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A tear of the anterior cruciate ligament (ACL) is one of the most common and costly injuries for 

active adults and athletes. This injury causes short- and long-term problems economically 

through increased health care costs and physically through delayed playing time and early-onset 

knee osteoarthritis (OA). Athletes returning to high level sports after ACL reconstruction are 

over four times more likely to reinjure the reconstructed ACL(ACLR) than athletes at lower 

levels. Risk factors for reinjury are an area of interest for researchers in order to minimize this 

short-term burden. The high rates of a second ACL tear suggest current inadequate return-to-play 

(RTP) criteria which focuses on establishing symmetry between the injured and uninjured limb 

mainly through clinical hop tests and self-reported function surveys such as the KOOS and 

IKDC. However, to date, the only significant risk factors for a second ACL injury are time after 

an ACLR and quadricep strength symmetry. Quadricep strength symmetry is most commonly 

assessed using a dynamometer. However, these devices are not typically found in clinical 

settings. Thus, a clinically applicable movement that could ultimately be added to the RTP 

criteria to assess quadricep strength asymmetry is the single leg squat (SLS). PURPOSE: The 

purpose of this study was to determine the effect of quadriceps strength LSI on knee joint 

biomechanics LSI during a single leg squat in ACLR and healthy individuals. METHODS: A 

two cohort (ACLR and healthy) within-groups study design was used to assess the purpose of 

this study. ACLR individuals (n=10) filled out the KOOS self-report survey. Both healthy (n=10) 

and ACLR underwent the single leg hop for distance, triple leg hop for distance, and 6m timed 
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hop on both limbs. All participants were then strength assessed on the quadriceps for both limbs 

using a dynamometer; isometrically at 60 degrees. Lastly, using a 10-camera motion capture 

system, participants completed 5 SLS per limb as well as a landing task from 75% their maximal 

hop distance. RESULTS: ACLR participants were split into two groups: those with >90% 

quadricep strength symmetry and those with <90% quadricep strength symmetry. All groups 

achieved an average hop distance LSI of greater than 90%. There was no effect within group or 

between group for any of the biomechanical measurements (peak knee flexion angle, peak knee 

extensor torque, total knee mechanical work) during the SLS. There were not any strong 

correlations between quadricep strength LSI and peak knee extensor torque or total mechanical 

work during the SLS. CONCLUSION: The SLS functional task was not sensitive enough to 

detect isometric quadricep strength deficiencies. Individuals in all groups appeared to move 

similarly through the SLS, both through the biomechanical LSIs but also joint contributions of 

the hip, knee, and ankle. The only distinction that the <90% ACLR group had from the other two 

groups was their peak knee extensor torques normalized to body mass during the isometric 

contractions. They displayed a 2.0 Nm/kg normalized torque for both limbs, while both the 

>90% ACLR and healthy controls displayed a 3.0 Nm/kg normalized torque for both limbs. This 

overall suggested that future studies should look at both limbs reaching functionality and 

strength before RTP, with functionality being defined by absolute values, not the contralateral 

limb in comparison to the ipsilateral limb.
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Chapter 1- Introduction 

 

 A tear of the anterior cruciate ligament (ACL) is one of the most common and costly 

injuries for active adults and athletes. It is estimated around 200,000 individuals in the United 

States suffer an ACL tear annually. (Mather et al., 2013).  This injury causes short- and long-

term problems economically through increased health care costs and physically through delayed 

playing time and early-onset knee osteoarthritis (OA). (Mather et al., 2013) A main long-term 

burden for ACL injured individuals would be the higher prevalence of knee OA later in life. As 

high as 50-90% of those with ACL injuries are diagnosed with post-traumatic knee osteoarthritis 

(OA). (Wang et al., 2020) A major short-term burden of the initial injury is the risk for a second 

ACL injury. Athletes returning to high level sports after ACL reconstruction are over four times 

more likely to reinjure the reconstructed ACL than athletes at lower levels. Risk factors for 

reinjury are an area of interest for researchers in order to minimize this short-term burden. 

(Grindem et al.,2016) The primary treatment to restore knee joint stability and return the player 

back to sport is an ACL reconstruction. However, after reconstruction and returning to sport, the 

risk for a second ACL injury is a staggering 15 times higher than an individual who has never 

sustained an ACL injury. (Paterno et al., 2012)  

 The high rates of a second ACL tear suggest current inadequate return-to-play (RTP) 

criteria. Much of the RTP criteria focuses on establishing symmetry between the operated limb 

and non-operated limb. (Grindem et al., 2016) Limb symmetries are established through 

functional hop test batteries as well as quadriceps and hamstring strength.  Self-reported 

subjective measures of symptoms, function, and quality of life also comprise the RTP criteria. 

(Grindem et al., 2016) Despite significantly lower single leg hop distance symmetry of 
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90.01±9.46% at 9 months after ACLR than 96.30 ± 6.46% for 24 months post ACLR, patients 

are still typically medically cleared to RTP at 6 to 9 months. (Curran et al.,2020) This suggests 

an inadequate clearing of patients to return to activity.   However, to date, the only significant 

risk factors for a second ACL injury are time after an ACLR and quadricep strength symmetry 

but not functional hop test symmetry. (Grindem et al.,2016)  

 It has never been shown in the literature that functional hop test symmetries were 

significant on their own in predicting a risk for a second ACL injury. The main factor assessed in 

the functional hop tests is symmetry of  >90% for the involved vs non-involved limb. This 

symmetry assessment may not be appropriate in fulfilling RTP criteria because 37% of ACLR 

patients and 38% of healthy controls demonstrate symmetry <90% in the single leg hop 

functional tests. (Wren et al., 2018) This indicates that healthy controls and ACLR patients have 

similar rates of asymmetry likelihood. This could be due to ACLR patients naturally relying on 

joint contributions from other joints to complete the hopping tasks. In addition, despite 

symmetrical single leg hop distances, compensatory movement patterns are evident through a 

decreased range of motion of the knee and increased ROM at the hip and ankle on the 

reconstructed limb when compared to the non-reconstructed limb. (Orishimo et al., 2010) This 

shows that some individuals adjust how they move to accomplish functional tasks and achieve 

bilateral symmetry in order to compensate for their reconstruction and recovering limb. 

 While functional hop assessments are used to measure hop distance symmetry between 

limbs, the risk factors for a second ACL injury include quadricep strength asymmetry and time 

since reconstruction. (Grindem et al., 2016) It was found that for every one percentage point 

increase in strength symmetry of the quadriceps, the reinjury rate was reduced by 3%. (Grindem 

et al.,2016) A potential reason why functional tests are not showing to be predictive of a second 
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ACL injury is that they are not adequately assessing quadricep strength symmetries, a known 

risk factor.  Quadricep strength symmetry is most commonly assessed using a dynamometer. 

However, these devices are not typically found in clinical settings. It was shown that in healthy 

individuals, a single leg squat is a quadriceps dominated task. (Khuu et al., 2019) Thus, a 

clinically applicable movement that could ultimately be added to the RTP criteria to assess 

quadricep strength asymmetry is the single leg squat (SLS).  

 

Purpose  

The purpose of this study was to determine the effect of quadriceps strength LSI on knee joint 

biomechanics LSI during a single leg squat in ACLR and healthy individuals. 

 

Hypothesis 

During a single-leg squat, individuals (ACLR or healthy controls) with quadriceps strength 

symmetry < 90% will exhibit knee joint biomechanical symmetry <90% whereas individuals 

with quadriceps strength symmetry > 90% will achieve knee joint biomechanical symmetry > 

90%. 

 

Delimitations  

The main delimitation of this study was that younger, athletic populations that were still 

recreationally active, as measured by the Tegnar scale, were recruited. The time gap after a 

reconstruction ranged from about 7 months up to 5 years post-reconstruction, but all ACLR 

individuals self-reported they were medically cleared to return to activity prior to enrollment in 

the study.   
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Limitations  

A limitation was that since this study mainly recruited college-aged individuals, the results could 

not be extrapolated to elite athletic populations or younger adolescent (< 18yrs old) populations. 

Since we also recruited active participants, results of this study cannot be generalized to 

individuals who are not recreationally active, i.e. ACLR who did not return to sports.   

 

Operational Definitions 

Limb Symmetry Index (LSI): In the ACLR participants, LSI was determined as the ratio of the 

reconstructed limb over the non-reconstructed limb x 100. In healthy participants, LSI was 

determined as the ratio of the reconstructed-matched limb over the non-reconstructed matched 

limb. LSI was calculated for any test (functional hop test, quadriceps strength) where 

measurements were performed on each limb.  

Quadricep deficiency: a clinically determined construct where the reconstructed limb possesses 

<90% strength in comparison to the non-reconstructed limb.   

 

Significance 

By determining if individuals with poor quadricep strength symmetry (assessed on a 

dynamometer) also exhibit poor knee joint biomechanical symmetries during the SLS, the results 

of this thesis will provide a first look at whether the SLS could potentially become a surrogate 

for assessing quadriceps strength symmetry. In the long-term, if it can be determined that visual 

inspection of the SLS shows easy to detect movement (kinematic) compensations that are 

associated with quadriceps strength deficits, this would give clinicians a valuable examination 

tool that can be utilized without the use of expensive equipment that they may not possess (such 
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as motion capture systems or dynamometers), allowing for a more functional assessment of 

quadricep strength symmetry, a known risk factor for a second ACL injury. 
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Chapter 2- Review of Literature 

 

Impact of an ACL Injury  

 One of the most common injuries amongst active individuals in the United States is an 

anterior cruciate ligament (ACL) tear, with an annual incidence of 200,000. (Mather et al.,2013) 

This causes both long and short-term burdens for society and the affected individual. Long-term 

burdens associated with an ACL tear include outcomes such as post-traumatic knee osteoarthritis 

(OA) and economic burdens on society. As high as 50-90% of those with ACL injuries get 

diagnosed later on in life with post-traumatic knee osteoarthritis (OA). (Wang et al., 2020) 

Twelve years after an ACL rupture, 42% of female soccer players had symptomatic knee OA. 

(Lohmander et al., 2004)   The mean age of these females at the follow-up was 31 years. 

(Lohmander et al., 2004) This shows that at the mean age of 31, after ACL injury and 

reconstruction, people are experiencing symptomatic OA, significantly decreasing their quality 

of life at a young age. According to Mather et al., even after ACL reconstruction, the annual cost 

due to the development of OA in these individuals is $2.78 billion. For an ACL reconstruction 

(ACLR) the long-term cost beyond 6 years was 27% of the total costs to society due to ACLR, 

with the mean lifetime cost of each patient being $38,121. (Mather et al.,2013) The total long-

term burden of ACL tears and the ensuing reconstruction is estimated to be $7.6 billion annually, 

just in the United States alone. (Mather et al., 2013) The prevention of ACL injuries are crucial 

for the improvement of long-term burdens of United States society as well improvement of 

quality of life for active individuals.   

Short-term burdens of an ACL injury include outcomes such as a second-ACL injury, 

time lost due to rehabilitation, or not returning to play (RTP) with the same levels of ability 
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(strength and functional) as before the injury. Second-ACL injury risk is 15 times higher than an 

individual who has not had an original injury. (Paterno et al., 2012) Individuals are on average, 

medically cleared to RTP 6 to 7 months after a reconstruction. (Curran et al., 2020) This equates 

to 6 to 7 months of playing time lost to the individual, potentially affecting an athletes’ career. It 

was also found that 82% of patients returned to some kind of sport after a reconstruction, 

meaning that about 18% do not even return to an activity. (Webster et al., 2019) In addition, only 

44% were found to return to their pre-injury competitive sport. (Webster et al.,2019) The other 

56% did not return back to their pre-injury sport. This means that less than half of individuals 

who sustain an ACL injury are actually returning to their athletic careers. In terms of an 

individual’s ability to RTP at a level comparable to pre-injury, a 2015 review showed that only 

about 53% of individuals return to pre-injury level. (Webster et al.,2019) This clearly shows the 

prevalence of ACL short term burdens and the close attention that it requires. In addition, these 

short-term burdens added up have the potential to turn into long-term burdens not only for the 

individual, but for society as well. 

 Once the ACL is torn, the most common means of treatment is a reconstruction of the 

ACL (ACLR). (King et al., 2020) A reconstruction restores stability to the knee by preventing 

anterior translation of the tibia relative to the femur.  Two of the most common reconstructions 

performed in the United States is the bone-patellar tendon-bone graft and hamstring tendon graft. 

(Heijne et al., 2009) Hamstring tendon grafts involve harvesting of the semitendinosus tendon to 

become the reconstructed ACL while the bone-patellar tendon-bone graft involves harvesting the 

central third of the patellar tendon along with bone plugs from the patella and tibia.  The 

hamstring tendon graft has become more common amongst the athletic population because it has 

been shown to have a more rapid recovery rate as well as an easier ability to partake in 
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accelerated activities sooner than the bone-patellar tendon-bone graft. (Goldblatt et al.,2005) 

Although hamstring tendon grafts have become more common recently, it was found that a 

hamstring grafts resulted in a significantly lower quadriceps strength symmetry in comparison to 

the patellar tendon grafts. (Heijne et al., 2009) This could potentially lead to a second ACL 

injury if quadriceps strength is not restored to within 90% of the non-operated limb. The main 

goal of the post-reconstruction rehabilitation is to become as functional as possible in the 

shortest, but safest time frame.  Once people appear recovered, they go through a series of 

examinations in order to test their overall functionality and strength of the knee’s surrounding 

muscles to determine whether or not they are ready to return to play.  

  

Second Injury Rates High Suggesting Inadequate Return to Play (RTP) Criteria   

 With roughly 200,000 individuals being affected annually by an ACL tear, the risk for a 

second ACL tear after a reconstruction is 15 times higher than in an individual who has not 

experienced the initial injury. (Mather et al., 2014; Paterno et al., 2012) This high rate of a 

second ACL injury after returning to play suggests that the RTP criteria is not adequately 

mitigating the risk for a second injury. The current RTP criteria traditionally consists of 

assessment of quadricep strength symmetry, four functional hop tests (single-leg hop for 

distance, crossover hop for distance, triple hop for distance, 6m timed hop), and patient-oriented 

objective surveys (KOOS, global rating scale(GRS), IKDC). (Grindem et al.,2016; Culvenor et 

al., 2016) 

 Quadricep strength symmetry of >90% between the reconstructed and non-reconstructed 

limbs is usually assessed using a dynamometer. (Grindem et al.,2016) The symmetry of >90% is 

what classifies an individual to pass the strength criteria. When an individual tears their ACL and 
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has it reconstructed, regaining quadriceps strength is important due to a strength deficit. One 

reason for this strength deficit resides in whether the patient had a femoral nerve block at the 

time of reconstruction.  Everhart et al. 2020 found that 7.7% of individuals who had a femoral 

nerve block experienced an ACL graft rupture within two years post-reconstruction compared to 

2.9% of individuals who did not have a femoral nerve block sustained an ACL graft rupture 

within 2 years post-reconstruction. (Everhart et al 2020) In addition, the ability to achieve 

quadriceps strength symmetry was lower in the femoral nerve block group.   

Another reason for this strength deficit is because of an arthrogenic muscle inhibition 

after in an injury to the ACL. Arthrogenic muscle inhibition is usually seen post-knee injury due 

to neural inhibition preventing quadriceps from fully activating. (Rice et al., 2009).  It was 

shown that there was a decrease in signaling from joint afferents in the quadriceps in people with 

ACL injuries in comparison to those without an injury. (Konishi et al., 2002). People who had an 

ACL reconstruction were also shown to increase their frontal cortex activity during a maximum 

isometric voluntary contraction. (Baumeister et al., 2011). Baumeister et al. shows that a higher 

brain working memory was functioning in order to perform strength assessments for those with 

ACL reconstructions in comparison to those without. This suggests that the potential strength of 

the quadriceps could be limited post ACL injury due to a neurological inhibition. Therefore, 

strength testing quadriceps strength testing is important for RTP criteria.  

 The methods by which quadriceps strength is assessed is inconsistent. Isometric 

quadricep strength is tested mainly by the leg flexion at 60 degrees. (Grindem et al.,2016) 

However, other studies used 45-degree angles of flexion, or isokinetic strength tests at fast and 

slow velocities. (Mirkov et al.,2017; Everhart et al., 2019) How quadriceps strength is assessed 

varies across practitioners, creating an inconsistent, undefined strength condition to test for, 
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potentially playing a role in high second ACL injury rates. Despite these inconsistencies, 

quadriceps strength symmetry >90% remains integral to RTP criteria regardless of how 

quadriceps strength is assessed. 

 Functional hop tests performed on each limb independently to determine symmetries 

between the reconstructed and non-reconstructed limb are another common component of RTP 

criteria. One of the most common hop tests is the single leg hop for distance. This hop test 

involves the subject being told to jump as far as possible for each limb individually. (Gauffin et 

al.,1992) A second hop test is the crossover hop for distance. It is similar to the single leg hop for 

distance except that there is a 15 cm medial-lateral deviation in the middle in which the 

individual must cross when hopping. (Davies et al.,2019) A third hop test is the triple hop for 

distance. This involves measuring the distance from the toe of the take-off on the first hop to the 

heel of the landing on the third hop. (Davies et al.,2019) The fourth hop test is the 6m hop for 

time. The time aspect of this particular hop test is measured routinely by the use of a stopwatch, 

which in turn adds a human error to the measurement of time collected. (Davies et al.,2019) In 

comparison to the other three tests, this test was found to have lower intraclass correlation 

values, suggesting lower reliability (Davies et al.,2019) and explains why this test is not 

consistently used across practitioners. (Davies et al.,2019)   Of these four hop tests, the first three 

are consistently used, and are goal-oriented tasks to assess the functionality of the reconstructed 

limb in comparison to the non-reconstructed limb.  

 The last component of the RTP criteria are the patient-oriented instruments, the KOS, 

global rating scale (GRS), IKDC, and KOOS. The KOS is a self-reported assessment on a scale 

of 0 to 100 (the best) of symptoms and functions throughout activities of daily living. (Grindem 

et al.,2016) The GRS is a self-reported assessment on a scale of 0 to 100 (function the same as 
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prior to injury) of current knee function. (Grindem et al.,2016) The IKDC is completed after an 

ACLR and is a self-reported assessment on a scale of 0 to 100 (best) of knee symptoms, 

functions, and sports activities. (Culvenor et al., 2016) This assessment is valid in evaluating 

functional status in those who have undergone ACLR specifically. Lastly, the KOOS addresses 

daily function and symptoms just like the other patient-reported instruments, but also has a 

subscale for quality of life. (Lynch et al.,2017). This addresses the patients’ adaption to the ACL 

injury in environments that the clinicians are not exposed to, allowing for a more rounded view 

on how the patient is functionally performing. The functionality of ACL injured patients is a part 

of identifying a positive outcome of a reconstruction and the patient-oriented instruments help to 

give clinicians an idea of that functionality. (Lynch et al.,2017) These patient-oriented 

instruments play a role in deciding if a patient can RTP, therefore influencing the risk possible 

for a second ACL injury.  

 Patients are most commonly medically cleared to activity around 6 to 9 months post-

ACLR. (Curran et al., 2020) This is the case despite reported significantly lower single leg hop 

distance symmetry of 90.01± 9.46% at 9 months after ACLR than 96.30 ± 6.46% at 24 months 

post ACLR. (Curran et al.,2020) In addition, only the patients who were 24 months post-

reconstruction achieved functional symmetry (>90%) for all four hop tests. (Curran et al.,2020) 

Welling et al. found that patients score significantly better on hop tests at 9 months compared to 

6 months. More specifically, 62.9% passed the hop test symmetry criteria at 6 months post-

ACLR while 77.4% passed at 9 months. (Welling et al.,2018) Despite this data for the RTP 

criteria, the 2nd injury rates are still high, potentially due to the clearance to RTP at 6 to 9 

months, while Curran et al. showed a significant increase in hop symmetry as time passed 

beyond 9 months.  
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To date, the RTP criteria that have been significantly shown to be risk factors for a 

second ACL injury are quadricep strength symmetry and time, not functional hop tests or 

patient-oriented instruments. (Grindem et al.,2016) This suggests overall inadequate RTP criteria 

and requires further study into known risk factors for a second ACL injury.  

 

Why Functional Tests are Not Predictive of a Second ACL Injury 

 Functional hop tests are currently a main component of return-to-play (RTP) criteria after 

an ACL reconstruction. However, it has never been shown in the literature where the hop tests 

were significant on their own in predicting a risk for a second ACL injury.  Grindem et al. 

showed a 1 in 18 reinjury rate for those who passed the all RTP criteria, with the RTP criteria 

including four different hop tests, quadricep strength symmetry, and a self-reported survey. It 

was found overall that the knee reinjury rate was four times higher in ACLR patients who RTP, 

suggesting that there is a good portion of individuals who are not recovering fully but are still 

passing the hop RTP criteria. (Grindem et al.,2016) Thus, the RTP criteria is inadequate when 

looking at symmetry in the single-leg hop tests.  

 The distance that a person hops on each limb individually must be symmetrical (>90%) in 

order to pass the functional RTP criteria. This symmetry assessment may not be ideal in 

indicating passing RTP based on 37% of ACLR patients and 38% of healthy controls showing 

symmetry < 90% in the single leg hop functional test. (Wren et al., 2018) With similar 

asymmetries, it is hard to justify using the hop functional test on its own to assess RTP readiness. 

In the same study, those who had undergone an ACLR were shown to offload the reconstructed 

knee during the landing phase of the single leg hop for distance. (Wren et al.,2018) The hip and 

ankle compensated for the energy absorption while knee energy absorption was lower on the 
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reconstructed vs non-reconstructed limb, all while still landing symmetrical distances on both 

limbs. (Wren et al., 2018) This shows that hop test symmetry may not adequately show a 

player’s RTP true readiness because individuals can achieve symmetry by compensating their 

movement patterns.  

 Amongst people with ACL deficiency, it has also been shown that they are able to adapt 

by compensation in order to achieve hop test symmetry >90%. Participants with ruptured ACLs 

who showed symmetrical hop length amongst the injured and non-injured limb, also showed a 

lower extensor torque in the knee (quadriceps effort) when landing from the single leg hop on the 

ACL deficient vs healthy limb. (Gauffin, 1992) This appears to be due to a higher angle of 

flexion for the hip joint which implies a higher demand for hip extensor muscles in the landing 

phase of the hop. (Gauffin, 1992) Thus, these data show that ACL deficient subjects can achieve 

hop distance symmetry by compensating more with the hip extensors which allow for the off-

loading of knee extensors.  

 Asymmetries of movement patterns despite symmetrical single hop distances was further 

seen through a decreased knee flexion and knee extensor moments on the reconstructed limb 

when compared to the non-reconstructed limb of ACLR patients. (Orishimo et al., 2010) This 

decreased knee range of motion and lower knee extensor moment was compensated by a 38% 

greater peak moment and a 21% greater peak power by the hip extensors along with a 42% 

increase in energy dissipation at the ankle during landing. (Orishimo et al., 2010) This is 

evidence that the knee extensor (quadriceps) can functionally be off-loaded during single leg hop 

testing in ACL reconstructed individuals. Additionally, these are biomechanical measurements 

that cannot be assessed simply by measuring the distance an individual can hop on each limb 

post ACLR. Taken collectively, knee function does not appear to be adequately assessed based 
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on single limb hop distance symmetry alone based on the abundance of compensations for the 

ACL reconstructed or deficient limb in comparison to the healthy limb. (Grindem et al.,2016, 

Orishimo et al.,2010, Gauffin,1992) 

 There have been other attempts at creating a functional RTP criteria in addition to the 

functional hop tests already in place in order to best assess the function of the knee and a 

patient’s ability to RTP safely. A double-leg jump landing and single-leg jump cutting test were 

attempted in accordance with the single-leg hop test, mainly to assess differences in knee flexion 

angles and extension moments for the hop landing. (Chang et al., 2018) It was found that there 

were not any differences in the knee extension moments in the groups that passed or failed the 

RTP hop test symmetry criteria in the jump landing and jump cutting tests. (Chang et al., 2018) 

This lack of differentiation shows that the additional functional assessments of double-leg jump 

landing and single-leg jump cutting do not help assess the function of the knee to RTP any 

further than the standard single-leg hop does. In order for functional tests to be included as part 

of the RTP, the functional task should be reflective of knee extensor efforts because quadricep 

strength symmetry has been shown to be a risk factor for a second ACL injury.  

 While functional assessments measure values such as distance or distance symmetry, 

known risk factors for a second ACL injury are quadricep strength asymmetry and time. 

(Grindem et al., 2016) It was found that for every one percentage point increase in strength 

symmetry of the quadriceps, the reinjury rate was reduced by 3%. (Grindem et al.,2016) A 

potential reason why these functional tests are not showing to be predictive of a second ACL 

injury is that they are not adequately assessing quadricep strength symmetries, a known risk 

factor. The movements being assessed by functional hop tests are able to be compensated for 

through the usage of the hip and ankle as shown above. (Orishimo et al.,2010, Gauffin,1992, 
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Wren et al., 2018)  A potential movement that might be added to the RTP criteria that could 

potentially assess quadricep strength asymmetry is the single leg squat (SLS). Based on the 

finding of Grindem et al that quadricep strength asymmetry is a risk factor for a second ACL 

injury, it is hypothesized that the SLS could assess quadricep strength symmetry just as well as a 

dynamometer; the gold standard for measuring muscle strength. If this were the case, the SLS 

could be used in clinical settings in order to determine quadricep strength symmetry, therefore 

creating a more clinically applicable test as part of the RTP criteria that is a risk factor for a 

second ACL injury.   

 

Single Leg Squat Assessing Quadricep Strength Symmetry  

 Quadricep strength asymmetry is a known risk factor for a second ACL injury, therefore 

it is important to look further into a functional assessment of quadricep strength asymmetry. 

(Grindem et al., 2016) The current gold standard instrumentation for measuring quadricep 

strength symmetry is the dynamometer, however, it is not commonly found in clinical settings. A 

more clinically applicable measurement of quadricep strength symmetry could be the single leg 

squat. As shown by Khuu et al., in a single leg squat, the knee extensor moment torques at 60-

degree knee flexion during the single leg squat was almost three times higher than the hip 

extensor and ankle plantar flexor moments. This suggests a larger activation and usage of the 

quadricep muscles compared to other lower extremity muscles of the hip and ankle. It was also 

found that there was a significant increase in hip flexion on the stance limb as the non-stance 

knee became more flexed. (Khuu et al., 2016) The increase in the hip flexion is showing a 

compensation for the lack of biomechanical movement in the knee joint in certain single-leg 

squat forms, once again activating the quadriceps through the single-leg squat.  
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 The single-leg squat has the potential to be a surrogate and functional assessment of 

quadricep strength symmetry, something that is lacking from the current functional assessments 

within the RTP criteria. The functional hop tests have been shown to be inadequate in assessing 

RTP readiness on their own, and not aligning with the shown risk factors by Grindem of 

quadricep strength symmetry and time.  The overall purpose of this study was to determine the 

effect of quadriceps strength LSI on knee joint biomechanics LSI during a single leg squat in 

ACLR and healthy individuals. The hypothesis is that during a single-leg squat, individuals 

(ACLR or healthy controls) with quadriceps strength symmetry < 90% will exhibit knee joint 

biomechanical symmetry’s <90% whereas individuals with quadriceps strength symmetry > 90% 

will achieve knee joint biomechanical symmetry > 90%. 
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Chapter 3-Methods 

 

The purpose of this study was to determine the effect of quadriceps strength LSI on knee 

joint biomechanics LSI during a single leg squat in ACLR and healthy individuals.  Quadriceps 

strength deficits (isometric quadriceps strength LSI <90%) are commonly seen in ACL 

reconstructed populations, but they are not common in healthy populations.  Because the main 

focus of this thesis was to determine the extent to which quadriceps strength LSI, a known risk 

factor for a second ACL injury, corresponds to knee biomechanical LSIs during a functional task 

in an ACL reconstructed population, this thesis determined if quadriceps strength LSI has an 

effect on functional knee biomechanical LSI in ACLR and healthy groups.   

Design 

To address the purpose of this thesis, a two cohort (ACLR and healthy cohorts) study 

design was used to determine whether quadriceps strength LSI corresponds to knee joint 

biomechanical LSIs during a single leg squat in both ACLR and healthy groups.  Additionally, 

between subjects comparisons were made to determine if ACLR participants with low 

quadriceps strength LSI (<90%) also have poor knee biomechanical LSIs compared to ACLR 

participants with high quadriceps strength LSI (>90%) and healthy controls.  Thus overall, this 

thesis followed a mixed model design with both within group and between group comparisons. 

Participants 

There were a total of 20 participants, with 10 healthy adults for the control group and 10 

participants who have undergone ACLR surgery within the last five years. Four ACLR 
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individuals achieved a strength symmetry of <90% and six achieved a strength symmetry of 

>90%. The sample size of the ACLR group was based on previous work in the lab showing that 

50% of ACLR subjects had quadriceps strength LSI <90%.  Individuals with ACLR were self-

reportedly medically cleared to return to play at the time of testing. In addition, they only had 

undergone ACL surgery on one limb.  The control group participants were recreationally active 

with no history of knee joint injuries or surgeries.  ACLR and healthy groups were matched 

based on activity level and sex.  

Procedures 

Data for this study was collected in the Performance Optimization Lab, located in room 

332 Ward Sports Medicine Building at East Carolina University. Both the healthy controls and 

the ACLR group underwent the same testing procedures. The participants were in body-tight 

attire with athletic shoes. 

Upon arrival to the lab, the participants started by providing university approved 

(Appendix I) informed consent (Appendix II). Next, the ACLR participants completed a patient 

reported outcome survey, the Knee Injury and Osteoarthritis Outcome Score (KOOS) (Appendix 

III). The KOOS assesses the functional abilities of the individual’s knee in everyday life. The 

participant filled the KOOS out themselves, reflecting on their own self-reported symptoms, 

functional ability, and quality of life. The data collector completed the Tegner Activity Scale 

(Tegner, 1985) which assesses the participant’s activity level on a scale from 0-10. (Appendix 

IV). A score of a zero indicates that there is no movement or activity due to disability or sickness 

and a score of 10 indicates an activity level of an elite, national level athlete. Based on previous 

lab data and with our inclusion criteria requiring all participants to be at least recreationally 



 19 

active, we expected activity scores ranging from 5 to 7. This indicates an activity level of 2-5 

times a week partaking in a recreational and/or competitive sport of some sort.  

All participants then underwent the traditional functional hop tests associated with 

traditional RTP criteria: the single-leg hop for maximal distance, triple-hop for maximal 

distance, and the 6m timed hop. (Figure 1). The main purpose of these procedures in this study is 

to compare their results with the current literature including RTP criteria. It will also help to 

show if the SLS adds varying or different data in reference to the current RTP criteria.  All 

participants performed practice trials until comfortable with the task followed by three test trials. 

The single leg hop for maximal distance was performed by taking off of one limb and hopping as 

far as one can, landing with the same leg that was used to take off.  75% of the maximal single-

leg hop for distance was calculated and used during motion analysis. The triple-hop for distance 

was performed similarly to the single-leg hop for maximal distance, except three hops in a row 

were performed and the total distance calculated. The next hop test was the 6m timed hop which 

consists of the participant hopping a total distance of 6m as fast as they can on each limb 

individually. The 6m was measured out before the assessment took place and marked on the 

ground. All of these assessments had breaks in between them to minimize fatigue. The single leg 

hop tests were performed bilaterally, starting on the ACLR limb first. 
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Next, quadricep strength was assessed using an HUMAC NORM dynamometer (CSMI, 

model 502140, Stoughton, MA). The participants were seated with hips flexed at 90 degrees, 

strapped in across the chest line and thigh and with the knee joint aligned with the head of the 

dynamometer. Participants were given 2 test trials to get accustomed to the test and also allow 

the examiner to ensure that the subjects were appropriately secured in the dynamometer. 

Isometric quadriceps maximum strength with the knee at 60 degrees of flexion was tested 

bilaterally and served as a comparison to the quadriceps strength LSI literature and was the basis 

by which the quadriceps strength LSI was determined. (Batty et al., 2019; Pietrosimone et al., 

2016). Three total test trials with rest in between trials were given.  

Figure 1. The varying RTP criteria hop tests. The distance was measured after a single-hop for 

each limb, seen in the far left figure. The middle figure shows the triple-hop for distance; where 

the total distance from the take-off of the first hop to the landing of the third hop was measured. 

The far right figure displays the 6 m timed hop where the amount of time to hop 6m was recorded.  
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The participants were then instructed to perform the SLS, set up with the 10-camera 

motion capture system (Opus 300+ Cameras, Qualisys, Goteborg, Sweden) and synchronized 

with force plate (AMTI, Newton, MA) data in order to assess the biomechanics associated with 

the SLS. A 46-marker set was used to track the lower extremities, pelvis, and trunk segments. 

This included four trunk markers (right and left acromion processes, cervical vertebrae 7, 

sternum), eight pelvis markers (right and left iliac crests, right and left greater trochanters, right 

and left anterior superior iliac spine, right and left posterior superior iliac spine), four markers on 

a rigid plastic shell were placed on each thigh and shank, two knee markers for each knee (lateral 

and medial epicondyles), and lastly seven foot markers (medial and lateral malleoli, metatarsal 

heads 1 and 5, rigid shells containing three markers on top of the foot). A representation of 

marker placement for the lower extremities, pelvis, and trunk is shown in Figure 2.  

Once marker placement was complete, the participant was first asked to stand on the 

force plate, aligned with the global coordinate system, with his/ her arms extended to the sides in 

order to capture two static calibration trials. The global coordinate system was defined as the 

positive x in the anterior direction of the lab, the positive y in the left direction of the lab, and the 

positive z in the upward direction of the lab above the force plate.  These trials were used to 

define each of the segments and make an eight-segment model in Visual 3D during data 

reduction. The 46 markers were used to track the individual segments during the dynamic motion 

trials. 
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The participants were next given minimal general instructions on how to perform the SLS 

in order to allow for natural variation in performance. This instruction included the phrases 

“while balancing and standing upright on one limb, perform the squat with the non-stance knee 

parallel to the stance knee during the squat to the best of your ability” and “the squat should be 

performed to the best of your ability, going as deep as comfortable while maintaining balance on 

the stance limb and then come back up in a smooth, controlled, and coordinated manner”. The 

participants were allowed a few practice trials in order to become comfortable performing the 

task. Thus, the speed of the squat was considered to be self-selected. This was followed by a set 

of five SLS trials for each limb, starting with the ACLR limb.  

The last task using the motion capture system was performing a single leg hop onto the 

force plate at 75% of the maximum distance achieved during the previously collected clinical 

Figure 2. The eight segment model during static calibration in Visual 3D.  
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single leg hop test. The distance was measured out and for three trials on each limb, the 

participant was asked to hop that distance onto the force plate. This was done in order to analyze 

the biomechanics during landing on the individual limbs.   While this task was not part of the 

purpose of this thesis, it helped to ascertain if any compensations, ie quadriceps off-loading due 

to quadriceps strength deficits, were present in both the SLS and single leg hop for distance test. 

In addition, since the single leg (SL) hop for distance is currently used for RTP criteria, this 

comparison between SLS and SL hop landing allowed for a qualitative understanding if the SLS 

offered unique information that the SL hop test does not in terms of which task could better 

identify ‘functional’ quadriceps LSI.   

Data Reduction  

The data from the dynamometer trials and hop tests were used in order to calculate 

participant LSIs.  The isometric quadriceps strength measured from the dynamometer trials 

determined the quadriceps strength LSIs; calculated by dividing the reconstructed limb by the 

non-reconstructed limb and multiplying by 100. These isometric quadricep strength LSIs were 

used to divide the ACLR individuals into one of two groups: >90% ACLR and <90% ACLR. 

The same formula was used for the clinical hop test length LSI.  LSIs for healthy subjects were 

calculated based on ‘reconstructed’ and ‘non-reconstructed’ matched limbs. 

For the analysis of the SLS and single-leg hop while using the Qualysis system, an eight 

segment model (trunk, pelvis, left and right thigh, left and right shank, left and right foot) was 

first created in Visual 3D. The segments were created individually, and distal and proximal ends 

of the segments were used to define the limb and therefore, the limb lengths. This model was 

created from the calibration trial and then applied to the motion trials: SLS and single-leg hop 
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trials through assigning the model to these motion files exported from QTM. A low-pass filter of 

50 Hz was run for the force plate data while marker data was low pass filtered at 10Hz.  Each 

squatting and landing trial had events created for the start and stop of each trial. The start event 

for the squatting trials were marked as beginning of knee flexion from the balanced extended 

state. The end event for the squatting trials were marked as the end of knee extension. The start 

event for the landing trials were marked as the first frame the limb hit the force plate. The end 

event for the landing trials were marked as the end of knee flexion once the participant became 

stable on the landing limb.  

Lower extremity kinematics (hip, knee, and ankle: joint angle, joint position, joint 

velocity) and kinetics (hip, knee, and ankle: torque, power, work, impulse) were calculated by 

running a pipeline within Visual 3D for those trials. This pipeline used inverse dynamics in order 

to calculate the lower extremity joint torques (Appendix V). 

Statistical Approach 

Mixed-model 3x2 ANOVAs were conducted comparing lower extremity biomechanical 

variables (focusing on knee kinematics, knee extensor torques and knee mechanical work) across 

(between-subject factor) the three groups: ACLR participants with low quadriceps strength LSI 

(<90%), ACLR participants with high quadriceps strength LSI (>90%), and healthy controls and 

across reconstructed vs non-reconstructed limbs (within-subject factor). For the reconstructed vs 

non-reconstructed limbs, the healthy subjects were matched to the ACLR sample by activity 

score and sex. Thus, when referencing “injured” vs “non-injured” limbs in the healthy group, it is 

implied that these were “injured-matched” and “non-injured matched” limbs. Because the focus 

of this thesis compared quadricep strength LSI to functional LSI during the SLS and single-leg 
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hopping tasks, this assumed a difference between injured and uninjured limbs. Therefore, follow-

up paired samples t-test was run to compare injured versus uninjured limbs for all three groups. 

Cohen’s d with Hedge’s g correction were also computed to determine the magnitude of the 

difference between the two limbs. 

Correlational analyses determined the association between quadricep strength LSI to knee 

extensor torque LSI and the association between quadriceps strength LSI to total knee 

mechanical work LSI during SLS and SL hop landing tasks. These correlations were run on all 

subjects combined as well as stratified by group.  
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Chapter 4- Results 

 The purpose of this study was to determine the effect of quadriceps strength LSI on knee 

joint biomechanics LSI during a single leg squat in ACLR and healthy individuals.  It was 

hypothesized that during a single-leg squat, individuals (ACLR or healthy controls) with 

quadriceps strength symmetry < 90% will exhibit knee joint biomechanical symmetry’s <90% 

whereas individuals with quadriceps strength symmetry > 90% will achieve knee joint 

biomechanical symmetry > 90%. 

There were 20 total participants, 14 females and 6 males. The average age was 22.2 

± 1.9. Ten participants had had an ACLR within the past five years (4.2 ± 0.8) and had been 

cleared to return to play by a practitioner (7 females, 3 males). Ten participants were healthy 

controls and had no history of any lower extremity injury (7 females, 3 males). All participants 

were classified as either a 6 or a 7 on the Tegner activity scale. (Table 1). The ACLR and healthy 

controls were matched based on sex and Tegner activity score. Participants were split into one of 

three groups: ACLR with quadricep strength LSI <90%, ACLR with quadricep strength >90% 

and healthy. The ACLR quadricep strength LSI <90% included 4 participants and the LSI >90% 

included 6 participants. LSIs were calculated using the peak isometric quadriceps torque 

collected on the dynamometer at 60 degrees of knee flexion.  

ACLR <90% ACLR >90% Healthy Total

N 4 6 10 20

Sex 2F, 2M 5F, 1M 7F, 3M 14F, 6M

Age 21.7 (2.36) 22.2 (2.14) 22.4 (1.96) 22.2 (1.99)

Height (cm) 166.0 (3.09) 165.5 (7.08) 168.8 (10.61) 167.3 (8.40)

Weight (kg) 74.6 (12.79) 77.8 (13.91) 68.2 (16.29) 72.4 (14.90)

Tegner 6.7 (0.50) 6.2 (0.41) 6.5 (0.53) 6.45 (0.51)  

Table 1. Demographics of the participant population. Mean (SD).  

 
Table 2. Demographics of the participant population. Mean (SD).  
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KOOS forms were filled out by those in the ACLR group. The average percentages per 

section were: 79% ± 16.0 for symptoms, 87.3% ± 10.2 for pain, 92.5% ± 8.8 for function, 

82.8% ± 17.9 for sport function, and 72.9% ± 19.3 for quality of life. Everyone completed the 

clinical hop tests commonly used to determine readiness for return to sport: single hop for 

distance, triple hop for distance, and 6m timed hop. All groups achieved on average >90% LSI 

for all three of the hop tests. For the single leg hop, there were two participants who achieved a 

LSI <90% within the <90% ACLR group, one participant who achieved a LSI <90% within the 

>90% ACLR group, and no participants achieved a LSI <90% within the healthy group (Table 

2).  

<90% ACLR >90% ACLR Healthy 

Single Leg Hop 93.1 (6.16) 99.9 (6.66) 103.5 (5.68)

Triple Leg Hop 90.1 (4.37) 99.2 (12.41) 100.0 (6.74)

6m Timed Hop 111.7 (9.08) 98.2 (6.65) 96.8 (6.68)  

 

Knee Peak Flexion Angles During the SLS  

Repeated measures 3 x 2 ANOVA was run for the knee peak flexion angles during the 

SLS within individuals’ limbs and between the three groups. There was no significant difference 

in the peak knee flexion angle for main effect between the injured and uninjured limbs (p=0.505, 

d=0.28). A similar trend was seen for the main effect between group, with no significant 

difference between <90% ACLR, >90% ACLR, and healthy (p=0.328). There was also no 

significant group and limb interaction (p=0.333). Means (SD) are reported in Table 3.  

Table 3. LSIs for clinical hop tests. LSI calculated as injured/uninjured x 100. Mean 

(SD).  

 
Table 4. LSIs for clinical hop tests. LSI calculated as injured/uninjured x 100. Mean 

(SD).  
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Knee Peak Extensor Torques During SLS  

For peak knee extensor torques during the SLS a 3 x 2 repeated measures ANOVA was 

run for limb and group. There was no significant main effect between the injured and uninjured 

limb (p=0.143, d=0.36). There was also no significant main effect between groups as well 

(p=0.367). For interactions between group and limb there was no significant differences 

(p=0.863).  

Knee Total Mechanical Work During SLS  

Mechanical work was totaled as the sum of the absolute value of negative mechanical 

work during descent plus the positive mechanical work during ascent and compared within limbs 

and across groups through a 3 x 2 repeated measures ANOVA. The total mechanical work during 

the SLS had no significant main effect between limbs (p=0.856, d=0.07). The between group 

main effect also showed no significance (p=0.340). Lastly, the interaction between limb and 

group showed no significance (p=0.390).  
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Peak Knee Flexion -71.9 ± 8.63 -75.8 ± 7.15 -70.3 ± 8.89 -66.6 ± 11.84 -81.3 ± 19.9 -76 ± 12.62

Peak Knee Torque 1.7 ± 0.56 1.5 ± 0.23 1.4 ± 0.18 1.3 ± 0.19 1.6 ± 0.36 1.5 ± 0.15

Total Knee Work 1.5 ± 0.59 1.8 ± 0.56 1.4 ± 0.25 1.4 ± 0.45 1.9 ± 0.89 1.7 ± 0.39

<90 % ACLR >90% ACLR Healthy

Injured Uninjured Injured Uninjured Injured Uninjured

 

 

Knee Peak Flexion Angles During Landing  

Repeated measures 3 x 2 ANOVA was run for peak knee flexion angle during the landing 

task. Between limbs within subjects there was no significant difference in effect (p=0.869, 

d=0.02). There was also not a significant difference in the main effect between-group during the 

landing task (p=0.129). For the limb and group interaction, there was no significant interaction 

between the two (p=0.435).  

Figure 3. SLS Biomechanics. Red = Injured limb, blue = uninjured limb. Solid line = mean, dotted = +/- 

1 SD. Ensemble average curves used for visualization purposes only. 

 

Table 5. SLS biomechanics. Mean ± SD. Units: degrees for flexion angle, Nm/kg for peak torque and J/kg for total work.  
 

 
Table 6. SLS biomechanics. Mean ± SD. Units: degrees for flexion angle, Nm/kg for peak torque and J/kg for total work.  
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Knee Peak Extensor Torques During Landing  

 A repeated measures 3 x 2 ANOVA was run for the landing task, with no significance 

between limbs (p=0.438, d=0.08). This was also seen with no main effect between groups 

(p=0.615).  The limb and group interaction showed no significance (p=0.395).  

Knee Total Mechanical Work During Landing  

There was a significant main effect for limb (p=0.04, d=0.51). Pooled across group, the 

injured limb average was 0.17 J/kg lower than the uninjured limb average. However, there was 

not a significance in the main effect between groups (p=0.366). There was also not a significant 

interaction between limb and group (p=0.802).  

 

Peak Knee Flexion -52.9 ± 12.16 -54.3 ± 12.46 -44.5 ± 8.04 -40.5 ± 9.71 -48.1 ± 9.19 -49.6 ± 7.09

Peak Knee Torque 2.3 ± 0.89 2.6 ± 0.31 2.3 ± 0.51 2.3 ± 0.52 2.6 ± 0.53 2.5 ± 0.31

Total Knee Work 1.4 ± 1.05 1.6 ± 0.62 0.9 ± 0.45 1.2 ± 0.52 1.2 ± 0.34 1.3 ± 0.39

<90 % ACLR >90% ACLR Healthy

Injured Uninjured Injured Uninjured Injured Uninjured

 

Figure 4. Landing Biomechanics. Red = Injured limb, blue = uninjured limb. Solid line = mean, dotted = +/- 1 SD. 

Ensemble average curves used for visualization purposes only.  

 

Table 7. Landing biomechanics. Mean ± SD. Units: degrees for flexion angle, Nm/kg for peak torque and J/kg for total work. 
 

 
Table 8. Landing biomechanics. Mean ± SD. Units: degrees for flexion angle, Nm/kg for peak torque and J/kg for total work. 
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Within-Group, Limb-to-Limb Differences in SLS and Hop Landing 

 Follow-up analysis of paired samples t-tests and effect sizes (Cohen’s Drmg) between limb 

in all three groups for peak knee flexion, peak knee extensor torque, and total knee mechanical 

work during the SLS and single leg landing task. (Table 5). Overall, effect sizes (Cohen’s Drmg 

with Hedge’s g correction) were low to moderate during the SLS and hop landing with no 

significant differences between limbs.  

Peak Knee Flexion Peak Knee Torque Total Knee Work

<90% ACLR 0.52 / 0.314 0.32 / 0.512 -0.45 / 0.378

>90% ACLR -0.37 / 0.370  -0.41 / 0.331 -0.06 / 0.889

Healthy -0.43 / 0.189 0.33 / 0.305 0.27 / 0.386

<90% ACLR 0.39 / 0.432 -0.43 / 0.395 -0.43 / 0.483

>90% ACLR -0.37 / 0.377 -0.15 / 0.703 -0.54 / 0.213

Healthy 0.16 / 0.600 0.17 / 0.595 -0.50 / 0.131

SLS

Landing

 

 

Correlational Analysis 

There was no significant correlation detected between quadricep strength LSI (all 

participants combined, n=20) to knee extensor torque LSI during SLS (r= 0.063, p=0.36). There 

was also no significant correlation detected between quadricep strength LSI (all subjects 

combined, n=20) to total knee mechanical work LSI during a SLS (r=0.29, p=0.11). There was a 

significant correlation detected between quadricep strength LSI and peak knee extensor torque 

LSI during the landing task (r=0.453, p=0.023). There was no significant correlation between 

Table 9. Cohen’s Drmg / p-value. Paired samples t-tests were run between limb within the three groups for 

both the SLS and single leg hop landing task.  
 

 
Table 10. Cohen’s Drmg / p-value. Paired samples t-tests were run between limb within the three groups for 

both the SLS and single leg hop landing task.  
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quadricep strength LSI and knee total mechanical work during landing (r=0.36, p=0.06). 

(Appendix VI reports the scatterplots for these analyses)  

The data was then split into two groups to break down the data further: <90% ACLR in 

one group and >90% ACLR and healthy controls in the other group. Within the <90% ACLR 

group for the SLS, there was not a significant correlation between quadricep strength LSI and 

knee peak torque LSI or knee total work LSI (p=-0.474, p=0.294 respectively). Within the >90% 

ACLR and healthy control correlations, there were no significant correlations between the 

quadricep strength LSI and knee peak torque LSI or knee total work LSI (p=0.295, p=0.149 

respectively).  

Lastly, the data was split into three groups: <90% ACLR, >90% ACLR, and healthy 

controls for the relations within the SLS (Appendix VII). For the <90% ACLR group, there was 

no significant correlation between quadricep strength LSI and peak knee flexion angle LSI (r = -

0.147, p = 0.425), between quadricep strength LSI and peak knee torque LSI (r = -0.474, p = 

0.26), or between quadricep strength LSI and total knee mechanical work LSI (r = 0.294, p = 

0.35). For the >90% ACLR group, there was no significant correlation between quadricep 

strength LSI and peak knee flexion angle LSI (r = -0.56, p = 0.12) or between quadricep strength 

LSI and total knee mechanical work LSI (r = -0.556, p = 0.12). However, there was a significant 

correlation between quadricep strength LSI and peak knee torque LSI (r = -0.85, p = 0.015). For 

the healthy control group, there was no significant correlation between quadricep strength LSI 

and peak knee flexion angle LSI (r = -0.14, p = 0.35), between quadricep strength LSI and peak 

knee torque LSI (r = 0.38, p = 0.14), or between quadricep strength LSI and total knee 

mechanical work LSI (r = 0.207, p = 0.28). 
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Chapter 5- Discussion 

The purpose of this study was to determine the effect of quadriceps strength LSI on knee 

joint biomechanics LSI during a single leg squat in ACLR and healthy individuals.  It was 

hypothesized that during a single-leg squat, individuals with quadriceps strength symmetry < 

90% will exhibit knee joint biomechanical symmetry’s <90% whereas individuals with 

quadriceps strength symmetry > 90% will achieve knee joint biomechanical symmetry > 90%. 

Neither of the hypotheses were supported by the data as there were no detected significant 

differences in the knee LSIs (peak knee flexion, peak knee torque, total knee mechanical work) 

during the SLS of how the <90% ACLR group individuals moved in comparison to the 

contralateral limb or the other two groups, >90% ACLR and healthy. This suggests that the 

biomechanics of the single leg squat was overall not sensitive enough to detect maximal 

isometric quadricep strength deficiencies greater than 10%. 

 

SLS In Detecting Maximal Isometric Quadricep Strength Deficiency  

 The results indicated that although the SLS is a primarily quadricep dominated task, it 

does not appear sensitive enough to detect a maximal isometric quadricep strength deficiency, a 

known risk factor for a second ACL injury. (Grindem et al., 2016) This can be seen through the 

similarity in the knee biomechanics through all three groups during the SLS (Figure 3) for both 

limbs- resulting in non-statistically different LSIs across groups. In addition, the knee 

biomechanical LSIs of the SLS did not correlate with the quadricep strength LSI (or deficiency). 

More specifically, there was no correlation between SLS peak knee extensor torque LSI or total 

knee mechanical work LSI to quadricep strength LSI (r=0.063, r=0.29 respectively). Thus, the 

hypothesis is not supported with the current results. 
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Looking closer at the biomechanical data of the SLS during the descent phase only, as 

seen in Table 6, there is a commonality amongst the degree of peak knee flexion and negative 

mechanical knee work for both limbs (injured and uninjured) across all three groups. When 

looking at the ranges of values within the groups, it can be seen that all groups overlap in terms 

of degrees of peak knee flexion and negative mechanical work. The first hypothesis was not 

supported by this data because the <90% ACLR group had a 95% LSI for peak knee flexion 

despite have a quadriceps strength LSI <90%. However, the <90% group had an 88% LSI for 

negative knee mechanical work, but the ranges of the injured and uninjured limbs suggest 

enough variability for overlap of individual subject’s descending knee work. This shows that 

there was no visual difference in the degree to which an individual uses their quadriceps during 

the SLS between the injured and uninjured limb. This could be due to multiple factors.  

Mean (SD) (min, max) Mean (SD) (min, max)

Injured -71.9 (8.63) (-62.9, -82.1) -0.79 (0.29) (-0.48, -1.18)

Uninjured -75.8 (7.15) (-65.1, -79.5) -0.89 (0.26) (-0.56, -1.18)

Injured -70.3 (8.89) (-57.6, -78.9) -0.69 (0.13) (-0.5, -0.85)

Uninjured -66.6 (11.84) (-55.5, -88.0) -0.70 (0.23) (-0.44, -1.11)

Injured -81.3 (19.9) (-59.4, -123.2) -0.95 (0.43) (-0.47, -1.94)

Uninjured -76 (12.62) (-53.3, -99.2) -0.86 (0.15) (-0.54, -1.06)

Peak Knee Flexion Knee Mechanical Negative Work

< 90% ACLR

> 90% ACLR

Healthy

 

  

Firstly, the SLS is a functional task that does not require maximal quadriceps effort. 

When looking at the participants’ self-reported KOOS, both >90% ACLR and <90% ACLR 

groups reported appropriate functional levels during activities of daily living (95.3(8.02), 

86.8(8.82) respectively) and slightly less functional in sport (90.8(14.97), 66.7(10.41)). This 

functionality was also seen within the clinical hop test LSI results, with all groups achieving an 

Table 11. Biomechanics of the SLS including the range for each group.  

 
Table 12. Biomechanics of the SLS including the range for each group.  
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LSI >90% on average (Table 2). The main clinical assessment- the single leg hop for distance- 

showed >90% LSI average for both ACLR groups (two participants achieving <90% in the 

<90% ACLR group and one participant achieving <90% in the >90% ACLR group) and the 

healthy group (none achieving <90%). Thus, with 7 of the 10 ACLR subjects achieving >90% 

LSI in the single-leg hop for distance, this further highlights a high level of functionality 

amongst all individuals who have cleared to RTP when assessing LSI.  

When looking at how the SLS is achieved biomechanically in all individuals, there seems 

to be a commonality amongst the varying joint contributions. In analyzing energy absorption 

(negative mechanical work) relative percentages for the hip, knee, and ankle joints, the <90% 

ACLR group on average (SD) for the injured limb showed 32.7% (14.7) hip, 50.0% (9.9) knee, 

and 17.2% (9.5) ankle. The >90% ACLR group’s injured limb on average showed 37.4% (13.0) 

for hip, 47.9% (7.5) for knee, and 14.7% (6.4) for ankle. The healthy control group’s injured-

matched limbs showed 35.5% (17.5) for hip, 49.5% (13.9) for knee, and 15.0% (6.3) for ankle. 

When looking at these contributions by the injured or injured-matched limbs during the SLS 

across all groups, it appears that individuals were performing the SLS in a similar manner 

supporting the common notion that the SLS is a quadriceps dominated task where the relative 

contributions from the quadriceps was 50% and the hip extensors and ankle plantarflexors 

combined for the other 50% on average. (Khuu et al., 2016) 

While the SLS requires an extensor torque, the <90% ACLR group were functional 

enough (defined by LSI) to perform the SLS similarly between limbs and in comparison to those 

with a quadricep strength LSI >90%. The link between functionality and quadricep strength may 

simply not be through a SLS. This idea was also supported by a study looking at maximum knee 
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flexion angle in relation to knee extensor strength by Batty et al. in 2019. This study specifically 

looked at 100 participants who had undergone an ACL reconstruction by collecting SLS and 

isokinetic data at 6 months and 12 months post-reconstruction. They found a weak linear 

relationship between SLS maximum knee flexion angle to knee extensor strength. This was due 

to SLS peak flexion angle symmetry (measured using LSI) at 6 (95% LSI) and 12 (97.6% LSI) 

months despite the average knee extensor strength LSI being 76.2% and 87.3% at 6 and 12 

months respectively. This thesis used participants with an average post-reconstruction time of 4.2 

years, but even at 6- and 12-months post-reconstruction, individuals are showing to be functional 

by LSI definitions even with strength deficits greater than 10% (Batty et al 2019), further 

supporting that the SLS is not an adequate functional task as defined by the LSI to detect 

maximal quadriceps strength deficits greater than 10%.  

 The lack of supporting evidence and data detecting functional SLS LSI differences 

between <90% ACLR, >90% ACLR, and healthy groups could also suggest that the SLS cannot 

be related to a maximal effort task assessing quadricep strength such as isometric dynamometer 

testing. Secondary analysis looked at peak isometric quadriceps torques normalized to body mass 

as well as the SLS and single leg hop landing. Within the <90% ACLR group, the peak 

quadriceps strength was 2.0 Nm/kg while the >90% ACLR and healthy group was 3.0 Nm/kg 

(p=0.067, Cohen’s Dg=1.04). The quadriceps strength torques were about two times higher than 

the SLS peak extensor torques for >90% ACLR and healthy group. However, the SLS only 

produced about a 1.3-1.7 Nm/kg normalized torque regardless of group. A secondary analysis 

showed no significant correlation between the absolute torque produced during the isometric 

contractions to the absolute torque produced during the SLS for the injured (r = -0.294, p = 

0.21)or the uninjured limb (r = -0.22, p = 0.26). This can also help to explain how the <90% 
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ACLR are able to achieve symmetrical functionality, they are achieving extensor torques 

necessary for functional movement that does not require maximal effort. By these values, one 

can conclude that the SLS does not require the amount of effort and strength that a maximum 

contraction trial requires (despite coming close to the threshold), limiting the SLS ability to 

detect a quadricep strength deficiency.  

Isometric SLS Land

Injured 1.9 (0.38) 1.7 (0.56) 2.3 (0.89)

Uninjured 2.5 (0.29) 1.5 (0.23) 2.6 (0.31)

Injured 3.09 (1.07) 1.4 (0.18) 2.3 (0.51)

Uninjured 3.1 (1.05) 1.3 (0.19) 2.3 (0.52)

Injured 3.0 (1.22) 1.6 (0.36) 2.6 (0.53)

Uninjured 3.2 (1.23) 1.5 (0.15) 2.5 (0.31)

<90% ACLR

>90% ACLR

Healthy
 

 

Another potential reason as to why the SLS did not show to be related to the isometric 

maximum quadriceps strength could be the SLS utilized both an eccentric and concentric 

contraction of the quadriceps. Depending on the speed the participant completed the SLS, the 

amount of potential torque that could be created differs. The faster the participant performed the 

descent portion of the SLS, there was a higher potential for amount of torque that could be 

produced since this phase of the SLS mainly consists of an eccentric contraction by the 

quadriceps. Since our participants completed the SLS at self-selected speeds, time was not 

controlled, therefore varying the potential for peak torque amongst the participants. The varying 

speeds at which they completed the contractions of the SLS potentially could have confounded 

the comparison to the isometric contractions. 

Table 13. Knee extensor torques normalized to mass. Isometric= maximal quadricep 

contraction at 60 degrees. SLS= single leg squat. Landing= landing portion of single 

leg hop task. Mean (SD). Units = Nm/kg.  
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Given why all participants functionally achieved the SLS similarly despite quadricep 

strength LSI, a main conclusion was that there was no effect of quadricep strength LSI on knee 

biomechanical measurement LSI. Regardless of quadricep strength LSI (group), there was no 

relationship to the LSI peak extensor torque (r=0.063) or total mechanical work (r=0.29). Even 

with an imbalance in limbs for quadricep strength for the <90% ACLR group, how the SLS was 

performed did not change, further supporting the SLS how we assessed it did not adequately 

show a strength deficit. One of the main findings of this study was that the SLS (how it was 

administered) was not sensitive enough to detect isometric quadricep strength deficiency through 

the SLS biomechanical LSIs.  

< 90% ACLR Differentiation  

 This current study found that the functional SLS test does not highlight what 

differentiates the <90% ACLR group from the >90% ACLR and healthy control group. As 

expected, when looking at the RTP criteria, specifically the hop test LSIs, there was no clear 

distinction or difference between relating quadricep strength LSI to hop distance LSI (only two 

in the >90% ACLR and one in the >90% ACLR group did not achieve hop symmetry). Within 

RTP, the only risk factors found for a second ACL injury was quadricep strength asymmetry and 

time. (Grindem et al., 2016). Relating the quadricep strength to functionality is where the hole in 

the research lies. What biomechanical variables differentiates the < 90% ACLR group and makes 

them at risk is the question.  

 While the ACLR groups were specifically made by separating subjects with quadriceps 

strength LSI <90% and above 90%, the absolute quadriceps strength of the <90% ACLR group 

suggests that the absolute strength may be more important than LSI.  This absolute strength 
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average for the <90% ACLR group was 1.9 Nm/kg for the injured limb and 2.5 Nm/kg for the 

uninjured limb while the >90% ACLR group average was 3.09 Nm/kg for the injured limb and 

3.10 Nm/kg for the uninjured limb (Table 7). This creates a question of whether the risk is within 

the LSI metric or within the absolute strength deficiency (in comparison to normative values) of 

both limbs post reconstruction. A study done by Paterno et al. in 2014 looked at incidence rates 

of a second ACL tear within two years post-reconstruction in athletes. It was found that 

contralateral ACL injuries occurred more frequently than ipsilateral ACL injuries (20.5% versus 

9%). This suggests that both limbs should be carefully looked at when clearing an individual to 

RTP, not just the injured. A ratio like the LSI only offers focus on the injured limb matching the 

uninjured limb in performance when absolute strength of both limbs should be taken into 

consideration.  

 In consideration of both limbs post-reconstruction, Chung et al. in 2015 analyzed 

absolute isokinetic muscle strength as well as single leg hop function for both the contralateral 

and ipsilateral limbs up to 24 months post-reconstruction. Their main finding was that even at 24 

months post-reconstruction, both the contralateral (276.6 Nm (42.8), 158.4 cm (25.3)) and the 

ipsilateral (242.8 Nm (55.5), 143.1 cm (30.1)) limb were not able to achieve extensor strength or 

hop test distance of the control group (290.9 Nm (40.1), 176.3 cm (24.7)) (p<.05) despite no 

significance in difference between limbs at 24-months. This finding helps to support the idea that 

an LSI measurement may not be the best or most accurate for assessing an individual’s readiness 

to RTP.  

 Pietrosimone et al. in 2016 did a study looking at the relation of normalized quadricep 

strength or LSI as a better predictor of self-reported function using the IKDC index. Their main 
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finding was that individuals who had a normalized quadricep strength of over 3.0 Nm/kg had the 

best accuracy of self-reported function in comparison to those with an LSI >90%. This matched 

the data found in our study because it was found that the 3.0 Nm/kg seems to be the strength 

value that was achieved by individuals >90% ACLR and healthy controls. This along with the 

results of our study show that perhaps looking at the normalized strength of each limb may be a 

better measurement of RTP readiness, not LSI.  

 Normalization of the single leg hop task as well showed varying results from the single 

leg hop test LSI measurement. The LSI measurement showed that there was no difference 

between the average of the three groups, therefore when defining functional as >90% LSI, all 

three groups were functional. However, when normalizing the single leg hop distance for both 

limbs (to participant height), those in the ACLR groups hopped less distance than healthy 

controls. (0.82 (0.19), (0.98 (0.18) respectively for the injured limb). This difference was not 

statistically significant but produced a large effect size. (p=0.078, d=3.00). This idea was also 

seen in a study done by Wren et al. in 2015. When looking at 46 individuals post-reconstruction 

in comparison to 39 healthy controls, the ACLR individuals were not able to hop as far on either 

limb regardless of strength asymmetry. This further supports the importance of evaluating 

absolute data, not just LSI.  

Clinical Aspects That Affected Biomechanical Outcome  

 Despite all of the biomechanical factors that influenced the outcomes of this study, there 

were also many clinical factors that could have played a role in participant’s performance as 

well. A few main extrinsic factors could have been graft time and quality of healthcare in 

general. There is varying literature on the differing graft types, potentially influencing how an 
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individual is able to perform. A study done by Bell et al. in 2014 looked specifically at graft type 

to the biomechanics of a SLS and found no relation of knee biomechanics during a SLS to graft 

type. However, when looking at lower extremity strength, Cristiani et al. found that hamstring 

tendon graft individuals has significantly less hamstring strength at 12 months post-

reconstruction. Also, the quality of not only the surgeon’s ability, but also the quality of the 

rehabilitation that participants received during their recovery. This thesis did not control for 

surgeon, graft type, or look into the type of therapy received post-reconstruction. Because of this, 

these extrinsic factors could potentially be confounding factors for the movement results that 

were seen.  

 There are also intrinsic factors that could have played a role in the variation of 

performance and functionality as well. More specifically compliance as well as the state of 

healing of the reconstructed ligament. Whether a participant is compliant or not can play a role in 

their rehabilitation and post-reconstruction abilities and performance. A meta-analysis done by 

Sugimoto et al. in 2013 found that those who were considered to have a low compliance rate in 

neuromuscular interventions were 4.9 times more likely to have a second ACL tear than those 

with a high compliance rate. This is something important to note since it was not controlled for 

or documented within this study. The other important consideration is the healing state of the 

ligament that was once a tendon. A study done by Beynnon in 2005 found that it took about two 

years post-reconstruction for markers of knee cartilage healing to decrease back down to normal 

levels. Since our participants were 4-5 years post-reconstruction, their reconstructed ligament 

were likely at a different healing state compared to individuals who are normally 7-9 months 

post-reconstruction and returning to play. However, this may be something to consider for future 

studies looking at individuals who had not had as much time pass since reconstruction.  
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Strengths and Limitations 

 A main strength of this study included looking at the direct comparison of a functional 

task to absolute quadricep strength. This has not been looked at in a functional task other than 

hop tasks. Another strength of this study was its assessment of a fairly active population. The 

Tegner scores ranged between a 6 and a 7, giving an insight into how an active population moves 

biomechanically post-reconstruction. This study also successfully activity matched healthy 

controls to the ACLR participants, allowing for direct comparison of limbs between subjects 

when controlling for activity level.  

 There were a few limitations within this study. One main limitation was the sample size. 

There was a group with only four participants and so more may be needed to make a definitive 

conclusion pertaining to the overall data in comparison to previous data. However, given the 

effect sizes from comparing the injured limb to the uninjured limb in the <90% ACLR group 

during the SLS for peak knee flexion angle, peak knee extensor torque, and total knee 

mechanical work being low (Cohen’s Drmg = 0.32) to moderate (Cohen’s Drmg = 0.52) from 

Table 5, sample size estimation using G*Power revealed that we would have been required to 

recruit 32-79 subjects that all had more than 10% quadriceps strength deficits to be included in 

the <90% ACLR group, depending on which effect size is used, to achieve statistical differences 

between the injured and uninjured limbs during the SLS with a statistical power of 0.80. 

However, based on our data, the results showed on average, a difference of four degrees of knee 

flexion between the injured and uninjured limbs. Since four degrees of knee flexion would not be 
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identifiable within clinics by the naked eye, we do not believe the SLS as we tested it to be 

clinically relevant.  

Another limitation was that every ACLR participant was 4-5 years post reconstruction. 

To better understand movement adaptations post reconstruction, less time since reconstruction 

could potentially show larger functional differences such as knee extensor torque as seen in 

Wren et al during the landing task at 5-12 months post-reconstruction.  However, for the SLS, 

Batty et al found similar results to our study, with their ACLR participants being 6- and 12-

months post-reconstruction. Since this is the time range that is at most risk for a second ACL 

injury (Paterno et al., 2012; Curran et al., 2020), it is the time range that would be ideal to assess 

in the future to see if results varied from literature.  

One last limitation would be the instructions given to participants on the performance of 

the SLS. The wording in this study was to “squat as low as comfortable”. Perhaps other wordings 

such as “as low as possible” would have instructed participants to squat deeper than they showed 

to during this study. The wording that was used in this study could have potentially limited the 

extent to which an individual completed the SLS.   

 

Future Application 

 Looking for a proper functional task to assess RTP readiness is essential for help in 

prevention of a second ACL injury. Given that one of the risk factors is quadricep strength 

asymmetry, individuals at clinics without a dynamometer need to be properly assessed for RTP 

readiness. However, given the commonalities in literature about quadricep strength data as well 
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as what was found in this study, this functional task would need to require at least 3.0 Nm/kg 

normalized extensor torque for both injured and uninjured limbs in order to require the same 

demands as a maximum contraction. In other words, a clinical tool needed to assess quadricep 

strength asymmetries should be able to assess close to threshold strength during the task. The 

landing from the single leg hop test require 76% extensor torque of the maximum isometric 

torque and the SLS required 50% extensor torque of the maximum isometric torque in the >90% 

ACLR and healthy group and 60-89% in the <90% ACLR group, explaining why neither have 

been able to follow the trends of the dynamometer strength training in terms of LSI.  

 Both limbs will need to be in consideration given that the only differentiating factor 

biomechanically for the < 90% ACLR group was that both limbs only produced ~2-2.5 Nm/kg 

normalized isometric torque for both limbs in comparison to both other groups (>90% ACLR 

and healthy) who produced 3.0 Nm/kg normalized isometric torque for both limbs. Also, the LSI 

measurements of the single leg hop shielded the individual limbs’ ability to hop as far as the 

healthy controls. All groups achieved an average symmetrical LSI for the single leg hop task, but 

when looking at the injured and uninjured limbs individually amongst groups, ACLR individuals 

were not able to hop as far as the healthy controls on either limb, but this difference was not 

significant. The RTP readiness may be more a factor of both limbs rather than the ratio between 

the two. Future research should focus on absolute performance of both limbs, not just the injured 

vs uninjured limb.  

Conclusion 

The SLS functional task as assessed in this study was not sensitive enough to detect 

isometric quadricep strength deficiencies. Individuals in all groups appeared to move similarly 
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through the SLS, both through the biomechanical LSIs but also joint contributions of the hip, 

knee, and ankle. The only distinction that the <90% ACLR group had from the other two groups 

were their peak knee extensor torques normalized to body mass during the isometric 

contractions. They displayed a 2.0 Nm/kg normalized torque for both limbs, while both the 

>90% ACLR and healthy controls displayed a 3.0 Nm/kg normalized torque for both limbs. This 

overall suggested that future studies should look at both limbs reaching functionality and 

strength before RTP, with functionality being defined by absolute values, not the contralateral 

limb in comparison to the ipsilateral limb. 
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Appendix II – Informed Consent 

 

 
 

 

 

Informed Consent to Participate in Research 
Information to consider before taking part in research that has no 

more than minimal risk. 

 

Title of Research Study: Effect of Quadricep Strength Symmetry on Knee Joint Symmetry during SLS in ACLR 

and Healthy Individuals 

  

Principal Investigator:   Anthony S. Kulas          (Person in Charge of this Study) 

Institution, Department or Division:  East Carolina University Department of Kinesiology      

Address: A17 Minges Coliseum 

Telephone #: 252-737-2884 

 

 

Researchers at East Carolina University (ECU) study issues related to society, health problems, 

environmental problems, behavior problems and the human condition.  To do this, we need the 

help of volunteers who are willing to take part in research. 
 

Why am I being invited to take part in this research? 

The purpose of this research is to determine the effect of quadricep strength symmetry on knee 

joint symmetry biomechanics in ACLR (anterior cruciate ligament reconstructed) and healthy 

controls. You are being invited to take part in this research because you: 1) are recreationally 

active, and 2) you have no known history of knee injuries or surgeries; or you have had anterior 

cruciate ligament reconstruction. The decision to take part in this research is yours to make.  By 

doing this research, we hope to learn the effect of quadriceps strength deficits on limb 

performance during a single leg squat. 

 

If you volunteer to take part in this research, you will be one of about 60 people to do so.   

 

Are there reasons I should not take part in this research?  
I understand I should not volunteer to be in this research study if I am under 18 or over 25 years of age, if 

I have a history of knee injuries or surgeries, or if I have had anterior cruciate ligament reconstructive 

surgery and not been medically cleared for unrestricted activities. 

 

What other choices do I have if I do not take part in this research? 
You can choose not to participate.   

 

Where is the research going to take place and how long will it last? 
The research will be conducted in the Biomechanics Lab, located in room 332 of the Ward Sports 

Medicine Building at East Carolina University. You will need to come to the Biomechanics Lab one time 

during the study.  The total amount of time you will be asked to volunteer for this study is approximately 

2 and a half hours. 

 

What will I be asked to do? 
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You will be asked to do the following:   

o You will be asked to complete the Knee Injury and Osteoarthritis Score (KOOS) and the Tegner 

Activity Scale questionnaires, perform five trials of each of the following single leg hop tests: 

single-leg hop for distance, single-leg triple hop for distance, and 6-meter timed single-leg hop. In 

addition, you will be asked to perform five trials of isometric and isokinetic dynamometer 

strength tests to assess knee extensor and flexor strength on each limb, and then perform a three 

single-leg squats and three single leg hops for distance on each limb.  

o Motion capture will be used to analyze these movements and this system collects the movement 

of the markers. Thus, no recognizable features will be recorded. We will also take several 

standard anthropometric measurements i.e. height and weight.  However, all tests will also be 

video recorded. This will record all of the movements during the hops and single-leg squat. Each 

of the data files for the motion capture and the video recorded trials will be named using the 

previously determined alphanumeric code to anonymize the data. Only study staff will have 

access to all recorded data. All videos will have participant’s facial and other identifying features 

blurred using video editing software. It will be destroyed 3 years after the completion of the 

study. They will deleted off the data server 3 years after the completion of the study. You have 

the right to allow or disallow video recording. 

 
Participant agrees to be videotaped     
       ___________YES                                    ___________NO 

 

 

What might I experience if I take part in the research? 
We don’t know of any risks (the chance of harm) associated with this research.  Any risks that may occur 

with this research are no more than what you would experience in everyday life.  We don’t know if you 

will benefit from taking part in this study.  There may not be any personal benefit to you but the 

information gained by doing this research may help others in the future. 

 

Will I be paid for taking part in this research? 
We will not be able to pay you for the time you volunteer while being in this study.   

  

Will it cost me to take part in this research?  
It will not cost you any money to be part of the research.   

 

Who will know that I took part in this research and learn personal information about me? 
ECU and the people and organizations listed below may know that you took part in this research and may 

see information about you that is normally kept private.  With your permission, these people may use your 

private information to do this research: 

• Any agency of the federal, state, or local government that regulates human research.  This includes 

the Office for Human Research Protections. 

• The University & Medical Center Institutional Review Board (UMCIRB) and its staff have 

responsibility for overseeing your welfare during this research and may need to see research records 

that identify you. 

 

How will you keep the information you collect about me secure?  How long will you keep 

it? 
If you elect to enroll in this study by signing this informed consent document, you will be assigned an 

alphanumeric code. Only this alphanumeric code, not your name, will appear on all electronically saved 

measurements. All data collected from you will only have this alphanumeric code associated with it and 

this data will be backed up on a network server in this lab. The only person to have access to the master 
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list of names which link your name to your alphanumeric code will be the researchers identified here, Ms. 

Claire Wilhelm and Dr. Anthony S. Kulas. All paperwork and forms linking you to the study will be kept 

in the Pis office which remains locked except when in use.  This information will be kept secure for a 

period of three years following the closure of the study, after which this information will be shredded or 

electronically deleted. 

 

What if I decide I don’t want to continue in this research? 
You can stop at any time after it has already started. There will be no consequences if you stop and you 

will not be criticized.  You will not lose any benefits that you normally receive.  

 

Who should I contact if I have questions? 
The people conducting this study will be able to answer any questions concerning this research, now or in 

the future.  You may contact the Principal Investigator at (252) 737-2884 (days, between 8am-5pm).    

 

If you have questions about your rights as someone taking part in research, you may call the University & 

Medical Center Institutional Review Board (UMCIRB) at phone number 252-744-2914 (days, 8:00 am-

5:00 pm).  If you would like to report a complaint or concern about this research study, you may call the 

Director for Human Research Protections, at 252-744-2914    

 

Is there anything else I should know? 
All movement tests, single leg squat and single leg hop for distance, will be video recorded. Your 

information collected as part of the research, even if identifiers are removed or fascial features blurred, 

will not be used or distributed for future studies. 

 

If you are an ACLR subject, after your data has been collected, your quadriceps strength symmetry 

between the reconstructed and non-reconstructed limb will determine placement in one of two groups. 

These groups are either limb symmetry of greater than or equal to 90% or less than 90%.  

 
I have decided I want to take part in this research.  What should I do now? 
The person obtaining informed consent will ask you to read the following and if you agree, you should 

sign this form:   

 

• I have read (or had read to me) all of the above information.   

• I have had an opportunity to ask questions about things in this research I did not understand and 

have received satisfactory answers.   

• I know that I can stop taking part in this study at any time.   

• By signing this informed consent form, I am not giving up any of my rights.   

• I have been given a copy of this consent document, and it is mine to keep.  

 

 
          _____________ 

Participant’s Name  (PRINT)                                 Signature                            Date   

 

 

Person Obtaining Informed Consent:  I have conducted the initial informed consent process.  I have 

orally reviewed the contents of the consent document with the person who has signed above, and 

answered all of the person’s questions about the research. 

 

             
Person Obtaining Consent  (PRINT)                      Signature                                    Date   
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Principal Investigator   (PRINT)                           Signature                                    Date   
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Appendix III – KOOS 
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Appendix IV- Tegner Activity Scores 
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Appendix V-Inverse Dynamics 

 Inverse dynamics is a common way in order to calculate joint torques and is what is used 

in V3D when running pipeline commands. The image below shows the lower extremities in the 

midst of a single leg squat, displaying the stance limb. The varying lines represent the different 

segments from bottom to top: foot, shank, and thigh. In order to solve for the joint torques, one 

must start from the bottom and work up through the limbs and joints.  

 

 The first segment analyzed when solving through inverse dynamics is the foot. The forces 

that play into the calculation of the ankle joint reaction force are the ground reaction forces, the 

linear acceleration forces of the foot, the weight of the foot, and the sum of the torques about the 

ankle. In order to solve for the ankle joint reaction forces, all of the forces in the x direction are 

equal to the ankle joint reaction force in the x direction and all of the forces in the y direction are 

equal to the ankle joint reaction force in the y direction of the ankle joint force. For the 2D 

diagrams below, the directions are in x and y, but in visual 3d they are x and z.  
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 In order to calculate the knee joint reaction force, one must use the summed ankle torques 

as a representation of the force affect the foot has on the shank, and indirectly the knee. The 

forces affecting the knee joint reaction force are the ankle joint reaction forces, the weight of the 

shank, the shank torques, the linear acceleration of the shank, and the knee torque. The knee joint 

reaction forces will be calculated by setting the forces moving in the clockwise direction equal to 

those moving in the counterclockwise direction. The distances are used in order to calculate 

moment arms.  
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Appendix VI-Correlation Scatterplots 

 

 

 

  

Figure 5. Correlations of quadricep strength LSI to knee peak flexion angle LSI, knee peak torque LSI, knee total 

work LSI. 
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Appendix VII-Split Correlation Scatterplots   

 

 
Figure 6. Correlations of quadricep strength LSI to knee peak flexion angle LSI, knee peak torque LSI, knee total 

work LSI for the three groups: <90% ACLR, >90% ACLR, and Healthy Controls. 
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