjective outcome measures and the functional 

strategy of neuromuscular control of the knee joint both before and after ACL-injury. The results 

of this thesis indicate the need for sex-specific tailoring of rehabilitation programs, thus 

providing an opportunity to improve the success rate of rehabilitation following ACL-injury. 

Moreover, sensitivity of subjective outcome measures and their relation to simple, practical, 

functional tasks between sexes warrants further investigations. 
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CHAPTER 1: INTRODUCTION 

Rationale for research 

An injury to the anterior cruciate ligament (ACL) is one of the most common injuries to 

the knee joint. Reported ACL injuries in the United States rose from 86,687 in 1994 to 129,836 

in 2006 (Mall et al., 2014), with rates continuing to rise among active male and female athletes 

(Agel et al., 2016). Risk-factors associated with ACL injuries have been established, such as sex, 

however the mechanisms behind the injury are still not clearly understood (Acevedo et al., 2014; 

Hewett et al., 2006; LaBella et al., 2014). In recent years, there has been an emphasis in the 

literature on the sex differences present in biomechanical variables in relation to ACL injuries, 

given that females have been reported to be from 2 up to 8 times more likely to sustain a non-

contact ACL injury compared to their male counterparts (Agel et al., 2005; Brophy et al., 2010; 

Hewett et al., 2015; Ireland 1999; Waldén et al., 2010). These injuries can be traumatic to an 

individual and result in long-term health consequences. It has been proposed that without an 

ACL, or an ACL-deficient (ACL-d) knee, there is a decrease in the mechanical stability of the 

joint and a deficit in sensory feedback (Krogsgaard et al., 2011). This reduction in mechanical 

stability and sensory feedback has been suggested to be associated with the increased likelihood 

(50% to 71%) of knee osteoarthritis (OA) among ACL-d individuals (Lohmander et al., 2007; 

Lohmander et al., 2004; Oiestad et al., 2011; Roos et al., 1995), within 5 to 20 years after the 

occurrence of the injury.  

Each ACL injury costs approximately 17 000 USD for reconstruction surgery and 

rehabilitation, with total annual estimates reaching 3 billion USD for ACL injuries (Benjaminse 

et al., 2010; Petushek et al., 2015) and, based on data collected in 2003, the estimated cost of 

treating OA was 128 billion USD (Yelin et al., 2007) in the United States alone. As such, these 

injuries, coupled with the increased probability of knee OA, result in a substantial economic 
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burden on various health care sectors and cannot be ignored. Ultimately, however, the greatest 

burden is with the ACL injured individual who runs a significant risk of not achieving activity 

levels experienced prior to their injury. 

When an individual sustains an ACL injury, their knee joint stability and function are 

typically altered and/or compromised (Krogsgaard et al., 2011): ACL-d patients display altered 

neuromuscular (Catalfamo et al., 2010; DeMont and Lephart, 1998;  Lindström et al., 2010) and 

biomechanical (Button et al., 2008; Catalfamo et al., 2010; Gustavsson et al., 2006) strategies at 

the knee joint during various tasks (i.e. level-walking and single-leg hops). However the different 

neuromuscular contributors to force generation from the knee joint after an ACL injury, and how 

these changes may influence knee joint stability, are still unclear. Through this thesis, these gaps 

in understanding of how individual muscles adapt their functional role and contribution to force 

generation after an ACL injury were addressed. This thesis provided new information on how an 

ACL-d knee alters neuromuscular control over a range of highly controlled loading conditions. 

The results of this thesis will help to improve rehabilitation programs aimed at returning knee 

stability and pre-injury activity levels to this injured population.  
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CHAPTER 2: LITERATURE REVIEW 

Functional role of anterior cruciate ligament 

The anterior cruciate ligament (ACL) is an essential component in maintaining the 

controlled movement of a healthy knee joint in its six degrees of motion, consisting of three 

rotations (internal/external, valgus/varus and flexion/extension) and three translations 

(anterior/posterior, medial/lateral and compression/distraction) (Girgis et al., 1975; Takeda et al., 

1994). The ACL also has a role in stability of the knee joint; with stability being defined as the 

ability maintain proper position(s) through an equalization of forces (Riemann and Lephart, 

2002; Williams et al., 2001). This definition will be referred to when discussing knee stability 

throughout this thesis. Mechanically, the primary role of the ACL is to restrain anterior 

translation of the tibia, with respect to the femur, and acts as a secondary resistor to internal 

rotation, valgus/varus and hyperextension of the knee joint (Girgis et al., 1975; Takeda et al., 

1994). The ACL is able to limit and dictate the aforementioned movements of the knee joint due 

to its two functional bundles, being the antero-medial band (AMB) and the postero-lateral bundle 

(PLB) each consisting of a balance of elastic and stiff properties (Goldblatt and Richmond, 2003; 

Ross and Pawlina, 2010; Sugimoto et al., 2015). In addition to its mechanical role, the ACL 

provides proprioception or motion sensory feedback via stress and strain mechanoreceptors 

embedded in the ligament’s tissues that have been demonstrated to influence the activity of the 

surrounding muscles to aid in knee joint stabilisation (Krogsgaard et al., 2011). Therefore an 

injury to the ACL significantly diminishes proprioceptive feedback from the knee, which may a 

major contributor to the reduction in functional stability during loading of the knee joint post 

ACL-injury (Borsa et al., 1997; Krogsgaard et al., 2011). 
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Risk factors associated with ACL injury mechanism  

The underlying risk factors in the mechanism of an ACL injury are multifactorial, 

consisting of extrinsic and intrinsic factors. These factors include, but are not limited to: physical 

and/or visual perturbations, type of sport, sex, age, anatomic variations, neuromuscular deficits, 

biomechanical abnormalities, and hormonal balance (Acevedo et al., 2014; Hewett et al., 2006; 

LaBella et al., 2014).  

Over the last few decades, it has been consistently reported that approximately 70% of all 

ACL injuries are a result of a non-contact mechanism (Hewett et al., 2006; Noyes et al., 1983; 

Waldén et al., 2015), whereby there is no direct contact to the individual at the time of injury. 

This situation implies intrinsic variables (i.e. sex and neuromuscular deficits) are playing a major 

factor in the resulting injury. In order to understand the exact mechanism of injury, several 

studies have performed video analyses examining the movement patterns of an individual at the 

exact time of injury (Bere et al., 2011; Boden et al., 2000; Brophy et al., 2015; Koga et al., 2010; 

Olsen et al., 2004; Waldén et al., 2015). These analyses considered a wide range of sports 

(skiing, soccer, handball, and basketball) yet found similar findings: non-contact ACL injuries 

arise during an athletic maneuver such as a decelerated stop, landing from a jump, or a sudden 

change of direction. These maneuvers put the lower extremity in a high-risk position, which 

includes a coupling of medial and internal rotational loads being placed on the knee joint 

(Hewett 2010; Kiapour et al., 2015; Quatman et al., 2014). Through our isometric, weight-

bearing, force matching protocol, representations of these coupled loading conditions can be 

safely reproduced and analyzed, allowing a comparison of neuromuscular control strategies of 

healthy and injured populations. 
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Sex-bias associated with ACL injury 

ACL injury related studies have generally incorporated a comparison between groups 

based on biological sex. The focus of sex comparisons stems from the consistently reported sex-

bias in the incidences of ACL injuries, with females being up to 8 times more likely to sustain a 

non-contact ACL injury compared to males (Benjaminse et al., 2010; Brophy et al., 2015; 

Flaxman et al., 2014; Ford et al., 2005; Iguchi et al., 2013; McLean et al., 2004; Sigward et al., 

2012). Several factors associated with this sex-bias have been discussed in the literature such as 

neuromuscular, biomechanical, anatomical and hormonal composition. However, the general 

consensus in the literature for approximately the last 15 years is that the disparity in ACL 

incidences between males and females arises from a combination of these factors (Arendt et al., 

1999; Simon et al., 2015). 

When sex is considered, differences between males and females have become apparent 

with females being in a high-risk position more often than their male counterparts (Beaulieu et 

al., 2009; Ireland, 1999). This high-risk position, often seen during side-cuts and jump-landings, 

entails a coupling of medial and internal rotational loading, which is when the ACL is most 

likely to rupture (Andrews et al., 1977) and likely contributes to the consequential sex-bias in 

ACL injuries.  

Sex differences in neuromuscular and biomechanical strategies have been analyzed in a 

wide range of populations performing various maneuvers where medial and internal rotational 

loads are observed. Maneuvers such as a side-cut (Beaulieu et al., 2009; Bencke and Zebis, 2011; 

Hanson et al., 2008; Iguchi et al., 2013; Landry et al., 2009; Sigward and Powers, 2006), and a 

countermovement jump (Chappell et al., 2007; Cowling and Steele, 2001; Fagenbaum and 

Darling, 2003; Hewett et al., 2015; Holden et al., 2015; Quatman et al., 2006; Weinhandl et al., 
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2015) are frequently used due to non-contact ACL injuries being most likely to occur during 

these tasks. Some studies using these tasks showed females are generally quadriceps-dominant 

(activating their quadriceps at a higher ratio compared to their hamstrings) compared to males, 

who typically employ a more balanced activation between their quadriceps and hamstrings 

(Beaulieu et al., 2009; Hanson et al., 2008; Landry et al., 2007). However, the role of the 

quadriceps in relation to ACL loading has been debated in the literature. It has been suggested 

that the quadriceps activate to protect the ACL from injury by increasing the compression of the 

knee joint (Hashemi et al., 2007). Other researchers have suggested that increased quadriceps 

activity in relation to hamstrings activity may be detrimental to the ACL, as greater anterior 

translation of the tibia may occur (Hanson et al., 2008; Iguchi et al., 2013; McLean et al., 2004).   

In addition, common kinematics and kinetics findings are that females typically have 

greater peak knee valgus angles and moments, smaller peak extension moments, smaller peak 

knee flexion angles, and smaller peak internal rotation of the knee joint compared to their male 

counterparts (Beaulieu et al., 2008; Benjaminse et al., 2010; McLean et al., 2004; Pollard et al., 

2004). These variables all contribute to the aforementioned high-risk position of increased ACL 

loading and thus put females more at risk of sustaining an ACL injury compared to males.  

Taken together, it is reasonable to conclude that sex may directly influence the 

neuromuscular and biomechanical outputs of an individual, influencing the risk of sustaining an 

ACL injury. Nevertheless, the specific mechanism of an ACL injury and how sex is a major 

contributing factor, is still not well understood (Benjaminse et al., 2010; Sugimoto et al., 2015) 

and will be addressed in this study by comparing the neuromuscular control strategies of the 

lower extremity during various directional loading conditions between males and females among 

healthy and ACL-d populations. 
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Altered knee joint function among a ACL-deficient population 

Anterior cruciate ligament-deficient (ACL-d) individuals may opt to avoid reconstruction 

surgery (ACL-r) and choose the conservative approach, where a surgery does not take place and 

there is greater emphasis on physiotherapy rehabilitation to maximize the function and stability 

of their ACL-d knee (Button et al., 2008; Fitzgerald et al., 2000; Marx et al., 2003). 

For those who choose the conservative approach, altered neuromuscular (Alkjaer et al., 

2003; Beard et al., 1996; Boerboom et al., 2001; Bulgheroni et al., 1997; Ferber et al., 2002; 

Knoll et al., 2004; Kvist and Gillquist, 2001; Lindström et al., 2010; Rudolph et al., 2001; Torry 

et al., 2000) and biomechanical (Alkjaer et al., 2003; Alkjær et al., 2011; Bohn et al., 2016; 

Rudolph and Snyder-Mackler, 2004) strategies will likely be employed by their ACL-d limb, 

compared to their pre-injury movement patterns, limiting their ability to return to pre-injury 

physical activity. Interestingly, none of the aforementioned studies considered sex as an 

independent variable in their analyses, despite females are 2 to 8 times more likely to sustain a 

non-contact ACL injury compared to males (Agel et al., 2005; Waldén et al., 2010). 

Furthermore, sex is often considered a confounding variable in biomechanical analyses of human 

movement in healthy populations (Bencke and Zebis, 2011; Chappell et al., 2007; Flaxman et al., 

2014; Holden et al., 2015; Landry et al., 2009; Landry et al., 2007; Weinhandl et al., 2015), 

limiting the application of previously reported findings in ACL-d populations where sex was not 

an independent variable. 

Differences within ACL-d populations have been found, with subgroups typically being 

categorized into copers and non-copers (Alkjaer et al., 2003; Chmielewski et al., 2001; Rudolph 

et al., 2001, 2000). Those who are able to stabilise the knee joint, without an intact ACL, during 

high-demanding physical activities post-injury are categorized as copers, while those who cannot 
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maintain knee stability during such tasks are categorized as non-copers (Rudolph et al., 2001). 

An analysis was conducted on the varying levels of rehabilitation success in 281 ACL-d 

individuals, by analyzing gait and hop movement variables more than one year post-injury 

(Button et al., 2008). These individuals were then classified on the basis on which of their pre-

injury activities they were able to successfully return to while maintaining knee stability. It was 

determined that 17% of the ACL-d participants were classified as functional copers, 45% were 

classified as adapters, and 38% were classified as non-copers, with only 5% of tested participants 

returning to high-demand physical activities after rehabilitation. This demonstrates that ACL-d 

individuals choosing conservative rehabilitation approaches post-injury, for the majority, require 

further individualized treatment options in the hopes of returning to pre-injury activities by 

learning to adapt with new movement strategies. Thus, a gap in rehabilitation programs is 

present, as these programs are not being properly tailored for those who have new, adaptive 

neuromuscular control strategies for knee stability. To properly address this gap, a thorough 

understanding of altered, individual muscle contributions to force generation at the knee joint is 

imperative. 

Functional knee joint assessment through patient-reported outcome measures  

Many instruments and rating scales have been developed in an attempt to measure 

outcomes from a patient’s perspective, however only a few methods have been evaluated for 

reliability, validity, and responsiveness (Wang et al., 2010). Subjective function of the knee joint 

is often measured using clinically administered patient-reported outcome measures (PROMs) and 

have traditionally been viewed as not being the most valid means of determining knee joint 

function, but have become more popular due to their incorporation of a patient’s perceived knee 

joint function (Bent et al., 2009). However, many of these outcome measures lack a relevancy 
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between the patient reported outcome measures (PROMs) and the patient’s clinical measurement 

of knee function, such as the Lachman and pivot-shift tests for translational and rotational laxity 

of the knee joint (Snyder-Mackler et al., 1997).  

Common examples of PROMs are; the Knee Injury and Osteoarthritis Outcome Score 

(KOOS; Roos and Toksvig-Larsen, 2003), the International Knee Documentation Committee 

score form (IKDC; Irrgang et al., 2001), the Lysholm scoring scale (Lysholm and Gillquist, 

1982), and the Tegner physical activity level assessment (Tegner and Lysholm, 1985). The 

KOOS and the IKDC are both often used in literature (Wang et al., 2010). They are both reliable 

and responsive assessments that were developed to evaluate the short- and long-term patient-

relevant outcomes following an injury to the knee joint (i.e. ligament and meniscal tears, 

osteoarthritis) (Irrgang et al., 2001; Roos and Toksvig-Larsen, 2003). The Lysholm scoring scale 

is an evaluation of functional impairment of the knee joint with the inclusion of joint instability 

as a measurement (Lysholm and Gillquist, 1982). The Tegner assessment is a grading scale with 

emphasis on work and sport activities that was developed as a tool to compliment that functional 

score evaluation of the Lysholm scale (Tegner and Lysholm, 1985). 

Comparisons of some of the above-mentioned PROMs in both and ACL-r and non-

operative (ACL-d) populations have found consistent findings of similar functional outcome 

measures at up to five years after injury (Frobell et al., 2013; Grindem et al., 2014; Smith et al., 

2014), implying that non-operative rehabilitation of an ACL injury should be the primary 

treatment option (Failla et al., 2015). There has been little research in determining a relationship 

between subjective outcome measures and functional tasks, with the exception of single-leg hops 

and counter-movement jumps in patients who have undergone ACL-reconstruction (Hildebrandt 

et al., 2015; Hopper et al., 2002; Reid et al., 2007). It is therefore necessary to determine how 
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PROMs relate to a patient’s actual knee joint function in an ACL-deficient population, while 

considering the influence of sex to aid in the guiding knee rehabilitation progression.  

Knee joint stability during isometric force-matching task  

A stable knee joint is critical in everyday life. When the ACL is ruptured there is a loss in 

proprioception and also a mechanical change in the knee joint, which reduces this stability. As 

mentioned, stability of the knee joint can be described as a state of homeostasis, with three 

factors interacting to maintain it: (i) integration of articulating geometry (i.e. femur, tibia), (ii) 

soft tissue restraints (i.e. ligaments, cartilage, meniscii), and (iii) compressive loads applied to 

the joint (i.e. weight-bearing, muscular forces) (Riemann and Lephart, 2002; Williams et al., 

2001). Among these, the main contributor to knee stability are the compressive loads applied to 

the joint from the muscles that cross the knee joint, which are also the only active and easily 

modifiable joint stabilisers. 

Studies performing biomechanical analyses on the knee joint, typically involve dynamic 

tasks, making it difficult to isolate a muscle’s function in relation to force generation and 

stability (Wilkie, 1949). Therefore, in order to isolate each muscle’s contribution to the force 

generation and stability of the knee joint, it is necessary to limit the biomechanical factors such 

as changing joint angles and velocities while maintaining a physiologically relevant experimental 

design. This requirement led to the development of an isometric force-matching task by several 

groups (Benoit et al., 2006; Buchanan et al., 1986; Buchanan and Lloyd, 1997; Escamilla et al., 

1998; Flaxman et al., 2014, 2012; Krishnan et al., 2008; Krishnan and Williams, 2009; Levin et 

al., 2003; Smith et al., 2012a; Wilk et al., 1996; Williams, 2004; Williams et al., 2003), each 

with a slight variation of the protocol used. This protocol allows for an evaluation of muscle 
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activation strategies used about the knee joint to support various combinations of 

flexion/extension and valgus/varus directional loading.  

Early adaptations of the isometric force-matching protocol (Buchanan and Lloyd, 1997; 

Krishnan et al., 2008; Krishnan and Williams, 2009; Williams, 2004; Williams et al., 2003) were 

successful in limiting biomechanical parameters to muscle activations and the generated 

compressive forces at the knee joint, however these studies did not incorporate weight-

bearing/gravitational forces. The protocol was further expanded upon by incorporating an 

evaluation of muscle activations at various levels of externally applied forces (Buchanan et al., 

1986; Levin et al., 2003). This experimental design allowed for an assessment of the relationship 

between external torque and muscle activation amplitudes. However, it was only considered in a 

healthy population and a relationship between torque and muscle activation amplitudes has yet to 

be established during an isometric force-matching task for an injured population. 

We have developed a weight-bearing force-matching task to evaluate functional 

applications of neuromuscular strategies employed by various populations. This approach is 

beneficial as it more closely emulates true physiological influences on loading at the knee joint, 

as muscles are the only dynamic joint stabilisers (Williams et al., 2001). This technique allows 

electromyography (EMG) data to be collected and plotted in polar coordinates, permitting 

comparisons of muscle activation patterns across different test cohorts (Flaxman et al., 2012; 

Williams et al., 2003). In order to understand the specific role of each muscle crossing the knee 

joint during the force-matching stability task at varying effort levels, individual muscles have 

been classified as moment actuators or joint stabilisers through the following variables; i) 

specificity index (SI – directional variation about the mean direction of activity), ii) mean 

direction of activation (ϕ), and iii) mean magnitude of activation (XEMG) (Flaxman et al., 2012). 
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 Analyses considering sex differences have been performed by our research group, on 

active, young, healthy adults with results demonstrating that healthy males and females employ 

different knee muscle activation strategies to generate various directional loads (Flaxman et al., 

2014). Females demonstrated significantly greater muscle activations in the rectus femoris (RF), 

lateral gastrocnemius (LG) and tensor fascia lata (TFL) compared to their male counterparts 

during the isometric force-matching task while weight-bearing (Flaxman et al., 2014). Williams 

and colleagues (2003) considered the differences in neuromuscular control among ACL-d and 

healthy individuals. Through a similar isometric force-matching protocol it was determined that 

eight of ten muscles had lower specificity indexes (SI) in ACL-d individuals, with the vastus 

lateralis (VL) showing the greatest deficit in SI, compared to the activity profiles of a healthy 

cohort. Furthermore, ACL-d participants employed a much greater co-activation strategy during 

the force-matching protocol in their affected limbs when compared to their healthy limbs, 

suggesting that an altered neuromuscular control strategy was employed for stabilising the 

injured leg (Williams et al., 2003). That being said, this study involved a seated force-matching 

task and did not include weight-bearing conditions. The absence of weight-bearing limits the 

application of their findings, given that most functional tasks are performed while weight-

bearing, which has been shown to alter the lower limb biomechanics (kinematics and loading) 

and neuromuscular activity (Escamilla et al., 1998; Wilk et al., 1996). A standing, weight-

bearing, isometric, force-matching task will address this gap and will produce a more 

physiologically accurate dataset to determine group differences in lower limb biomechanics and 

neuromuscular control during various directional loading conditions between males and females 

among healthy and ACL-d populations. 
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CHAPTER 3: PURPOSE and HYPOTHESES 

Purpose  

With an ACL injury, there is a reduction in sensory feedback of the knee joint (Krogsgaard 

et al., 2011), however there is limited research considering sex when evaluating how ACL-d 

individuals adjust knee stabilisation strategies in varying loading conditions. In order to have 

clinicians implement optimal rehabilitation strategies for ACL-d males and females, it is crucial 

to understand the following: i) what role the individual muscles play during various directional 

loading at the knee joint and how this differs between a) healthy and ACL-d populations, and b) 

males and females, and ii) how we can improve the understanding of the relationship between a 

patient’s perceived knee joint function and clinical functional assessments of the knee joint in 

ACL-d males and females. The purpose of this thesis is therefore to provide objective and 

quantitative measurements describing the functional roles of muscles in an ACL injured 

population that can be used to improve the clinical/rehabilitating management of ACL injuries 

among male and female patients and ultimately aid in the individuals’ return to activity levels 

prior to injury.  

To achieve this, muscle activations (and their functional role) surrounding the knee joint 

were examined using an isometric, weight-bearing, force-matching protocol in males and 

females in healthy and ACL-d populations. This approach encompassed 12 different directions 

of loading (30
o
 increments), enabling the elicitation of force generation strategies at varying 

loading conditions. This protocol has been validated for highly controlled conditions, which are 

both functional and reliable (Smith et al. 2012), making it a useful and relevant research tool to 

quantify differences between males and females of ACL-d and healthy populations.  
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Research questions and hypotheses 

This thesis addresses the following research questions related to investigating the 

differences in neuromuscular control and knee joint function present between males and females 

of an ACL-deficient population. 

i. How does ACL-deficiency affect neuromuscular control strategies at the knee joint 

during an isometric, weight-bearing, force-matching task when compared to healthy 

controls? 

i. Hypotheses: The ACL is a major contributor to the stabilisation of the knee joint during 

functional tasks while weight-bearing (Rudolph et al., 2001). With the removal of this 

important structure, it has been suggested that, to compensate for the loss of the ligament, 

altered neuromuscular and biomechanical strategies are employed by ACL-deficient 

individuals (Aalbersberg et al., 2009; Alkjær et al., 2011; Reed-Jones and Vallis, 2008; 

Shelburne et al., 2004).  Based on these studies that found altered strategies in an ACL-

deficient population, we hypothesized that during the isometric force-matching protocol, 

ACL-deficient participants would rely more on a general activation strategy of the 

muscles in the thigh (quadriceps and hamstring muscle groups), whereas healthy controls 

would have higher specificity for each muscle, depending on the loading direction 

(Williams et al., 2003). Furthermore, it was thought that altered joint loading strategies 

would be seen with ACL-deficient participants displaying lower internal knee joint 

moments during all loading directions (Alkjær et al., 2011). 

ii. Do sex differences exist in ACL-deficient males and females in neuromuscular control 

of the knee joint during an isometric, weight-bearing, force-matching task? 
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ii. Hypotheses: Sex differences have been identified in the literature in protocols involving 

isometric force-matching tasks. Females employed a greater activation of the quadriceps 

muscles compared to males during knee extension trials at three different levels of peak 

moments, 10%, 20% and 30% during a non-weight-bearing task, whereas no differences 

were found between males and females for the activations of hamstrings muscles 

(Krishnan and Williams, 2009). During weight-bearing force-matching tasks, a 

significantly higher activation in the quadriceps was observed, specifically the rectus 

femoris, in females when compared to males in a healthy population (Flaxman et al., 

2014). Thus, we hypothesized that sex and injury effects in neuromuscular activations 

would be present, with ACL-deficient males and females displaying overall greater 

muscle activations compared to their healthy counterparts and ACL-deficient females 

would have greater quadriceps activations compared to their healthy controls. 

iii. Can maximum force generation tasks be used as a clinically relevant task to assess 

subjective knee function in ACL-deficient males and females? 

iii. Hypotheses: As previously discussed, sex and ACL-deficient differences have been 

established. Furthermore, lower maximum ground reaction forces have been reported in 

an ACL-d patient’s affected limb compared to their healthy limb (Dai et al., 2014). It was 

hypothesized that ACL-d males and females would have significantly lower outcome 

measures for the four PROMs and overall lower maximum ground reaction forces in both 

the sagittal and frontal planes. Furthermore, we expected to see strong positive 

correlations between maximum force generation, specifically in the sagittal plane with all 

subjective outcome measures in both ACL-d males and females, given that ACL-d 
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populations have been reported to have lower internal sagittal knee moments compared to 

healthy controls (Bohn et al., 2016; Rudolph and Snyder-Mackler, 2004).  
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CHAPTER 4: GENERAL METHODOLOGY  

Collaborators 

These studies are part of a large-scaled research project aimed at understanding the roles of 

neuromuscular patterns and biomechanical loading at the knee joint in various populations. This 

research project stems from a collaborative relationship between the Neuromuscular and 

Rehabilitation Research Unit of the University of Ottawa, Canada, and the Department of 

Neuroscience and Pharmacology of the University of Copenhagen, Denmark.  

The data of 81 participants used in this study were collected at the University of 

Copenhagen by graduate students supervised by Dr. Benoit (MJ Del Bel, TS Flaxman, and KB 

Smale) with assistance from Drs. T Alkjaer and EB Simonsen from the University of 

Copenhagen. The author of this thesis, Del Bel, was responsible for conception of the two studies 

in this thesis and the processing and analyzing of the raw data (marker trajectories, 

electromyography, and force plate) from healthy and ACL-d male and female participants who 

performed the isometric force-matching protocol that were used in this thesis. In addition, he was 

responsible for drafting, editing, and finalizing the manuscripts included in this thesis. 

Study Design 

A two-part cross-sectional experimental study design was implemented to evaluate the 

differences in neuromuscular control and force-generation between healthy and ACL-d males 

and females during an isometric, weight-bearing force-matching protocol. This was 

accomplished through two different studies, which are included in this thesis. The first study 

consisted of determining the activations and functional role of 10 muscles in the lower extremity 

during various directional-loading conditions. The second study evaluated the correlational 

relationships between a patient’s perceived knee joint function (through subjective 
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questionnaires) and their functional capacity of generating maximum forces in the sagittal and 

frontal planes during isometric conditions. 

Participants 

A priori power analysis in G*Power (3.1.0) software revealed that to achieve a power of 

0.8, with an input effect size of 0.40 and α = 0.05, a total sample size of 52 was required to 

effectively test the research hypotheses of this study based on the dependent variable of peak 

EMG magnitude of the vastus medialis. 

Forty-seven ACL-d participants (27 males; 20 females) were recruited with the assistance 

of Dr. Michael Krogsgaard, from the Bispebjerg University Hospital, Copenhagen, Denmark. Of 

the 47 recruited participants, 38 ACL-d (21 males; 17 females) were able to complete the study’s 

protocol with their injured limb. Participants had confirmed rupture of their ACL through MRI 

and/or arthroscopy. The test limb of ACL-d participants was defined as the injured limb. Thirty-

four healthy control participants (17 males; 17 females) were recruited through the University of 

Copenhagen and the city of Copenhagen, Denmark.  
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Abstract 

Background: Anterior cruciate ligament injuries are up to 8 times more likely to occur in 

females compared to males. Neuromuscular and biomechanical differences in ACL-deficient 

populations have been established during a variety of tasks, however, it remains unclear how 

males and females differ in neuromuscular control following injury. This study sought to 

determine if injury-induced changes in neuromuscular control lead to altered functional roles of 

the knee joint muscles between males and females. 

Methods: An isometric, weight-bearing, force-matching protocol required healthy and ACL-

deficient males and females to modulate ground reaction forces in various combinations of 

sagittal and frontal plane loads. Surface electromyography of 10 muscles in the lower extremity 

were normalized and displayed in polar plots. Mean activation magnitudes and patterns were 

quantified with an orientation analysis to determine the presence of group differences in knee 

neuromuscular control strategies and functional muscle roles.  

Results: The classification of functional muscle roles was different between groups, with MACL 

and FYC sharing the same classifications. No main effects of sex or ACL injury were found for 

any of the muscles’ mean direction of activation (ϕ). Sex and injury effects were seen in both 

group mean activation magnitudes and the specificity indexes (SI) of activations; i) FYC had 

higher magnitudes than MYC for the rectus femoris and vastus medialis, ii) FYC and MYC had 

higher medial gastrocnemius activation magnitudes compared to FACL and MACL, 

respectively, iii) FACL had lower SI values for the biceps femoris than both FYC and MACL. 

Conclusion: A population-based hierarchy in muscle activation patterns used to stabilise the 

knee joint was discovered: healthy males demonstrated the most specified activations and the 

ACL-deficient females displayed the least specified activations, while healthy females and ACL-
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deficient males showed similar activations. This underscores the necessity of sex-specific patient 

rehabilitation approaches following ACL injury. 

Introduction 

An injury to the anterior cruciate ligament (ACL) is one of the most common injuries to 

the knee joint. Reported ACL injuries in the United States rose from 86,687 in 1994 to 129,836 

in 2006 (Mall et al., 2014), with rates continuing to rise among active male and female athletes 

(Agel et al., 2016). These injuries can be traumatic to an individual and result in long-term health 

consequences such as knee osteoarthritis (OA) (Lohmander et al., 2007; Roos et al., 1995), 

reduced activity levels, and ultimately, a reduction in quality of life (Lohmander et al., 2004). 

Risk-factors associated with ACL injuries have been established, such as sex and variations in 

neuromuscular control, however how these factors contribute to the injury mechanism is still not 

clearly understood (Acevedo et al., 2014; Hewett et al., 2006; LaBella et al., 2014).  

When the ACL is injured, there is a reduction in the ability to stabilise the knee joint. Knee 

joint stability is defined as the joint’s ability to remain or promptly return to proper positions 

through an equalization of forces, or in other words, the ability to maintain a state of positional 

alignment (Riemann and Lephart, 2002). The ACL contributes to dynamic knee stability by 

passively controlling anterior tibial translation and through its embedded mechanoreceptors. 

Along with other receptors in the surrounding soft tissue, these aid in joint position feedback and 

factor into the regulation of muscle activity surrounding the knee joint (Krogsgaard et al., 2011). 

Therefore, an injury to the ACL not only alters the passive mechanical resistance to anterior 

tibial translation, it significantly diminishes the proprioceptive feedback and causes inhibition of 

surrounding musculature, which has been suggested to be a major contributor to the reduction in 

knee function and stability post-ACL injury (Borsa et al., 1997; Krogsgaard et al., 2011). 
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Neuromuscular control has been extensively evaluated in an ACL-deficient population 

compared to healthy controls. There are consistent reports of between-group differences in 

movement dynamics such as less knee internal rotation (Bohn et al., 2016), less knee adduction 

(Alkjær et al., 2011), greater hip flexion (Rudolph and Snyder-Mackler, 2004) and smaller peak 

knee extension moments (Alkjaer et al., 2003) compared to their healthy counterparts. Despite 

these biomechanical differences, the reported neuromuscular differences between ACL injured 

and healthy controls is quite variable across studies (Alkjaer et al., 2003; Beard et al., 1996; 

Boerboom et al., 2001; Bulgheroni et al., 1997; Ferber et al., 2002; Knoll et al., 2004; Kvist and 

Gillquist, 2001; Lindström et al., 2010b; Rudolph et al., 2001; Torry et al., 2000). Interestingly, 

none of these studies considered sex as an independent variable in their analyses, despite females 

being 2 to 8 times more likely to sustain a non-contact ACL injury compared to males (Agel et 

al., 2005; Waldén et al., 2010). Sex is often considered a confounding variable in biomechanical 

analyses of human movement in healthy populations (Bencke and Zebis, 2011; Chappell et al., 

2007; Flaxman et al., 2014; Holden et al., 2015; Landry et al., 2009; Landry et al., 2007; 

Weinhandl et al., 2015), therefore limiting the application of previously reported findings in 

ACL-deficient populations where sex was not considered.  

Using a physiologically relevant, weight-bearing, force-control protocol, muscles 

surrounding the knee joint have been given a functional role classification (Flaxman et al., 2014; 

2012). Females utilised different activation strategies during generation of forces in various 

combinations of directional loading, compared to males (Flaxman et al., 2014). Using the same 

approach, the purpose of this study was to determine if there were differences between sexes and 

an ACL-deficient knee with respect to knee joint neuromuscular strategies during a range of 

weight-bearing isometric knee joint loading conditions. It was hypothesized that both healthy 
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and ACL-deficient female groups would display higher quadriceps activations in all loading 

conditions compared to male counterparts (Flaxman et al., 2014; Krishnan et al., 2008). 

Furthermore, we hypothesized that all ACL-deficient participants would have lower specificity 

of muscle activations during all loading conditions compared to healthy controls (Williams et al., 

2003).  

Methods  

Participants 

An a priori power analysis in G*Power software (3.1.0) revealed that to achieve a power 

of 0.8, with an input effect size of 0.40 and α = 0.05, a total sample size of 52 was required to 

effectively test the research hypotheses of this study based on the dependent variable of peak 

EMG magnitude of the vastus medialis. 

Forty-seven ACL-deficient (ACL-d) participants (27 males; 20 females) were recruited and 

38 ACL-d participants (21 males; 17 females) were able to complete the study’s protocol with 

their injured limb. ACL-d participants were recruited from the Bispebjerg University Hospital, 

Copenhagen, Denmark. Participants had ACL rupture confirmed through MRI and/or 

arthroscopy. The test limb for ACL-d was defined at the injured limb. Thirty-four healthy control 

(CON) participants (17 males; 17 females) were recruited through the University of Copenhagen, 

Denmark. Eligibility criteria consisted of no history of traumatic injury and no presence of any 

other physical impairment. Controls were matched based on limb dominance with ACL-d. Limb 

dominance was determined by which leg they used to kick a soccer ball for maximal distance. 

Consent and questionnaires 

Testing took place in the gait laboratory at the Department of Neuroscience and 

Pharmacology, University of Copenhagen, Denmark. This study was approved by the local 
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ethics committee for the Capital Region of Denmark (De Videnskabsetiske Komiteer for Region 

Hovedstaden, H-3-2013-126) and the University of Ottawa Research Ethics Board (H06-14-27).  

Participants provided informed consent and completed a series of subjective questionnaires 

including i) the Knee Injury and Osteoarthritis Outcome Score (KOOS; (Roos and Toksvig-

Larsen, 2003), ii) the International Knee Documentation Committee (IKDC) knee form (Irrgang 

et al., 2001), iii) the Lysholm scoring scale (Lysholm and Gillquist, 1982), and iv) the Tegner 

physical activity level assessment (Tegner and Lysholm, 1985). 

Participant preparation and equipment 

Participant height, weight, thigh and shank lengths were recorded, followed by the 

preparation of the areas of the skin for placement of electromyography (EMG) electrodes. EMG 

of the test limb were collected for the tensor fascia lata (TFL), rectus femoris (RF), vastus 

lateralis (VL), vastus medialis (VM), biceps femoris (BF), semitendinosus (ST), lateral 

gastrocnemius (LG), medial gastrocnemius (MG), adductor muscle group (ADD), and gluteus 

medius (GM). Two surface EMG electrodes, in a bipolar arrangement (2DT2 Foam Dual Pre-

Gelled Electrode, Multi BioSensors Inc., USA) with a 1cm inter-electrode distance, were placed 

over the muscle bellies using guidelines from SENIAM (Hermens et al., 2000) and DeLuca 

(1997). EMG were recorded with a 10 channel wireless device (MQair, Marq Medical, Farum, 

Denmark) and sampled at 1000 Hz, band-pass filtered at 20-500 Hz with a 6-dB/octave-filter 

slope.   

Fifty-eight retro-reflective markers (14 mm diameter) were placed according to the HMBL 

cluster marker set (Mantovani and Lamontagne, 2016). Marker trajectories were sampled at 100 

Hz, using a ten-camera infrared motion analysis system (Vicon, Nexus, Oxford Metrics, Oxford, 

UK). Ground reaction forces (GRFs) were sampled at 1000Hz from a force platform (AMTI-
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OR6, Watertown, USA) and amplified with an internal gain of 1000 (MSA-6, AMTI, 

Watertown, USA). Marker trajectories and GRFs were recorded using the supporting software 

(Nexus v1.8.5, Oxford Metrics, Oxford, UK).  

Experimental protocol 

Familiarization of the force target-matching protocol (described below) was given prior to 

data collections. Maximum voluntary isometric contraction (MVIC) exercises were then 

performed for each muscle group. Knee extension and knee flexion exercises were performed, 

while seated, with the hip and knee joints at 90
o 
and 30

o
, respectively, with manual resistance 

from the researcher. Hip extension, flexion, adduction and abduction were performed while in a 

standing position, with resistance being provided by a strap placed around the shank. 

Plantarflexion was performed, also while standing, with participants using a table to create 

resistance. Each MVIC exercise was held for five seconds and repeated three times, with at least 

45 seconds of rest between each trial. 

A reliable force target-matching protocol (Flaxman et al., 2016, 2014, 2012; Smith et al., 

2012) was used to assess the participant’s ability to generate isometric forces while weight-

bearing. In short, participants placed their test leg in a water-ski boot (Bio, O’Brien, Redmond, 

WA, USA) that was fixed to a force platform with their joint flexion angles positioned at 30
o
, 

30
o
, and 10

o
 for the hip, knee, and ankle, respectively. Participants faced a screen with a 

projected image of a cursor and a target (Figure 5.1).  
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Figure 5.1. Laboratory setup; participant standing with foot of interest in water-ski boot, fixed to 

force platform while facing a projector displaying immediate feedback of GRF generated (solid 

circle). Participants were required to position the cursor between the target’s two circles (dashed 

lines) by controlling the direction of GRFs in the sagittal (Fy) and frontal (Fx). The diameter of 

the cursor was controlled by the participant’s body weight (Fz): increasing or decreasing in 

diameter with more or less body weight, respectively (modified from Flaxman et al., 2012). 

 

The cursor provided immediate feedback of the generated GRFs in three degrees-of-motion; 

movements upward/downward and left/right were controlled by anterior/posterior (±y axis) and 

medial/lateral (±x axis) loads, respectively, and the diameter of the cursor was controlled by 

superior/inferior (±z axis) loads. Testing consisted of a set of 12 targets that were evenly spaced 

by 30
o
 in a circular arrangement of three different force effort levels (Fz) of 30%, 45% and 60% 

of previously recorded maximum efforts. This totalled for 36 targets, which was repeated, 

totalling for 72 targets appearing in a randomized order (Figure 5.2).  
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Figure 5.2. Polar plot displaying the 12 targets at the 60% level of maximum effort. Outer 

numbers represent target location angle in degrees (
o
). 

Once the cursor reached the target and matched for 0.5s, it was deemed successful and triggered 

the simultaneous collection of GRFs, EMG and marker trajectories using a custom made 

application in MATLAB (vR2013a, Mathworks Inc., Natick, MA, USA). Forces required to 

match the targets were based on previously recorded maximal GRFs recorded in the -Fy 

(anterior), +Fy (posterior), -Fx (medial), and +Fx (lateral) directions (Appendix A: Equation A.1).  

Data processing  

Marker trajectory data and GRFs were filtered with a 2
nd

 order dual low-pass 15 Hz cut-off 

Butterworth filter and exported to OpenSim (v3.3, SimTK, Stanford, CA, USA). Scaling, inverse 

kinematics and dynamics were calculated using a reduced version of Gait2992 (Hamner et al., 

2010), with knee and ankle joints being modeled as revolute joints based on (Delp et al., 1990; 

Seth et al., 2010) and a total of 16 degrees of freedom and 46 muscles (23 per leg).  
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Electromyography data were processed in a customized MATLAB application with a high-

pass filter at 25 Hz with a 2
nd

 order dual-pass Butterworth filter, full-wave rectification, and a 

low-pass filter at 10 Hz with 2
nd

 order dual-pass Butterworth filter. Maximum EMG amplitudes 

(EMGmax) for each muscle were determined from the MVIC trials using a 50 ms moving 

window algorithm. EMGmax were used to normalize the force-matching trial EMG data as a 

ratio of MVIC. EMG data were time averaged for the duration of 0.5 seconds and ensemble 

averaged across the two repetitions of each target.  

Statistical analysis  

All statistical analyses were performed using an alpha level of 0.05, in SPSS (v22.0, IBM, 

Chicago, USA). All post-hoc analyses were determined a priori with group comparisons for 

significant effects of sex: FYC vs. MYC and FACL vs. MACL, and for effects of ACL injury: 

FYC vs. FACL and MYC vs. MACL. Only the results of the 60% GRF effort level were reported 

in this study, since analyses of the 30% and 45% efforts revealed the same functional muscle role 

results compared to the 60%, albeit at lower force and activation levels.  

Tests for symmetry about the polar plot origin were performed for each muscle (Appendix 

A: Equation A.2) (Curray, 1956); muscles that were deemed statistically symmetrical were not 

considered in the evaluation of ϕ, and SI. Watson-Williams tests for circular statistics in PAST 

v3.11 (Hammer et al., 2001), were used to determine between-group differences in mean 

direction of muscle activation (ϕ; Appendix A: Equation A.3) for each muscle. Two-way 

MANOVAs with a Bonferroni correction were used at each of the 12 target locations to 

determine significant group differences in GRFs, hip and knee joint moments. Two-way 

ANOVAs were used to determine group differences in participant demographics and hip and 

knee joint angles, variance about the mean direction of activation for each muscle (Specificity 
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Index: SI; Appendix A: Equation A.4) and mean magnitude of muscle activation (XEMG; 

Appendix A: Equation A.5). If a significant main effect of sex or ACL injury was observed, 

post-hoc independent t-tests were performed at each target location.  

Results 

Participants’ age, BMI, leg dominance, leg tested, time since injury, mean joint angles, 

moments, and mean normalized GRFs (N/kg) required to match a target at 60% of maximum 

effort are presented in Table 5.1. The time since injury in ACL-d participants varied between 

males and females, as participants were recruited based on when they sought medical 

interventions for knee instability. With the exception of two male participants, all were recruited 

within three years of their ACL injury. FACLs had a significantly smaller +Fy (posterior) GRFs 

compared to the other three groups (Table 5.1). 

 

Table 5.1. Group means (standard deviations) for FYC, MYC, FACL, and MACL of participant 

demographics, mean joint angles, and mean GRFs. The mean GRFs were scaled to represent 

60% of each direction’s maximum elicited force produced during 100% effort trials for a 

successful target-match. P-values with (*) represent a significant difference between groups 

(p<0.05).  
 FYC MYC FACL MACL P-value 

Tested n = 17 n = 15 n = 17 n = 21 ---- 

Age (years) 25.29 (6.37) 28.31 (6.07) 26.25 (7.77) 30.20 (7.82) 0.13 

BMI (kg/m
2
) 22.67 (3.36) 24.40 (2.88) 23.62 (2.47) 25.01 (3.16) 0.15 

Leg Dominance      

Right n = 16 n = 13 n = 10 n = 14 ---- 

Left n = 1 n = 3 n = 7 n = 7 ---- 

Leg Tested/Injured      

Dominant n = 13 n = 13 n = 11 n = 13 ---- 

Non-Dominant n = 4 n = 3 n = 6 n = 8 ---- 

Time Since Injury 

(mo.) 

N/A N/A 7.27 (7.34) 20.05 (23.82) ---- 

Joint Angles (
o
)      

Hip 31.59 (8.07) 27.00 (11.56) 28.46 (9.93) 26.22 (6.51) 0.67 

Knee 23.53 (8.26) 23.08 (7.34) 22.51 (9.32) 23.27 (7.95) 0.67 

GRFs (N/kg)      

-Fy (Anterior) 1.55 (0.26) 1.48 (0.37) 1.41 (0.33) 1.42 (0.29) 0.51 

+Fy (Posterior) 1.16 (0.51) 1.20 (0.31) 0.83 (0.27) 1.06 (0.34) 0.03* 

-Fx (Medial) 0.66 (0.29) 0.85 (0.22) 0.67 (0.43) 0.66 (0.36) 0.31 

+Fx (Lateral) 1.04 (0.40) 1.00 (0.32) 0.77 (0.30) 0.87 (0.32) 0.10 
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Significant differences between CON and ACL in knee joint moments were present. Post-

hoc analyses revealed the effect of ACL injury was present at eleven directional loading 

conditions, combined between the three planes, while the effect of sex was observed at one 

direction in the sagittal plane (Figure 5.3). Significant differences between FYC and FACL were 

observed in hip joint moments at four directional loading conditions (Figure 5.4).  
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Figure 5.3. Mean knee moments (Nm/kg) for FYC, MYC, FACL, and MACL groups at each 

target direction location (
o
). Significant post-hoc differences between groups (p<0.05) are shown 

at the target location: () represents a significant difference between FYC and FACL; (ǂ) 

represents a significant difference between MYC and MACL; (§) represents a significant 

difference between FACL and MACL. 
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Figure 5.4. Mean hip moments (Nm/kg) for FYC, MYC, FACL, and MACL groups at each 

target direction location (
o
). Significant post-hoc differences between groups (p<0.05) are shown 

at the target location: () represents a significant difference between FYC and FACL. 
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Group mean activation profiles are shown in polar plots (Figures 5.5 and 5.6). Tests for 

symmetrical activations revealed that asymmetrical activations were observed in all muscles for 

MYC, all muscles except the VL and VM for both FYC and MACL, and all muscles except the 

VL, VM, MG, and GM for FACL.  
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Figure 5.5. Mean EMG polar plots of RF, VL, VM, BF, and ST muscles for FYC, MYC (solid lines), FACL, and MACL (dashed 

lines) groups. Outer numbers represent target location angle (
o
); inner numbers represent normalized EMG magnitude (ratio of 

MVIC). Significant differences between groups (p<0.05) are shown at the target location: (*) represents a sex effect between FYC and 

MYC. 
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Figure 5.6. Mean EMG polar plots of TFL, LG, MG, ADD, and GM muscles for FYC, MYC (solid lines), FACL, and MACL (dashed 

lines) groups. Outer numbers represent target location angle (
o
); inner numbers represent normalized EMG magnitude (ratio of 

MVIC). Significant differences between groups (p<0.05) are shown at the target location: () represents a significant difference 

between FYC and FACL; and (ǂ) represents a significant difference between MYC and MACL. 
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Sex effects were present in the XEMG for the RF (F1,54 =5.63, p =0.021, ƞ
2

p =0.64), VL (F1,54 

=5.08, p =0.028, ƞ
2

p =0.60), and VM (F1,54 =7.34, p =0.009, ƞ
2

p =0.80); and an injury effect was 

only seen in the MG (F1,54 =11.69, p =0.001, ƞ
2

p =0.92) (Figure 5.7). Post-hoc analyses for sex 

revealed FYC had significantly greater XEMG values compared to MYC at four loading directions 

for the RF (30
o
, p =0.023; 90

o
, p <0.001; 120

o
, p <0.001; 240

o
, p =0.018) and two loading 

directions for the VM (60
o
, p =0.023; 120

o
, p =0.008), while no differences were observed in any 

loading direction for the VL or between ACL-d groups. Post-hoc analyses for the effect of ACL 

injury revealed significant group differences, with FACL having greater XEMG compared to FYC 

for the MG at two loading directions (60
o
, p =0.024; 210

o
, p =0.003) and MACL having greater 

XEMG compared to MYC for the MG at four loading directions (180
o
, p =0.016; 210

o
, p =0.019; 

270
o
, p =0.001; 300

o
, p =0.003). 

No main effects were identified for ϕ in any of the muscles (p >0.05) (Figure 5.8). The 

effect of sex was seen in the mean SI for the BF (F1,54 =14.79, p <0.001, ƞ
2
p =0.97) and ST (F1,54 

=4.46, p =0.039, ƞ
2

p =0.55); the effect of injury was observed in the BF (F1,54 =5.45, p =0.024, 

ƞ
2

p =0.63) and GM (F1,54 =4.43, p =0.041, ƞ
2

p =0.54) (Figure 5.9). Post-hoc analyses for sex 

differences revealed significant group differences with FACL having lower SI values for the BF 

compared to MACL (p <0.001) and no sex differences were observed in the ST or between FYC 

and MYC. Post-hoc analyses for effect of ACL injury revealed FACL had significantly lower SI 

values for the BF compared to FYC (p =0.024), while no differences were observed for the GM 

or between MYC and MACL. 
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Figure 5.7. Means and standard deviations of normalized muscle activation magnitudes (XEMG: 

ratio of MVIC) of 10 muscles for FYC, MYC, FACL, and MACL groups. Significant post-hoc 

differences (p<0.05) are shown: (*) represents a significant difference between FYC and MYC; 

() represents a significant difference between FYC and FACL; and (ǂ) represents a significant 

difference between MYC and MACL. 

 
Figure 5.8. Means and Raleigh’s R (circular variance) of muscle activation directions (φ: 

o
) of 10 

muscles for FYC, MYC, FACL, and MACL groups. No significant differences between groups 

were observed. Muscles with empty bars had symmetrical activations and therefore their 

directional variables were not considered in analyses. 
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Figure 5.9. Means and standard deviations of the specificity index (SI: 0 to 1) of 10 muscles for 

FYC, MYC, FACL, and MACL groups. Muscles with empty bars had symmetrical activations 

and therefore their directional variables were not considered in analyses. Significant post-hoc 

differences (p<0.05) are shown: () represents a significant difference between FYC and FACL; 

and (§) represents a significant difference between FACL and MACL. 

 

Using the pattern variables of symmetry of activation about the polar plot origin, XEMG, ϕ, 

SI and the muscle activation profiles, the muscles surrounding the knee joint were classified into 

3 roles (Flaxman et al., 2012): i) general stabiliser (a muscle with a symmetrical activation 

pattern), ii) moment actuator (a muscle with a statistically asymmetrical activation profile 

opposite its reported moment arm orientation), and iii) specific joint stabiliser (a muscle with a 

statistically asymmetrical activation profile about its reported moment arm orientation). MYC 

and FACL groups each had a unique set of muscle roles, while FYC and MACL had the same set 

of muscle roles (Table 5.2).  
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Table 5.2. Functional muscle roles for the 10 muscles tested among the four test groups in order 

of muscle activation specificity. The three functional roles were identified for each muscle using 

symmetry of activation, XEMG, ϕ, SI and the muscle activation profiles. 

Muscle MYC FYC MACL FACL 

TFL Moment Actuator Moment Actuator Moment Actuator Moment Actuator 

RF Moment Actuator Moment Actuator Moment Actuator Moment Actuator 

VL Specific Joint Stabiliser General Stabiliser General Stabiliser General Stabiliser 

VM Specific Joint Stabiliser General Stabiliser General Stabiliser General Stabiliser 

BF Specific Joint Stabiliser Specific Joint Stabiliser Specific Joint Stabiliser Specific Joint Stabiliser 

ST Specific Joint Stabiliser Specific Joint Stabiliser Specific Joint Stabiliser Specific Joint Stabiliser 

LG Moment Actuator Moment Actuator Moment Actuator Moment Actuator 

MG Specific Joint Stabiliser Specific Joint Stabiliser Specific Joint Stabiliser General Stabiliser 

ADD Moment Actuator Moment Actuator Moment Actuator Moment Actuator 

GM Moment Actuator Moment Actuator Moment Actuator General Stabiliser 

  

Discussion 

The purpose of this study was to evaluate the effects of sex and ACL-deficiency on 

neuromuscular control strategies to stabilise the knee joint under multidirectional loading 

conditions. The protocol used was as a means to establish the relationship between muscle 

activations and these loads using a somewhat reductionist approach which limited confounding 

variables such as joint motions and velocities, thus isolating the role of each muscles in 

stabilisation against those loads. We also classified those muscle roles as they relate to knee 

stabilisation (general stabilisers, specific joint stabiliser, and moment actuator). It was 

hypothesized that differences would be elicited from both sex and ACL-d, with ACL-d 

contributing more to these differences. Our hypotheses were partly supported since both sex and 

ACL-d contributed to different functional roles being identified between groups. We found that 

MYC had the most specific muscle activation roles, with no muscle being a general stabiliser, 

while FACL used the least specific muscle activation roles, with four of ten muscles being 

general stabilisers. Our results indicate a hierarchy in muscle activation strategies, in terms of 

specificity, when stabilising the knee joint: MYC as the most specific, FYC reflecting the 

strategy of MACL, and FACL as the least specific.  
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We also found that the posteriorly directed normalized forces were significantly lower for 

FACLs compared to the other three groups, despite similar levels of muscle activations, implying 

that they are not as efficient in generating knee flexor force, perhaps as a consequence of a loss 

of knee joint proprioception or strength. In addition, we found smaller sagittal and transverse 

plane internal hip and knee joint moments, and greater moments in the frontal plane of the knee 

joint in the ACL-d groups at several of the loading conditions compared to their healthy controls, 

agreeing with previous work (Bohn et al., 2016; Rudolph and Snyder-Mackler, 2004). 

Sex-related differences in neuromuscular control of the knee have been routinely cited, 

implying a link with increased non-contact ACL injuries among females. For example, greater 

RF XEMG was reported among a different cohort of healthy females during the same force-

matching task (Flaxman et al., 2014), while additional studies with non-weight-bearing protocols 

have supported our findings, with healthy females displaying greater quadriceps XEMG compared 

to males (Krishnan et al., 2008; Krishnan and Williams, 2009). The increased activation seen in 

the RF and VM among healthy females compared to healthy males during several knee 

abduction loads has been suggested as a protective mechanism to increase compression at the 

knee joint and reduce ACL strain in those with knee instability (Hashemi et al., 2007). Flaxman 

et al. (2014) also found healthy females to have increased LG XEMG compared to their male 

counterparts, whereas we found ACL-deficient males and females to have greater MG XEMG 

during several knee abduction loads compared to their healthy counterparts. Similar to the 

quadriceps, increased gastrocnemii activity has been suggested as a protective mechanism to 

increase stability of the knee joint during loading (Morgan et al., 2014). 

Altered neuromuscular control about the knee joint has been suggested as a compensation 

strategy for influential factors such as hormones (Hewett, 2000) or a ruptured ACL (Palmieri-
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Smith and Thomas, 2009). The MYC group of this study used all muscles specifically, 

dependent on directional loads, suggesting that healthy males are able to effectively tailor their 

muscle activations for a given loading condition. In contrast, FACL had four of their ten muscles 

categorised as general stabilisers. This infers that with an injured ACL, and the consequential 

loss in mechanical and proprioceptive capacity, the central nervous system uses a more 

generalised knee stiffening strategy. These muscles could be activating in an attempt to increase 

compression of the knee joint thereby mitigating anterior translational forces (Hashemi et al., 

2007). The FACL group relied on greater activation from the VL, VM, MG and GM when 

stabilising the knee joint during all loading conditions. Considering this, our results demonstrate 

that there appears to be a hierarchy in knee stabilisation strategies with MYC having the most 

adaptable knee joint stabilisation strategy and FACL having the least adaptable. 

ACL-injury rehabilitation programs have been developed to focus on restoring the 

neuromuscular control patterns prior to the injury (Manske et al., 2012). One study determined 

that, after 11 years, 24% of patients treated conservatively and 45% of the surgical treated 

patients had developed knee OA (Kessler et al., 2008). Interestingly, there were no differences in 

regards to loss of ability to participate in physical activity between cohorts; however, this study 

did not include sex as an independent variable. Our results demonstrate differences between 

males and females after ACL injury and the need for sex-specific tailoring of rehabilitation 

programs. Considering the limited research on sex-specific intervention strategies, and our 

results indicating sex-specific knee stabilisation strategies, there appears to be an opportunity to 

improve the success rate of ACL-injury rehabilitation programs to reduce the likelihood of re-

injury and early onset OA in females. Given the results of this study, the ability to specify a 
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muscle’s activation during a task that combines loading conditions is affected when there is 

damage to the ACL and should be considered in developing rehabilitation interventions.  

Limitations 

The isometric nature of our protocol could be considered a limitation of this study with 

respect to the functional application of our findings. Yet, by taking a reductionist approach we 

have (1) isolated the task, (2) normalized the effort level, (3) required all participants to produce 

the same relative load combination at the knee joint, (4) identified each muscle’s contribution to 

those loads, and (5) required participants to generate loads which were both functional and 

challenging. For example, not all participants were able to complete the entire set of target trials 

(38 of 47 ACL-d participants completed the entire protocol). Thus, while a step must be taken for 

the results to be transferred to dynamic tasks, we have provided a strong basis for understanding 

the effects of sex and ACL injury on neuromuscular control under a wide range of loading 

conditions. Another consideration is that while we measured muscle activations, ACL-d patients 

may have a strength and proprioceptive deficit compared to healthy controls which was not 

accounted for in this study (Krogsgaard et al., 2011; Thomas et al., 2013; Tsepis et al., 2006; 

Williams, 2004; Williams et al., 2005). As such, a higher level of normalized EMG cannot be 

directly linked to higher force generation from that muscle, since, for a given normalized task, a 

weaker individual would require more activation to generate the same level of force. Finally, the 

participant’s foot was fixed in a water-ski boot throughout the duration of the force-matching 

protocol, to minimize foot motion on the force plate, thereby allowing participants to generate 

higher GRF levels. Since this limited movement of the ankle joint, the ankle joint moments were 

not considered in the discussion of results. 
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Conclusion 

The results of this study indicate that males and females use differing neuromuscular 

control strategies to achieve the same loading conditions, and that these strategies are interacted 

upon by ACL injury. Our results also indicate a hierarchy in muscle activation strategies used to 

control the knee joint, with MYC having the most specific force production (adapting to the load 

generated), FYC reflecting that of the MACL participants, and FACL having the least specific 

force production (muscles activating regardless of load direction). This indicates the need for 

population-based intervention programs for management and treatment of males and females of 

healthy and ACL-deficient populations. 
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Abstract 

Background: Subjective patient-reported outcome measures (PROMs) questionnaires are often 

administered by clinicians to determine knee joint function in their ACL-deficient patients. 

However, it remains unclear what the relationship is between a patient’s perceived joint function 

and their actual functional capacity. The ability to modulate ground reaction forces (GRFs) while 

weight bearing is critical for balance and locomotion, and thus an important component of 

functional capacity. This study sought to determine if relationships exist and if they differ 

between sexes between various PROMs and the ability to generate maximum GRFs in the 

sagittal and frontal planes. 

Methods: An isometric, weight-bearing, force-generating task required healthy and ACL-

deficient males and females to generate GRFs in the sagittal and frontal planes. Functional 

outcome measures included maximal anterior, posterior, medial and lateral generated GRFs, 

which were normalized to body weight. Subjective outcome measures included participants 

completing the KOOS, IKDC, Lysholm and Tegner scoring scales. Spearman’s rho correlation 

coefficients (rs) were calculated to evaluate the relationship between these subjective and 

functional outcome measures.  

Results: FACL participants displayed a trend towards significance with smaller maximum 

posterior GRFs (1.51 N/kg, p =0.048) compared to FYC (1.81 N/kg). Significantly strong 

correlations were determined between maximum medial GRFs and both the Lysholm (rs = -

0.569; p =0.021) and the Tegner (rs = -0.814, p <0.001) scaling scores for FACL. No 

significantly strong correlations were found in MACL between any of the subjective and 

functional outcome measures. 
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Conclusion: Sex-dependent relationships between subjective and functional outcome measures 

were found with ACL-d females having a lower ability to generate posterior and medial directed 

forces, which was related to their lower Lysholm and Tegner scores. This difference in the 

sensitivity of subjective and functional outcome measures indicates that these populations should 

not be grouped together during studies using functional tests. 

Introduction 

One of the most common knee joint injuries is a non-contact anterior cruciate ligament 

(ACL) rupture. The rate of these injuries has continued to increase (Agel et al., 2016), with a 

report showing incidences rising from 86,687 in 1994 to 129,836 in 2006 in the United States 

alone (Mall et al., 2014). In recent years it has also been established that these injuries are more 

likely to occur in females, by as much as 8 times more compared to their male counterparts (Agel 

et al., 2005; Brophy et al., 2010; Hewett et al., 2015; Ireland, 1999; Waldén et al., 2010). An 

ACL injury is quite traumatic and can lead to long-term health consequences such as knee 

osteoarthritis (OA) and a reduced quality of life for the patient (Lohmander et al., 2007; 

Lohmander et al., 2004; Oiestad et al., 2011; Roos et al., 1995). Additionally, ACL injuries put a 

considerable economic toll on the health care system with each injury costing approximately 17 

000 USD for reconstruction surgery and rehabilitation, with total annual estimates reaching 3 

billion USD (Benjaminse et al., 2010; Petushek et al., 2015). Despite the increased 

implementation of intervention programs (Alentorn-Geli et al., 2014), these injuries remain to be 

a significant problem.  

The ACL plays an important role in knee joint stability, defined as “the ability to maintain 

or promptly return to proper positions through an equalisation of forces…” (Riemann and 

Lephart, 2002), providing sensory feedback of the knee joint’s motion via stress and strain 
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mechanoreceptors embedded in the ligament’s tissues (Georgoulis et al., 2001). When the ACL 

is ruptured there is a reduced ability to provide feedback resulting in altered neuromuscular 

control of the muscles surrounding the knee joint (Krogsgaard et al., 2011) and a lower capacity 

to generate ground reaction forces (GRFs) when weight bearing (Del Bel et al., 2017; see 

Chapter 5 Table 5.1). Since muscles are the only active regulators of joint stability, this leads to a 

reduction in the overall function of the knee joint and the ability to compensate for varying 

external loading conditions. 

Many instruments and rating scales have been recently developed in an attempt to measure 

functional outcomes from a patient’s perspective, with only a few methods being evaluated for 

reliability, validity, and responsiveness (Wang et al., 2010). Function of an ACL-deficient (ACL-

d) knee joint is subjectively measured using clinically administered patient-reported outcome 

measures (PROMs) such as; the Knee Injury and Osteoarthritis Outcome Score (KOOS; Roos 

and Toksvig-Larsen, 2003), the International Knee Documentation Committee (IKDC) score 

form (Irrgang et al., 2001), the Lysholm scoring scale (Lysholm and Gillquist, 1982), and the 

Tegner physical activity level assessment (Tegner and Lysholm, 1985). Patient-reported outcome 

measures have traditionally not been viewed as the most valid means of determining knee joint 

function, but have grown in popularity as they specifically incorporate the patients’ perceived 

knee joint function (Bent et al., 2009). However, many of these outcome measures lack a 

relevancy between the patient’s perceived function and the patient’s actual function or a clinical 

measurement of passive knee stability, such as the Lachman and pivot-shift tests for translational 

and rotational laxity of the knee joint (Snyder-Mackler et al., 1997). Comparisons of PROMs in 

both and ACL-reconstruction (ACL-r) and non-operative (ACL-d) populations have found 

consistent findings of similar functional outcome measures at up to five years after injury 
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(Frobell et al., 2013; Grindem et al., 2014; Smith et al., 2014), implying that non-operative 

rehabilitation of an ACL injury should be the primary treatment option (Failla et al., 2015).   

There has been little research in determining a relationship between subjective outcome 

measures and functional tasks, with the exception of single leg hops and counter-movement 

jumps in patients who have undergone ACL-r (Hildebrandt et al., 2015; Hopper et al., 2002; 

Reid et al., 2007). It is therefore necessary to determine how PROMs relate to a patient’s actual 

knee joint function in an ACL-d population, while considering the influence of sex to aid in the 

guiding knee rehabilitation progression. Furthermore, the ability to quickly measure knee joint 

function in a confined area such as a clinical office would be practical. To address this, knee 

joint function in ACL-d males and females was quantified during a simple, weight-bearing, 

isometric force generation protocol (Flaxman et al., 2016, 2014, 2012; Smith et al., 2012). This 

quasi-static task was selected as it enabled limiting potentially confounding biomechanical 

variables such as joint angles and velocities (Wilkie, 1949), allowing for a controlled assessment 

knee function. Moreover, while the current protocol uses advanced laboratory equipment, should 

our results prove promising it can easily be adapted to accessible technologies.  

The purpose of this study was to determine the relationships between maximum force 

generation in four loading directions and commonly used PROMs; the KOOS, IKDC, Lysholm 

and Tegner outcome measures in ACL-d males and females compared to their healthy controls. 

It was hypothesized that ACL-d males and females would have significantly lower outcome 

measures for the four PROMs and lower maximum ground reaction forces at each loading 

direction in their affected limb. Furthermore, we expected to see strong positive correlations 

between maximum force generation in the sagittal plane with the four PROMs in both ACL-d 

males and females, given that ACL-d populations have been reported to have lower internal 
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sagittal knee moments compared to healthy controls (Bohn et al., 2016; Rudolph and Snyder-

Mackler, 2004).  

Methods  

Participants 

Forty-seven ACL-d participants (27 males; 20 females) were recruited from the Bispebjerg 

University Hospital, Copenhagen, Denmark. Of the 47 recruited participants, 38 ACL-d (21 

males; 17 females) were able to complete the study’s protocol with their injured limb. Thirty-

four healthy control participants (CON: 17 males; 17 females) were recruited through the 

University of Copenhagen, Denmark, to match as closely as possible the age, sex, activity level, 

and leg dominance of the injured participants. Eligibility criteria consisted of no history of 

traumatic injury and no presence of any other physical impairment. The dominant limb for 

participants was determined by which leg they used to kick a soccer ball. 

Consent and questionnaires 

Testing took place in the gait laboratory at the Department of Neuroscience and 

Pharmacology, University of Copenhagen, Denmark. This study was approved by the local 

ethics committee for the Capital Region of Denmark (De Videnskabsetiske Komiteer for Region 

Hovedstaden, H-3-2013-126) and the University of Ottawa Research Ethics Board (H06-14-27). 

Participants provided informed consent and completed a series of subjective questionnaires 

including the KOOS, IKDC, Lysholm and Tegner scoring scales. 

Participant preparation and equipment 

After receiving informed consent, familiarization of the force target-matching task took 

place. The maximum voluntary force generation trials from a reliable force target-matching 

protocol were used to assess differences among tested groups in their ability to generate 
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isometric forces while weight-bearing (Flaxman et al., 2016, 2014, 2012; Smith et al., 2012). In 

short, participants placed their test leg in a water-ski boot (Bio, O’Brien, Redmond, WA, USA) 

that was fixed to a force platform and faced a screen with a projected image of their ground 

reaction force (GRF) generation. The image provided immediate feedback of the magnitude of 

the generated GRFs in the ±z axis (inferior/superior) (Figure 6.1). GRFs were sampled at 

1000Hz from a force platform (AMTI-OR6, Watertown, USA) and amplified with an internal 

gain of 1000 (MSA-6, AMTI, Watertown, USA), then recorded using the supporting software 

(Nexus v1.8.5, Oxford Metrics, Oxford, UK).  

Experimental protocol 

Participants were instructed to stand with their test foot in the water-ski boot (Bio, 

O’Brien, Redmond, WA, USA) with their joints positioned at 30
o
, 30

o
 and 10

o
 for the hip, knee, 

and ankle flexion, respectively, and these joint angles were maintained throughout testing. Then, 

a scaling trial for the force generation on the force platform was performed, with participants 

standing with their body weight equally distributed through each foot. Once successful, a figure 

with two bars appeared on the screen, with one representing half of the participant’s generated 

GRF (±Fz) and the other providing immediate feedback of the magnitudes of the generated GRFs 

(Figure 6.1).   
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Figure 6.1. Laboratory setup for maximal force generation trials; participants stood with foot of 

interest in water-ski boot, fixed to force platform while facing a projected image of immediate 

feedback of the inferior/superior (±Fz) component of GRF generated (grey solid bar, displayed 

as a percentage of their total body weight). Participants were required to generate and match half 

of their body weight (black solid bar) by controlling their body weight (Fz); increasing or 

decreasing in magnitude with more or less body weight, respectively, during the maximal effort 

trials (modified from Flaxman et al., 2012). 

 

By calculating the participant’s normalized GRF to body weight (N/kg), a visual threshold was 

created as a target to match and hold for five seconds, while maintaining the above-described 

position. Participants then performed maximum force generation trials: they were instructed to 

ramp up their force generation for the first five seconds, in each of the anterior (-Fy), posterior 

(+Fy), medial (-Fx) and lateral (+Fx) directions, with the maximum value being recorded while 

they maintained half of their body weight on the test limb. Each maximal effort was repeated two 

times in each direction.  

Data processing  

Generated GRFs were filtered with a 2
nd

 order dual low-pass 15 Hz cut-off Butterworth 

filter and normalized to body weight (N/kg). The four questionnaires use a Likert scale, 
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instructing the participants to select a number on an arbitrary scale with one end of the number 

range representing the lowest level of functioning and/or highest level of pain/symptoms and the 

opposite end of the number range representing highest level of functioning and/or lowest level of 

pain/symptoms. The KOOS questionnaire instructs participants to rank their knee function on a 

scale of 0 to 4, and has five independent sub-scores: pain, symptoms, activities of daily living 

(ADL), sports and recreation (S/R), and quality of life (QOL). All PROMs were normalized to a 

score out of 100, with 100 representing an excellent score and functional knee levels were high 

for visual purposes, while statistical analyses were performed on the raw scores (Appendix B). 

Statistical analysis  

When a dataset includes a relatively easy test where participants can achieve maximum or 

near-maximum scores (positive skewness), the true measurement cannot be evaluated, such as 

the PROM scores for CON groups of this study. This has been described as the ceiling effect 

(Wang et al., 2009) and one method to appropriately account for such an effect, is to remove the 

skewed data if it does not affect the interpretation of the results. Therefore, data from MYC and 

FYC were not included in PROM analyses.  

All statistical analyses were performed in SPSS (v22.0, IBM, Chicago, USA). Normality 

analyses proved that non-parametric tests should be used (Appendix C). Mann-Whitney tests 

were used to determine differences between ACL-deficient groups for each PROM (five sub-

scores of the KOOS, IKDC, Lysholm and Tegner). Kruskal-Wallis tests, with alpha levels of 

0.05 for significant differences were used to determine group differences in each maximum force 

generated (-Fy (anterior), +Fy (posterior), -Fx (medial), and +Fx (lateral) force platform channels). 

If a significant effect was observed, post-hoc Mann-Whitney tests were performed with adjusted 

alpha levels of 0.025 for significant differences, to account for the two group comparisons, with 
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reported group medians and effect sizes (res: Appendix D). Effect sizes were interpreted as small 

(± 0.1), medium (± 0.3), and large (± 0.5) (Field, 2013). All post-hoc analyses were determined a 

priori with group comparisons (female young control: FYC, male young control: MYC, female 

with ACL-deficiency: FACL and male with ACL-deficiency: MACL) for significant effects of 

sex: FYC vs. MYC and FACL vs. MACL; and effects of ACL injury: FYC vs. FACL and MYC 

vs. MACL  

Bivariate Spearman’s rho correlation coefficients were calculated separately for each group 

for evaluating the strength of the individual relationships between the maximum generated forces 

and the PROMs. Significant (p <0.05) Spearman’s rho correlation coefficients (rs) were 

interpreted as weak (± 0.1), medium (± 0.3), and strong (± 0.5) relationships (Field, 2013).  

Results 

Analysis of differences between the four groups revealed a significant main injury effect 

was found between CON and ACL-d groups for maximum posterior generated forces.  

Comparisons of PROM values between the two ACL-d groups revealed that no significant 

differences were present (Table 6.1). 
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Table 6.1. Group mean (standard deviations) for FYC, MYC, FACL, and MACL groups for 

maximum generated ground reaction forces (GRFs) normalized to body weight; -Fy (anterior), 

+Fy (posterior), -Fx (medial), and +Fx (lateral) force platform channels, and PROMs; the five 

sub-groups of the KOOS, the IKDC the Lysholm scoring scale, and the Tegner assessment. P-

values with (*) represent a significant difference between groups (p<0.05).  

 

Post-hoc analyses revealed there were no significant effects, but only a trend towards 

significance for an effect of injury between maximum posterior force generation in FYC and 

FACL. In addition, no significant difference was present for maximum posterior force generation 

between MYC and MACL (Table 6.2).  

Table 6.2. Post-hoc Mann-Whitney tests between FYC and FACL, and MYC and MACL with 

reported group medians for maximum generated ground reaction forces (GRFs) normalized to 

body weight; +Fy (posterior) force platform channels. P-values with (*) represent a significant 

difference between groups (p<0.025) and effect sizes were interpreted as small (± 0.1), medium 

(± 0.3), and large (± 0.5). 
 

Spearman’s rho correlation coefficients (rs) were only reported for FACL and MACL 

groups (Table 6.3; Appendix E, Figures E.1, E.2). Two strong significant correlations were 

 FYC MYC FACL MACL P-Value H-Value 

GRFs (N/kg)       

-Fy 2.59 (0.44) 2.46 (0.62) 2.34 (0.55) 2.37 (0.48) 0.513 2.296 

+Fy 1.94 (0.85) 1.99 (0.51) 1.38 (0.45) 1.76 (0.57) 0.023* 9.312 

-Fx 1.10 (0.49) 1.42 (0.35) 1.12 (0.71) 1.09 (0.60) 0.219 4.424 

+Fx 1.73 (0.67) 1.67 (0.54) 1.29 (0.49) 1.45 (0.53) 0.146 5.358 

 FYC MYC FACL MACL P-Value U-Value 

KOOS ( /100)       

Symptoms N/A N/A 79.20 (15.43) 98.21 (4.70) 0.535 157.500 

Pain N/A N/A 83.01 (12.91) 99.65 (1.39) 0.636 162.500 

ADL N/A N/A 91.18 (5.81) 100.0 (0.00) 0.801 170.000 

S/R 

QOL 

N/A 

N/A 

N/A 

N/A 

54.41 (25.49) 

43.75 (13.98) 

99.06 (3.75) 

100.0 (0.00) 

0.791 

0.976 

169.500 

177.500 

IKDC ( /100) N/A N/A 59.34 (12.13) 99.57 (1.25) 0.070 109.000 

Lysholm ( /100) N/A N/A 79.00 (16.45) 99.75 (1.00) 0.088 100.500 

Tegner ( /10) N/A N/A 3.31 (1.62) 7.19 (1.68) 0.279 142.500 

 FYC FACL P-Value U-Value Effect size (res) 

GRFs (N/kg)      

     +Fy 1.81 1.51 0.048 87.000 -0.340 

 MYC MACL P-Value U-Value Effect size (res) 

GRFs (N/kg)      

     +Fy 1.96 1.83 0.413 132.000 -0.136 
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found for the FACL group; between medial maximum GRF and the Lysholm scoring scale (rs = 

0.569, p = 0.021), and the Tegner assessment (rs = 0.814, p < 0.001). No significant correlations 

were observed for the MACL group. 

Table 6.3. Spearman’s rho correlation coefficients (rs) for FACL and MACL between each 

maximum generated ground reaction force (GRFs) normalized to body weight; -Fy (anterior), 

+Fy (posterior), -Fx (medial), and +Fx (lateral) force platform channels, and PROMs; the five 

sub-groups of the KOOS, the IKDC, the Lysholm scoring scale, and the Tegner assessment. P-

values with (*) represent a significant difference between groups (p<0.05); rs were interpreted as 

weak (± 0.1), medium (± 0.3), and strong (± 0.5) relationships. 

 

 

 

 

 

 

 

Discussion 

 There is currently a gap in clinical rehabilitation research regarding the relationship 

between a patient’s perceived knee joint function and their actual knee joint function. Therefore, 

the purpose of this study was to provide an evaluation of knee joint function in ACL-d males and 

females during a simple, weight-bearing, isometric force-generation task that could easily be 

implemented in a clinical setting. This was accomplished by investigating the relationships 

between maximal force generation in the sagittal and frontal planes, and four commonly used 

subjective outcome measures when assessing knee joint function after injury. We hypothesized 

that both ACL-d groups would show lower outcome measures for all questionnaires tested and 

maximum force generations in the sagittal plane. It was also expected that the PROMs would 

have a strong positive correlation with the maximum force generations in each direction, as 

 FACL MACL 

 -Fy +Fy -Fx +Fx  -Fy +Fy -Fx +Fx 

KOOS ( /100)         

Symptoms 0.028 0.273 -0.188 0.199  0.208 0.246 <0.001 0.168 

Pain 0.048 0.096 0.249 0.101  0.310 0.387 0.082 -0.091 

ADL 0.204 0.357 -0.408 0.357  0.319 0.096 0.112 -0.041 

S/R 

QOL 

0.189 

-0.083 

0.220 

-0.271 

0.189 

-0.144 

0.157 

-0.214 

 0.394 

 0.202 

0.374 

0.134 

0.061 

0.192 

0.083 

-0.143 

IKDC ( /100) 0.152 0.041 0.425 0.010  0.237 0.212 -0.130 -0.245 

Lysholm ( /100) 0.070 0.163 0.569* -0.010   -0.127 0.023 0.004 0.144 

Tegner ( /10) 0.040 0.317 0.814* -0.192  0.109 0.033 -0.196 -0.391 
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ACL-d patients have been reported to have lower GRF generation in their affected limb (Dai et 

al., 2014). Our hypotheses were partly supported by our findings since both ACL-d groups had 

significantly smaller outcome measures for each questionnaire, however a trend towards a 

significant difference in maximum GRF generation was only found in the posterior direction, 

with FACL generating lower normalized forces compared to FYC. Furthermore, we did not see 

many significant correlations between subjective outcome measures and maximum GRF 

generations, with the exception of strong positive correlations being observed in FACL between 

medial maximum GRF and both the Lysholm and Tegner scales.  

 Given that our results showed there were only two significant correlations in the data, it is 

difficult to come to any concrete conclusion. However, these findings suggest that there may be a 

discrepancy between the PROMS of males and females and their corresponding ability to 

generate maximum GRFs, specifically in the posterior and medial loading directions. Females 

have displayed greater vertical GRFs during single-leg hops compared to males (Harrison et al., 

2011), and interestingly, this same task has been found to demonstrate a strong reliability as a 

functional task with subjective scores (Hooper et al., 2002). Therefore, the differences between 

sexes in their maximal GRF generation and the PROMs used, warrant further investigations in 

this and other functional tasks, while maintaining sex as an independent variable. Few 

statistically significant findings may have been found, due to the small sample sizes (21 MACL; 

17 FACL) and high variability of the data.  

 After an ACL injury, patients do not uniformly respond during rehabilitation. Studies 

show that the majority of individuals affected by an ACL injury decrease their overall activity 

level (Griffin et al., 2000; Gustavsson et al., 2006; Hartigan et al., 2010). However, the perceived 

level of a patient’s knee joint function is not consistent among patients (Irgang et al., 2001), 



61 

 

displaying a high variability in subjective outcome measures relating to knee joint function. Our 

protocol is sensitive enough to determine differences in the ability of participants to generate 

GRFs among patient populations with deficits in knee joint function. This corresponds with other 

studies that have found ACL-d patients produce lower GRFs during dynamic tasks (Bohn et al., 

2016; Dai et al., 2014; Rudolph et al., 2001; Rudolph and Snyder-Mackler, 2004). As such, we 

believe our measures are a quantitative indicator of functional capacity. 

 Most questionnaires do not consider anterior/posterior stability measures of the knee joint 

and focus more on rotational stability of the patient. This has been suggested as a reason why 

there is consistently low correlations among a patient’s perceived and their actual knee joint 

function (Neeb et al., 1997). Our study incorporated both the sagittal and frontal planes when 

assessing maximum force generation and found significantly strong correlations between the 

maximum medial GRF generation with both the Lysholm and the Tegner scoring scales. This 

was not surprising, given the Tegner assessment was made to compliment the Lysholm scoring 

scale (Tegner and Lysholm, 1985). Furthermore, these strong correlations were only seen in the 

FACL group, which is supported by the routinely reported sex differences in ACL injury related 

research (Bencke and Zebis, 2011; Chappell et al., 2007; Flaxman et al., 2014; Holden et al., 

2015; Landry et al., 2009; Landry et al., 2007; Weinhandl et al., 2015). The Tegner activity level 

assessment provides feedback of the patient’s ability to participate in activities at a range of 

physical demand and had a very strong relationship with the FACL’s ability to generate 

maximum medial GRFs, which is an important component in knee stabilisation to prevent knee 

valgus moments (Myer et al., 2015). The Lysholm scoring scale incorporates an evaluation of 

joint instability as a measurement, suggesting that knee instability affects females with ACL-d 

more so than their male counterparts. This finding, further demonstrates that studies investigating 
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biomechanical differences in knee joint function in injured populations must incorporate sex as 

an independent variable, which is generally not the case (Alkjaer et al., 2003; Beard et al., 1996; 

Boerboom et al., 2001; Bulgheroni et al., 1997; Ferber et al., 2002; Knoll et al., 2004; Kvist and 

Gillquist, 2001; Lindström et al., 2010b; Rudolph et al., 2001; Torry et al., 2000). 

Limitations 

The protocol of this study considered maximal GRF generation in the sagittal and frontal 

planes. As previously discussed, questionnaires incorporate rotational stability assessments and 

our protocol did not allow for this variable to be considered functionally and thus could not be 

included. Also, only two trials were collected for each loading direction in order to minimize the 

effects of fatigue during maximum voluntary force generation. In addition, there have been 

deficits in strength, proprioception, and the ability to alter neural pathways (neuroplasticity) in 

ACL-d patients compared to healthy controls (Krogsgaard et al., 2011; Grooms et al., 2016; 

Thomas et al., 2013; Tsepis et al., 2006; Williams, 2004; Williams et al., 2005) which was not 

controlled for in this study. Lastly, not all recruited participants were able to complete the 

maximal force-generation task, with 38 of 47 ACL-d participants completing the protocol, 

reducing our sample size. Nevertheless, this study provides insight into the relationship between 

perceived function and functional capacity using a test that can be easily adapted to a clinical 

setting. 

Conclusion 

Using a simple approach to evaluate the relationships between subjective outcome 

measures and objective functional measures of the knee joint, we determined differences 

between males and females of ACL-d and healthy populations. There was an overall lack of 

correlations across all subjective and functional outcome measures of this study. These findings 
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suggest that maximum force generation in the sagittal and frontal planes are not strong predictors 

of perceived knee joint function in ACL-d participants; however the decreased ability of FACL 

to generate posterior and medial directed forces was related to their reduced Lysholm and Tegner 

scores and is worth further investigation. Finally, maximal force generation is different among 

ACL-d males and females, indicating that these populations should not be grouped together 

during non-paired studies using functional tests. 
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CHAPTER 7: GENERAL DISCUSSION 

The ability to stabilise the knee joint is critical for everyday life. With an injury to the 

ACL, there is a loss in proprioception and also a mechanical change in the knee joint, leading to 

a reduction in joint stability. In an effort to maintain joint stability, an ACL-deficient (ACL-d) 

patient must adapt their force-generation strategies to the altered integrity of the knee. Studies 

show different neuromuscular (Catalfamo et al., 2010; DeMont and Lephart, 1998; Lindström et 

al., 2010) and biomechanical (Button, van Deursen, & Price, 2008; Catalfamo et al., 2010; 

Gustavsson et al., 2006) strategies used by ACL-d patients. However, after an ACL injury, 

patients do not uniformly respond to the implemented rehabilitation, with most not being able to 

return to activity levels prior to the injury (Griffin et al., 2000; Gustavsson et al., 2006; Hartigan 

et al., 2010). In order to have successful rehabilitation implemented for ACL-d males and 

females, the following needs to be taken into account: i) how an ACL rupture affects knee joint 

force-generation strategies, ii) how do males and females activate the individual muscles during 

various directional loading conditions, and iii) the relationship between a patient’s perceived 

knee joint function and their functional capability. Furthermore, (iv) there is currently a gap in 

clinical rehabilitation research regarding the interaction between sex and an ACL injury with 

respect to knee joint neuromuscular control strategies, and the relationship between a patient’s 

perceived knee joint function and their actual knee joint function, which also must be addressed.  

The overall purpose of this thesis was to address these four issues and provide objective 

measures to improve clinical and rehabilitation management among males and females who have 

injured their ACL. The first aim was to provide objective and quantitative measurements to 

describe the functional roles of individual muscles in an ACL-d population. This was 

accomplished by using a highly controlled, weight-bearing approach to elicit force-generation 
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strategies at varying loading directions to further our understanding of how individual muscles 

objectively adapt their activation to help stabilise an ACL-d knee joint. We also classified those 

muscle roles as they relate to knee stabilisation (general stabilisers, specific joint stabiliser, and 

moment actuator). It was hypothesized that with a rupture to the ACL, FACL and MACL would 

display lower internal knee joint moments and more generalized muscle activations regardless of 

the loading conditions compared to their healthy counterparts. In addition, we hypothesized that 

sex differences would be present with females having greater activations in the quadriceps 

muscles. Our hypotheses were partly supported since both sex and injury effects contributed to 

different functional roles being identified between the four cohorts of this study. We found that 

MYC activated their muscles the most specifically, with no muscles being a general stabiliser, 

while FACL activated their muscles the least specifically, with four of ten muscles being general 

stabilisers. This suggests that there is a hierarchy in the specificity of muscle activation strategies 

for force-generation when stabilising the knee joint: MYC as the most specific, FYC reflecting 

the strategy of MACL, and FACL as the least specific. 

The second aim of this thesis was to quantify the relationships between a patient’s 

perceived knee joint function, through PROMs, and their functional stability after injury, through 

maximal force generation in the sagittal and frontal planes. It was hypothesized that ACL-d 

males and females would have significantly lower PROMs and lower maximum GRFs in both 

planes. Furthermore, we hypothesized to observe strong positive correlations between maximum 

GRFs in the sagittal plane with each PROM. This set of hypotheses were also partially supported 

by our findings, as both ACL-d groups had significantly lower perceived knee joint function 

compared to healthy controls. However, it was only a trend towards significance, with FACL 

generating smaller maximal posterior GRFs compared to their healthy counterparts. Lastly, of 
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the 32 correlation coefficients calculated for each FACL and MACL, two statistically significant 

correlations (both for FACL) were found. This indicates that there may be a discrepancy in the 

PROMs sensitivity between sexes and their corresponding ability to generate maximum GRFs. 

As previously discussed sex-related differences in knee neuromuscular control strategies 

are routinely found and suggested to be linked to the increased rate of non-contact ACL injuries 

among females (Bencke and Zebis, 2011; Chappell et al., 2007; Flaxman et al., 2014; Holden et 

al., 2015; Landry et al., 2009; Landry et al., 2007; Weinhandl et al., 2015). In addition, there are 

many instruments and rating scales (PROMs) that are used to measure knee function from a 

patient’s perspective, with the majority not being evaluated for the measures’ reliability, validity, 

and responsiveness (Wang et al., 2010). Some comparisons have been performed between 

PROMs among ACL-d and ACL-r populations, finding similar functional outcome measures up 

to five years after injury (Frobell et al., 2013; Grindem et al., 2014; Smith et al., 2014). This 

alone suggests that non-operative rehabilitation of an ACL injury should be the primary 

treatment option (Failla et al., 2015), and this would require an optimal intervention strategy 

based on maximizing function knee joint stability. Given these knee neuromuscular control 

strategy differences among healthy populations and consistency among ACL-d and ACL-r 

PROMs, there is surprisingly limited research on sex-specific research in this domain among 

ACL-d populations (Alkjaer et al., 2003; Beard et al., 1996; Boerboom et al., 2001; Bulgheroni 

et al., 1997; Ferber et al., 2002; Knoll et al., 2004; Kvist and Gillquist, 2001; Lindström et al., 

2010b; Rudolph et al., 2001; Torry et al., 2000).  

We’ve demonstrated that sex differences in knee neuromuscular control strategies exist 

both before and after ACL-injury and that there is a discrepancy present between sexes in the 

sensitivity of commonly used PROMs, suggesting the need for sex-specific tailoring of 
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rehabilitation programs. Our results indicate that there is an opportunity to improve the success 

rate of ACL-injury rehabilitation interventions to improve function in ACL-d females. Also, as 

evidenced by the present gap in determining a relationship between subjective outcome measures 

and functional tasks, there is an opportunity to develop a functional task that can be used in a 

practical, clinical setting for evaluating knee stability. We believe that future rehabilitation 

programs for ACL-d males and females should incorporate a patient’s ability to specify a 

muscle’s activation during a combination of loading conditions, specifically medial and lateral 

loads, and modifications in PROMs to better resemble the functional capacity of the individual. 

The results of this thesis also indicate the need to tailor those exercises differently for males and 

females in the ACL-d populations. 
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APPENDIX A – Muscle variable equations 

The following calculation was used for the normalized force necessary to reach a give 

target, Ftarget: 

Equation A.1:  

 

Where θ is the angle between the target and the + x axis, Fxp and Fxr are the peak and 

relaxed GRFs produced, respectively, along the ± x axis (medial/lateral), %maxF is the perfect 

effort level (30%, 45% or 60%), and Fyp and Fyr are the peak and relaxed GRFs produced, 

respectively, along the ± y axis (anterior/posterior). 

The test for asymmetry about the polar plot origin was performed as described by Curray 

(1956):  

Equation A.2:  

 
 

Where p is the probability of a non-random asymmetry being observed, e is the base of the 

natural logarithm, L is the mean vector magnitude and n is the number of observations. If p < 

0.05, then asymmetry was present, meaning that a muscle’s EMG is statistically focused in one 

GRF direction compared to the others. If p > 0.05, symmetrical activation was observed, 

meaning that similar EMG levels were observed in all directions. 

By using the arctan function on the vectors’ summed in their Cartesian coordinates (xi and yi), the 

mean direction of muscle activity (ϕ) for the 12 targets was determined: 

Equation A.3:    
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In order to quantify the variance, or range, of muscle activation about the mean direction 

of muscle activity, the specificity index (SI) was calculated. The SI was derived from the ratio of 

the muscle`s actual resultant vector to its absolute resultant vector (Dewald et al., 1995; Williams 

et al., 2003). This measurement of variance was ranged between the values of 0.0 and 1.0. If a 

given muscle had an SI of 0.0 this indicated equal activations in all 12 target directions, in other 

words, its activation profile was purely symmetrical about the polar plot origin, while an SI of 

1.0 indicates that a muscle was only active for one target and would therefore be completely 

specific in one direction of activation. 

Equation A.4:   

 

Last, as a descriptor for the magnitude of each muscle’s activation at a given target, the 

mean magnitude of muscle activity (XEMG) was calculated and represented as a ratio of its MVIC 

value. This was performed by averaging all of the normalized EMG vectors (EMGi) for each 

muscle at all 12 directional loading conditions. 

Equation A.5:   
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APPENDIX B – Normalization of patient reported outcome measures 

The following conversions were made for each of the five sub-scores, Symptoms, Pain, 

Activities of Daily Living (ADL), Sports and Recreation (S/R), and Quality of Life (QOL), that 

compose the Knee and Osteoarthritis Outcome Score (KOOS). The KOOS uses a scale of 0 to 4 

with 0 represented a fully functional, symptom free knee and 4 represented a non-functional, 

severely symptomatic knee. 

Equation B.1: Symptoms 

 
Equation B.2: Pain 

 
Equation B.3: ADL  

 
Equation B.4: S/R 

 
Equation B.5: QOL  

 
 

The IKDC Subjective Knee Evaluation Form has a variety of number ranges depending on 

the question. The final score was calculated by taking the sum of the scores for each question and 

then transforming the score to a scale that ranges from 0 to 100, where a score of 100 was 

interpreted as the patient having a fully functional and symptom free knee. 

Equation B.6: IKDC Score  
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APPENDIX C – Results of normality calculations 

Table C.1. Kolmogorov-Smirnov (K-S) tests for assessing normality of the following dependent 

variables tested: maximum generated ground reaction forces (GRFs) normalized to body weight; 

-Fy (anterior), +Fy (posterior), -Fx (medial), and +Fx (lateral) force platform channels, and 

subjective questionnaires (scores were normalized to a score out of 100); the five sub-groups of 

the KOOS, the IKDC the Lysholm scoring scale, and the Tegner assessment. Significant P-

values (p<0.05) are represented by (*) and were deemed non-normally distributed. Tests were 

omitted (N/A) when the reported values were constant for the participants. 

 FYC MYC FACL MACL 

 K-S Value P-value K-S Value P-value K-S Value P-value K-S Value P-value 

GRFs (N/kg)         

-Fy 0.146 >0.200 0.173 >0.200 0.138 >0.200 0.138 >0.200 

+Fy 0.128 >0.200 0.222 0.044* 0.139 >0.200 0.116 >0.200 

-Fx 0.160 >0.200 0.132 >0.200 0.170 >0.200 0.186 0.099 

+Fx 0.184 0.150 0.108 >0.200 0.118 >0.200 0.156 >0.200 

KOOS ( /100)         

Symptoms   0.384   <0.001*   0.453   <0.001*   0.169   >0.200   0.160  > 0.200 

Pain 0.536 <0.001* 0.535 <0.001* 0.168 >0.200 0.239 0.008* 

ADL 0.536 <0.001* N/A N/A 0.229 0.025* 0.264 0.002* 

S/R 

QOL 

0.492 

0.496 

<0.001* 

<0.001* 

0.535 

N/A 

<0.001* 

N/A 

0.148 

0.198 

>0.200 

0.093 

0.105 

0.217 

>0.200 

0.025* 

IKDC ( /100) 0.484 <0.001* 0.506 <0.001* 0.120 >0.200 0.220 0.021* 

Lysholm ( /100) 0.441 <0.001* 0.535 <0.001* 0.228 0.025* 0.096 >0.200 

Tegner ( /10) 0.163 >0.200 0.162 >0.200 0.166 >0.200 0.187 0.098 
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APPENDIX D – Calculation of effect size 

The following calculation was made when determining the effect size (res) of a statistically 

significant variable from a Mann-Whitney test. The z-values were included in the SPSS outputs 

for each variable tested and n represents the total sample size of the test (Field, 2013). 

Equation D.1: 
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APPENDIX E – Subjective and functional outcome measures correlations 

Patient reported outcome measure (PROM) scores from the five sub-scores of the KOOS, 

the IKDC, the Lysholm and the Tegner, were each plotted against each of the four maximum 

directional loading conditions, normalised to body weight (N/kg) for FACL (Figures E.1, 2) and 

MACL (Figures E.3, 4). Spearman’s rho correlation coefficients (rs; weak (± 0.1), medium (± 

0.3), and strong (± 0.5) relationships; Field, 2013) reported in Chapter 5, Table 5.3 (pg. 70).
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Figure E.1. Correlations between subjective and functional outcome measures for FACL participants for each maximum forces 

generated for the four platform channels; -Fy (anterior), +Fy (posterior), -Fx (medial), and +Fx (lateral), and the KOOS sub-scores; 

Symptoms (Symp), Pain, Activates of Daily Living (ADL), and Sports and Recreation (S/R). 
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Figure E.2. Correlations between subjective and functional outcome measures for FACL participants for each maximum forces 

generated for the four platform channels; -Fy (anterior), +Fy (posterior), -Fx (medial), and +Fx (lateral), and the sub-scores of the 

KOOS; Quality of Life (QOL), and the IKDC, Lysholm, and Tegner scores. Significant differences (p<0.05) and trends toward 

significant differences (p<0.10) are denoted with (*) and (), respectively.  

 

* 

* 
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Figure E.3. Correlations between subjective and functional outcome measures for MACL participants for each maximum forces 

generated for the four platform channels; -Fy (anterior), +Fy (posterior), -Fx (medial), and +Fx (lateral), and the KOOS sub-scores; 

Symptoms (Symp), Pain, Activates of Daily Living (ADL), and Sports and Recreation (S/R). Trends towards significant differences 

(p<0.10) are denoted with (). 

 

 



90 

 

 

Figure E.4. Correlations between subjective and functional outcome measures for MACL participants for each maximum forces 

generated for the four platform channels; -Fy (anterior), +Fy (posterior), -Fx (medial), and +Fx (lateral), and the sub-scores of the 

KOOS; Quality of Life (QOL), and the IKDC, Lysholm, and Tegner scores. Trends towards significant differences (p<0.10) are 

denoted with (). 

 


