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Abstract 

Introduction 

Despite the large number of anterior cruciate ligament reconstructions (ACLR) annually 

and the volume of research in the area, there are still mixed outcomes after ACLR relating 

to restoration of normal function, return to play (RTP) and second ACL injury. It is 

unknown what threshold of clinical and biomechanical measures need to be achieved 

after ACLR to ensure restoration of normal movement to facilitate a pain free RTP and 

minimise second ACL injury. The aim of this thesis was to examine the use of 3D 

biomechanical analysis specific to these outcomes.  

 

Methods 

Male multidirectional field athletes (age 18-35) who were diagnosed with an ACL rupture 

and were scheduled for ACLR were recruited into the study along with matched controls. 

Statistical parametric mapping was used to examine 3D biomechanical kinetic and 

kinematic measures throughout the kinetic chain during a series of jump and change of 

direction (CoD) tests in combination with isokinetic strength testing of the quadriceps and 

hamstrings and patient reported outcomes at 6 and 9 months post-surgery. Subjects were 

then followed up at annual review to identify ongoing progress and identify those that 

had suffered second ACL injury.  

 

Results 

Biomechanical differences were found across tests and throughout the kinetic chain 

between limbs and in comparison of symmetry with healthy subjects. In addition 

biomechanical differences were identified between those that made a pain free RTP and 
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those that did not and between those that suffered second ACL injury after ACLR, in the 

latter case in the absence of any difference in commonly used clinical measures.   

 

Conclusion 

The findings of this thesis demonstrate the utility of 3D biomechanical analysis of jump 

and CoD tests after ACLR when assessing rehabilitation status specific to the restoration 

of normal movement, RTP status and second ACL injury outcomes.  
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Chapter 1 Introduction 
 

Anterior cruciate ligament (ACL) rupture is one of most debilitating lower limb injuries an 

athlete can experience due to the duration of rehabilitation, the length of time lost to 

sport, and likelihood of longer term changes in the injured knee over time (Anderson, 

Browning et al. 2016, Dingenen and Gokeler 2017). Injury incidence is considerably higher 

in level 1 sports (sports which involve jumping, pivoting and change of direction (CoD)) 

which place high load through the knee (Alentorn-Geli, Myer et al. 2009). The most 

common mechanism of injury is non-contact in nature involving deceleration during 

landing or CoD, acutely overloading and rupturing the ACL (Alentorn-Geli, Myer et al. 

2009). ACL reconstruction (ACLR) is a well-established and highly researched management 

strategy after injury to restore structural stability and function to the knee after ACL 

injury, primarily using an autograft from the patellar or hamstring tendons (Anderson, 

Browning et al. 2016). ACLR has been demonstrated to restore appropriate stability to the 

knee, normalise patient reported outcomes (PRO) and return athletes to high demand 

sporting activities (Anderson, Browning et al. 2016). Although there is emerging literature 

advocating non-surgical management of ACL injured subjects, ACLR is still viewed as the 

primary management strategy for those athletes returning to level 1 sports which involve 

jumping, landing and CoD (Petersen and Zantop 2013).  

 

Return to play (RTP) is the primary indication for ACLR and it is commonly viewed as one 

of the indicators of successful outcome after ACL surgery (Lynch, Logerstedt et al. 2015). 

Despite the high volume of ACLR and research publications annually, there are mixed 

outcomes reported after ACL surgery relating to RTP. A systematic review and meta-

analysis by Ardern et al. in 2011, reported that 82% of subjects who undergo ACLR return 
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to some level of sport with 63% returning to pre-injury levels and 44% returning to 

competitive sport (Ardern, Webster et al. 2011). Many athletes have been reported to 

return to play in spite of ongoing strength and jump deficits relative to the non-operated 

limb (Myer, Martin et al. 2012). The lack of clarity around defined physical standards may 

explain why some athletes have ongoing knee pain on return or are unable to return due 

to knee symptoms (Dingenen and Gokeler 2017). Although RTP is the primary indication 

for ACLR, the ability to avoid second ACL injury, in particular to the reconstructed ACL, is 

of greatest concern to the surgeon, physiotherapist and athlete alike (Lynch, Logerstedt 

et al. 2015). Re-injury rates vary from 4 - 25 % and are strongly influenced by level of 

sporting activity returned to (Grindem, Snyder-Mackler et al. 2016) and age of the athlete 

at the time of return, with much higher re-injury rates among adolescents (Anderson, 

Browning et al. 2016, Webster and Feller 2016). The risk of injury to the contralateral ACL 

is often reported to be greater than ipsilateral injury with both having a higher incidence 

than primary ACL injury in healthy subjects (Wright, Magnussen et al. 2011). Outcomes 

relating to PRO, RTP and osteoarthritic changes are much poorer after second ACL injury 

therefore minimising its risk through appropriate rehabilitation and assessment prior to 

RTP is a priority for all involved (Andriolo, Filardo et al. 2015, Lefevre, Klouche et al. 2016).  

 

Decision making relating to RTP has utilised time from surgery, PRO and physical testing 

to indicate when an athlete is cleared to RTP (Dingenen and Gokeler 2017). Injury risk is 

reportedly higher in the early stages of rehabilitation with reduced influence of time from 

surgery after 9 month post-surgery (Grindem, Snyder-Mackler et al. 2016) with most 

athletes cleared to RTP from 6-12 months (Barber-Westin and Noyes 2011, Harris, 

Abrams et al. 2014). Recovery of physical measures, such as jump height, have been 
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demonstrated to be unrelated to time from surgery with ongoing physical deficits present 

in spite of sufficient time for graft healing (Myer, Martin et al. 2012). Physical testing 

batteries are commonly used as part of the rehabilitation and RTP decision making 

process and include measures relating to performance in knee strength, jump and CoD 

tests (Czuppon, Racette et al. 2014, Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et 

al. 2016, Dingenen and Gokeler 2017). Despite this, the level of physical competency 

required to make a pain free return to sport and minimise the risk of second ACL injury is 

unknown (Narducci, Waltz et al. 2011). Achieving pre-defined levels of symmetry in a 

combination of strength and jump scores has been reported to influence re-injury rates 

after ACL surgery (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). 

However, the movement quality with which those tests were executed is not commonly 

assessed. Kinematic and kinetic measures observed during 3D biomechanical analysis of 

movement, especially during jump testing, has been suggested to be able to identify 

factors which predict primary and secondary ACL injury (Hewett, Myer et al. 2005, 

Paterno, Schmitt et al. 2010), although the predictive ability of these variables has been 

questioned (Krosshaug, Steffen et al. 2016). In addition, biomechanical analysis has 

focused on jump testing even though CoD represents approximately 50% of ACL injury 

mechanisms (Alentorn-Geli, Myer et al. 2009) and the focus has been primarily on re-

injury outcomes without also identifying what level of movement quality during both 

tasks is required to make a pain free return to the same level of sport. It may be that 

analysis of performance in conjunction with biomechanical measures across a range of 

strength, jump and CoD tests gives the best overview as to the level of physical recovery 

required to achieve pain free RTP without second ACL injury. Despite the prevalence of 

ACL injury and reconstruction, outcomes relating to RTP, pain and re-injury are still mixed. 
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Some of this disparity in outcome may be related to the ill-defined requirements of 

physical function required prior to RTP. The ability to identify physical factors to be 

targeted during rehabilitation and the appropriate criteria to be achieved prior to RTP 

may improve the inconsistency in these outcomes after ACL surgery. The purpose of this 

thesis was to explore biomechanical differences, across various jump and CoD tests 

commonly used to assess rehabilitation status after ACLR, to identify differences 

compared to uninjured limbs and athletes and related to RTP and second ACL injury 

outcomes. This was done by combining the use of performance and biomechanical 

measures to examine which tests and variables within those tests may best identify 

differences in the ACLR limb compared to the non-operated limb and normal healthy 

subjects. Those tests and variables were then explored to identify the factors that are 

different between those who make a pain free RTP and those who do not as well as those 

who go on to suffer a second ACL injury and those who do not. The identification of these 

physical factors will allow more targeted testing and rehabilitation strategies improving 

outcomes after ACLR. 
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Chapter 2 Literature Review 
 

2.1 Outcomes after ACL Reconstruction 

2.1.1. Introduction 

ACL injury and reconstruction is highly prevalent with as many as 250,000 injuries 

reported in the USA annually (Griffin, Albohm et al. 2006). The primary aim of ACLR is 

to restore structural stability to the knee to facilitate return to high demand activities, 

namely a return to pre-injury level of sport in athletes. Successful outcome after ACLR 

includes restoration of structural stability of the knee, absence of pain and swelling, 

restoration of strength and movement patterns, restoration of PRO scores and return to pre-

injury levels of activity without second injury (Lynch, Logerstedt et al. 2015). There are a 

number of factors that influence the ability to make a return to the same level of sport 

without suffering second ACL injury. Understanding these factors allows for them to be 

assessed and interventions to be implemented during the rehabilitation process to optimise 

outcomes. This part of the review will focus on outcomes after ACLR and the factors that 

influence them. 

 

2.1.2. Return to Play after ACL Reconstruction 

2.1.2.1. Introduction 

Return to high level activities and in particular return to pre-injury level of sport is the 

principle indication and patient motivation justifying the decision to proceed with surgical 

reconstruction rather than conservative management after ACL (Dingenen and Gokeler 

2017). Research suggests that patients expect that surgery will restore normal knee 

function and have high levels of expectation that they will return to the same level of sport 

after surgery. Returning to high level sport is seen as a key marker of successful outcome 
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(Feucht, Cotic et al. 2016), though some authors have questioned the validity of RTP as an 

outcome, querying whether it accurately represents successful outcome after surgery and 

whether athletes are able to continue to participate over the same length of time after 

surgery as non-injured cohorts (Thomee, Kaplan et al. 2011, Ardern, Taylor et al. 2014). 

For the purposes of this thesis RTP is considered as any participation back to sport and the 

next section will outline the rates of return, factors influencing return and physical testing 

to influence decision making around RTP after ACLR. 

 

2.1.2.2. Return to Play Rates after ACL Reconstruction 

ACLR is successful at restoring knee function and stability along with participation in 

recreational sport, but reconstruction does not guarantee return to pre-injury levels in high 

demand sports. Most RTP protocols suggest an athlete can return to high level sport 

between 6 and 12 months after surgery (Nagelli and Hewett 2016). A systematic review 

and meta-analysis by Ardern et al in 2011 highlighted the reduced number of athletes 

returning to competitive sport after ACLR (Ardern, Webster et al. 2011). This was despite 

90% demonstrating normal to near normal strength and knee laxity and 85% reporting 

normal or near normal function in International Knee Documentation Committee (IKDC) 

PRO scores. An updated version of the review in 2014 reported the return to competition 

level was 55% (Ardern, Taylor et al. 2014). Lefevre et al. reported in a single centre study 

that 63.6% of primary ACLR and 49.1% of revisions returning to the same level of 

participation at 1 year follow up with 90.9% and 87.3% returning to some level of sport 

respectively (Lefevre, Klouche et al. 2016). Most RTP protocols suggest an athlete can 

return to high level sport between 6 and 12 months (Nagelli and Hewett 2016). However, 

as few as 45% have returned to the same level of sport at 1 year post surgery with another 

29% playing at a lower level (Ardern, Webster et al. 2011). Those who do return after 12 

months are no less likely to return to the same level than those who return before that point 
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(Ardern, Webster et al. 2011). The outcomes relating to RTP are lower for revision 

surgery, with a systematic review by Andriolo et al. reporting 75% return to any level of 

participation with 43% returning to the same level after surgery emphasising the 

importance of minimising second ACL injury (Andriolo, Filardo et al. 2015). 

 

There is a lack of consensus as to how long an athlete needs to return to the same level of 

play for it to be considered a successful outcome (Thomee, Kaplan et al. 2011, Dingenen 

and Gokeler 2017). Walden et al demonstrated in elite football that despite 93.3% returning 

to the same level of sport only 65% were still playing at the same level 3 years later 

(Walden, Hagglund et al. 2016). In American Football, defensive players demonstrated 

fewer games after return and earlier retirement than matched controls (Read, Aune et al. 

2017). Athletes may make a return to the same level of sport but report ongoing knee 

swelling, pain and stiffness (Samitier, Marcano et al. 2015, Dingenen and Gokeler 2017). 

This in turn can influence performance outcomes on return and duration of participation at 

that level. American football running backs and wide receivers displayed a 30% drop in 

on-field performance rating compared to matched colleagues when they returned after 

ACLR (Carey, Huffman et al. 2006). In the NBA 78% of ACLR returned to play at the 

same level with 44% seeing a decrease on the power rating on return compared to matched 

controls (Busfield, Kharrazi et al. 2009). Those who return to more demanding sports 

(level 1) have been shown to have 4.3 times higher rate of re-injury to the reconstructed 

knee (Grindem, Snyder-Mackler et al. 2016) with those making an earlier return shown to 

have a higher injury risk (Laboute, Savalli et al. 2010, Grindem, Snyder-Mackler et al. 

2016). There is also a higher incidence of injury in those participating in matches vs those 

in training, with 20 times higher incidence in match setting (Walden, Hagglund et al. 2011) 

highlighting the importance in differentiating between return to training and return to sport 

or competition. Therefore, when assessing RTP outcomes after ACLR it may be worth 
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considering identifying those who made a pain free return to the same level of participation 

in high demand (level 1 sports) and did not suffer a second ACL injury.  

 

2.1.2.3. Factors influencing RTP rates after ACL Reconstruction 

A number of modifiable and non-modifiable factors have been reported to influence 

whether an athlete returns to play after ACLR. Non-modifiable factors such as younger 

age, male gender, primary ACLR and participation in elite sport all have a higher rate of 

RTP after ACLR (Brophy, Schmitz et al. 2012, Ardern, Taylor et al. 2014, Lefevre, Klouche 

et al. 2016). In addition, those who had higher activity levels before injury and achieve 

knee stability through surgery, are more likely to regain high levels of activity afterwards 

(Hetsroni, van-Stee et al. 2017). Young adolescents who are skeletally immature at the 

time of ACLR have a relatively high rate of return to sport with 85% returning to the same 

level and 96% returning to some level at 1 year post surgery and this may in part 

contribute to their higher risk of ACL re-injury in the literature (Chicorelli, Micheli et al. 

2016, Dekker, Godin et al. 2017). The higher rate of RTP may be a risk factor for second 

injury with young males under the age of 18 shown to have a graft re-rupture rate of over 

30% (Webster and Feller 2016). Awareness of differences in RTP rates in these cohorts 

may be important when trying to analyse modifiable factors to improve RTP outcomes.  

 

Modifiable risk factors include psychological factors, especially fear of re-injury, as well 

as knee related factors (pain, instability, function) which have the strongest relationship 

with failure to RTP. A systematic review by Czuppon et al. outlined weak evidence for 

pain, effusion and quadriceps strength as well as higher athletic confidence, self-efficacy, 

lower kinesiophobia and pre-operative self-motivation influencing RTP (Czuppon, Racette 

et al. 2014). The review by Ardern et al. also found fear of re-injury as the most common 
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reason for non-return (19%) followed by issues relating to the operated knee (13%) and 

family or social reasons (11%) (Ardern, Webster et al. 2011). Lentz et al. reported that of 

the 45% of subjects who had not RTP at 1 year, there was a 50:50 split between fear of re-

injury and issues relating to their operated knee for non-return (Lentz, Tillman et al. 2009) 

which was also supported by the findings of McCullough et al. (McCullough, Phelps et al. 

2012). In younger patients there was a higher reported RTP rate (76%) with those who 

didn’t return citing fear of reinjury and work/study commitments as the primary reasons for 

non-return (Webster, Feller et al. 2017). A systematic review by te Wierike et al. reported 

three psychosocial responses influencing RTP after ACL – cognitive, affective and 

behavioural (te Wierike, van der Sluis et al. 2013). The review highlighted that internal 

locus of control and self-efficacy (cognitive), fear of re-injury (affective), and 

rehabilitation adherence (behavioural) all influence RTP. Subjective functional PRO 

questionnaires may poorly differentiate between the level of sport an athlete returns to, 

with those who return to the same level and those who return to a lower level 

demonstrating similar scoring, but both are higher than those who do not return to any 

sport (Gobbi and Francisco 2006). Given the influence of knee symptoms and 

psychological factors on RTP rates, the ability to identify full physical recovery after 

surgery and to demonstrate to the athlete when that recovery has occurred may minimise 

issues relating to the operated knee and demonstrate readiness to return to sport to those 

with increased fear of doing so.  

 

2.1.2.4. Physical Testing for Return to Play Decision Making 

Despite the volume of literature on ACLR and rehabilitation, there is no consensus on RTP 

testing and the standard which reflects readiness to return to sport after surgery. This, in 

turn, may a contributor to the variable RTP outcomes (Dingenen and Gokeler 2017). The 

decision when to return is multifactorial and complex, with very little consensus on criteria 
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in the literature (Zaffagnini, Grassi et al. 2015, Dingenen and Gokeler 2017). The most 

commonly used tests include jump, hop and CoD tests and are often based on clinical 

experience or criteria used in previous studies in the literature (Czuppon, Racette et al. 

2014, Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). However, there is 

little prospective research to assess the validity of the criteria used (Dingenen and Gokeler 

2017). Current literature has yet to determine what physical factors in a single test or 

battery of tests can predict successful RTP in an athletic population (Narducci, Waltz et al. 

2011, Ardern, Taylor et al. 2014, Kyritsis, Bahr et al. 2016). It has been suggested that 

current commonly used functional tests are not demanding or sensitive enough to identify 

differences between reconstructed and non-reconstructed sides (Thomee, Kaplan et al. 

2011, Renstrom 2013) and appropriate thresholds for return are unknown (Feller and 

Webster 2013).  

 

There are a number of non-physical factors used in clinical practice to decide when an 

athlete is clear to RTP after ACLR. A review of the RTP decision making literature by 

Barber-Westin & Noyes found that 40% of studies that were reviewed had no criteria 

reported at all, with 32% using time from surgery as the single criteria and 15% using time 

from surgery in conjunction with a subjective outcome questionnaire (Barber-Westin and 

Noyes 2011). PRO have been reported to be related to RTP outcomes but do not assess the 

physical competency of the returning athlete and may not appropriately identify re-injury 

risk or potential athletic performance deficits (Ardern, Taylor et al. 2013, Czuppon, 

Racette et al. 2014, Dingenen and Gokeler 2017). In addition, the optimal thresholds in 

these questionnaires for return to sport are unknown (Anderson, Browning et al. 2016, 

Dingenen and Gokeler 2017).  
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The principle reason for testing an athlete prior to RTP is to assess the completeness of 

their rehabilitation and their readiness to RTP while reducing the risk of second ACL 

injury. Although time from surgery is a commonly used surrogate for graft healing, 

recovery of functional deficits after ACLR have been shown to be independent from time 

from surgery (Myer, Martin et al. 2012) and therefore time from surgery may not 

appropriately reflect physical recovery after ACLR. This may be a contributor to the 

ongoing physical deficits demonstrated in those who have already been cleared to RTP 

(Myer, Martin et al. 2012, Herbst, Hoser et al. 2015, Gokeler, Welling et al. 2016). Only 

13% of studies in the review by Barber-Westin & Noyes cited objective tests (including 

physical testing) as part of their criteria for RTP (Barber-Westin and Noyes 2011). It has 

been previously demonstrated that there is no relationship between commonly used knee 

stability tests (Lachmanns, pivot shift, range of motion, KT1000) and functional lower 

limb tests or RTP rates (Mayer, Queen et al. 2015, Grassi, Vascellari et al. 2016). Within 

lower limb testing, a battery of tests has been demonstrated to be more effective at 

exposing functional deficits than singular functional tests especially when combining 

strength and jump testing (Thomee, Kaplan et al. 2011, Kyritsis, Bahr et al. 2016). Two 

studies have demonstrated the influence of a battery of functional tests on re-injury 

outcomes after RTP. Grindem et al. demonstrated that those subjects who passed a pre-

defined competency in a battery of tests (>90% Limb Symmetry Index (LSI) on quadriceps 

strength, single leg hop for distance (SLHD), triple hop, triple crossover hip, 6 metre timed 

hop, KOS-ADLS and Global rating scale) had an 84% lower injury rate to the operated 

knee (any knee injury not just ACL re-injury) than those who did not meet the criteria. 

They also found that quadriceps strength was related to re-injury with a 3% decrease in 

injury for every 1% increase in symmetry (Grindem, Snyder-Mackler et al. 2016). Kyritsis 

et al. looked at the influence of similar battery of tests (isokinetic strength test at 60°, 

single hop, triple hop, triple crossover hop, on-field sports specific rehabilitation and t-test 
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< 11 seconds) on ACL re-injury (Kyritsis, Bahr et al. 2016). Not meeting all the testing 

criteria (>90% LSI) resulted in a significantly higher risk of injury (Hazard Ratio 4.1; 95% 

CI 1.9-9.2). Within the strength tests, reduced hamstring to quadriceps ratio of the involved 

leg, tested at 60°/second, demonstrated a 10.6 times greater risk of re-injury for every 10% 

difference. These studies support the importance physical testing in the RTP process. 

However, none of the previous literature has focused on the influence of RTP testing on 

other important outcomes such as pain free RTP and returning to pre-injury levels of 

athletic performance which are also important to athletes after ACLR. 

 

In addition, these studies have focused on strength and power measures but not on the 

biomechanical variables which capture the movement quality with which the athletes 

performed the tests. Performance in jump tests has been demonstrated to not be associated 

with movement quality (Hegedus, McDonough et al. 2015). In relation to specific 

biomechanical variables associated with injury, Paterno et al. utilised a double leg drop 

jump (DLDJ) to identify factors associated with re-injury and found total knee valgus 

range and asymmetrical internal knee extension moments predicted second ACL injury 

(Paterno, Schmitt et al. 2010). However, this was a mixed cohort of male and female 

athletes and contralateral and ipsilateral second ACL injuries, which makes identifying 

specific risk factors for each limb and different cohorts challenging. Despite CoD being 

one of the most common mechanisms of injury there is no data on CoD performance or 

biomechanics relating to RTP outcomes after ACLR. In addition, LSI (the difference 

between the operated and non-operated limb as a percentage) is commonly used as a 

measure of rehabilitation status within these studies. However, its use has been questioned 

as it conceals individual subject results in the outcome studies which are revealed when 

looking at success rates (i.e. % subjects scoring >90% LSI) and it may not demonstrate 

significant deficits in those who have had previous contralateral ACL injury (Thomee, 
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Kaplan et al. 2011, Larsen, Farup et al. 2015, Zwolski, Schmitt et al. 2016). Based on the 

current RTP testing literature combining outcomes scores for strength and jump tests as 

well as biomechanical analysis of jump and CoD tests may give a better insight into factors 

influencing outcomes after ACLR relating not only to re-injury but also pain free RTP 

rates and return to normal athletic performance. 

 

2.1.3 Patient Reported Outcomes after ACL Reconstruction 

2.1.3.1. Introduction 

PRO are self-reported questionnaires which assess a patient’s subjective feedback across a 

range of areas including activity levels, knee specific function and perceived readiness to 

return to sport, facilitating a patient perceived measure of outcome and progress. The 

achievement of normalised PRO scores has been identified as one of the key measures of 

success after ACLR (Lynch, Logerstedt et al. 2015). There are various types of PRO that 

can be used including disease specific, site and dimension specific, generic, summary item, 

individualised and utility (Fitzpatrick, Davey et al. 1998). Although PRO can cover a 

number of physical dimensions such as symptoms and function, they can also assess non-

physical outcomes such as psychological factors (Webster, Feller et al. 2008). Among the 

most commonly used questionnaires in the ACL literature under these headings are the 

IKDC (symptoms and function), the ACL Return to Sport after Injury Scale (ACL-RSI) 

(psychological) and the Marx Activity Scale (activity levels). All have been demonstrated 

to be valid and reliable and appropriate for use in this cohort (Barber-Westin, Noyes et al. 

1999, Irrgang, Anderson et al. 2001, Collins, Misra et al. 2011). Although RTP rates and 

re-injury rates are commonly seen as the key outcomes after ACLR it has been shown that 

PRO more accurately reflect patient satisfaction after ACLR than surgical and objective 

outcome measures (Kocher, Steadman et al. 2002). As a result, it has been recommended 



 31 

to combine PRO and objective measures of function when assessing rehabilitation status 

and readiness to RTP after ACL surgery (Logerstedt, Di Stasi et al. 2014). This part of the 

review will look at appropriateness and validity of the most commonly used PRO after 

ACLR. 

 

2.1.3.2. Knee Specific Patient Reported Questionnaires 

The IKDC has been shown to be a reliable, responsive and valid measure of symptoms, 

function and sports activities for patients with knee injuries (Irrgang, Anderson et al. 2001, 

Marx, Jones et al. 2001). It has been used with athletes recovering from ACLR 

(Shelbourne, Barnes et al. 2012), meniscectomy (van de Graaf, Wolterbeek et al. 2014) and 

articular cartilage deficits (Greco, Anderson et al. 2010), many of which can occur 

concurrently during ACL injury. Factor analysis highlighted a single dominant component 

allowing for the questions to be combined to form a single summary score. It is rated from 

0-100 with 100 indicating the highest level of function. It has been translated into 6 

languages and has applied interpretability through its minimum clinical important 

difference of between 11.5 and 20.5 points (Irrgang, Anderson et al. 2006). Normative 

values have been produced (Anderson, Irrgang et al. 2006) showing variation by age and 

gender. There are variations of the wording and instructions in the literature relating to the 

questionnaire (Collins, Misra et al. 2011) and the version and scoring system in the original 

article should be used for comparative purposes (Irrgang, Anderson et al. 2001). The IKDC 

takes approximately 5 minutes to complete and another 5 minutes to calculate if not using 

an automated version giving it high acceptability and feasibility for use in research and 

clinical practice.  
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2.1.3.3. Activity Level Questionnaires 

Although most studies on outcome after ACL rehabilitation use PRO as a measure of 

rehabilitation status after surgery, few accurately report the level of activity prior to injury 

and upon return (Marx, Stump et al. 2001). It has been consistently shown that patients 

often do not return to the same level of sport despite reporting normal knee function 

(Ardern, Webster et al. 2011, Ardern, Webster et al. 2011, Tjong, Murnaghan et al. 2014). 

Activity rating scales can assess athletic activity, independent of sport, and should 

complement questionnaires relating to knee function (Marx, Stump et al. 2001). Athletic 

activity can often decrease over time after ACLR, therefore accurate use activity rating 

scales should record activity levels at the time of injury to be compared to immediately 

post rehabilitation and prospectively after return to sport (Irrgang 2008). The two most 

commonly used activity rating scales are the Tegner Activity Scale (Tegner and Lysholm 

1985) and Marx Activity Scale(Marx, Stump et al. 2001). The responsiveness, reliability 

and validity of both have been demonstrated previously (Marx, Stump et al. 2001, Briggs, 

Lysholm et al. 2009, Negahban, Mostafaee et al. 2011). Both are very short and simple to 

score, with the major difference between the two being that the Tegner refers to specific 

sports and levels of participation whereas the Marx refers to general sporting activities 

such as running, CoD and decelerating, as well as the weekly frequency of this activity. 

This allows for more accurate comparison between athletes who play different sports, 

athletes who play multiple sports or athletes who have decided to change their principle 

sport after rehabilitation for whatever reason. It also accounts for the frequency of this 

activity more accurately reflecting the load experienced by the operated knee.  

 

2.1.3.4. Psychological Questionnaires after ACL Reconstruction 

For many athletes, sport is one of the main components of their life and there can be a 

range of psychological challenges when an athlete is initially injured, during rehabilitation 
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and transitioning to RTP (Wiese-Bjornstal 2010). Although there are high levels of self-

reported function after ACLR, this does not always correlate with return to previous level 

of sporting participation (Ardern, Webster et al. 2011). This would suggest that factors, 

other than physical function, could influence RTP decision making (Ardern, Webster et al. 

2011). Fear of re-injury and innate personality traits have been shown to influence RTP 

decision making (Flanigan, Everhart et al. 2013, Tjong, Murnaghan et al. 2014). There are 

a number of outcome measures which have been developed to look at the various 

components of psychology during injury and rehabilitation (Everhart, Best et al. 2013). 

However only two outcomes have been developed to assess specifically athletes returning 

from ACLR. They are the Knee Self Efficacy Scale and the ACL-RSI scale (Thomee, 

Wahrborg et al. 2006, Webster, Feller et al. 2008). The Knee Self Efficacy Scale has been 

shown to have good reliability and validity and has been shown to be responsive through 

the rehabilitation process (Thomee, Wahrborg et al. 2006, Thomee, Wahrborg et al. 2007). 

It has 4 sections containing 22 questions pertaining to activities of daily living, physical 

activities, sports and leisure and future knee function and has been shown to pre-

operatively predict outcomes at 1 year post reconstruction (Thomee, Wahrborg et al. 2008). 

Some of the questions however relate to activities such as “jumping ashore from a boat”, 

“cross-country skiing”, “riding a horse” and “hiking in mountains” which may not be 

common activities for an athlete and reduce applicability. The ACL-RSI is a 12-item 

questionnaire covering emotions (fear & anxiety), confidence in performance (self-

efficacy) and risk appraisal (perceived threat). It has been shown to be reliable and valid 

(Webster, Feller et al. 2008) and predictive of which athletes will not have returned to play 

at 12 months after surgery (Langford, Webster et al. 2009). It has been demonstrated that 

those athletes who returned to full competition following ACLR  had significantly higher 

ACL-RSI scores (Webster, Feller et al. 2008, Langford, Webster et al. 2009, Kvist, 

Österberg et al. 2013, Ardern, Österberg et al. 2014, Bohu, Klouche et al. 2015, Harput, 
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Tok et al. 2016) than those who failed to return (Langford, Webster et al. 2009, Lefevre, 

Klouche et al. 2017). The ACL-RSI may therefore be a more suitable assessment of self-

perceived readiness to return to sport after ACL across a number of different sports.   

 

2.1.4. Second ACL injury after ACL Reconstruction 

2.1.4.1 Introduction 

The greatest concern for the athlete, their surgeon and rehabilitation team after ACLR is a 

second ACL injury to either the operated or non-operated limb. This is due, in part, to the 

substantial time lost to sport again after a second injury, the subsequent impact on athletic 

performance, financial cost of surgery and rehabilitation and the impact on quality of life 

(Deacon, Bennell et al. 1997, Wright, Gill et al. 2012, Mather, Koenig et al. 2013, Filbay, 

Ackerman et al. 2014). Outcomes have been shown to be poorer with revision ACL 

surgery with lower PRO, greater risk of subsequent re-injury (Wright, Gill et al. 2012), 

longer recovery times and greater risk of development of osteoarthritis (Gifstad, Drogset et 

al. 2013). It is therefore imperative to identify those at higher risk of second ACL injury 

and influence modifiable risk factors prior return to sport to minimise the risk of second 

injury.  

 

2.1.4.2 ACL Injury Mechanism and Loading 

There is a wealth of research exploring ACL injury mechanism and loading (Alentorn-

Geli, Myer et al. 2009, Anderson, Browning et al. 2016). In order to improve outcomes 

after ACLR and minimise the risk of primary and secondary ACL injury, understanding 

the mechanism of injury and how the ACL is loaded is essential. ACL injury is most 

commonly associated with multidirectional field sports and those that cause high tri-planar 

load across the knee joint (Alentorn-Geli, Myer et al. 2009) such as football (Walden, 
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Krosshaug et al. 2015), gaelic games (Murphy, O'Malley et al. 2012), rugby (Dallalana, 

Brooks et al. 2007), basketball (Krosshaug, Nakamae et al. 2007), handball (Myklebust, 

Maehlum et al. 1998), skiing (Pujol, Blanchi et al. 2007) and badminton (Kimura, Ishibashi 

et al. 2010). The majority of these injuries (70-91%) are non-contact in nature, where no 

contact is made to the injured knee by another athlete at the time of injury, suggesting that 

the way the athlete moves and loads their knee is a major contributor to the injury 

(Myklebust, Maehlum et al. 1998, Krosshaug, Nakamae et al. 2007, Alentorn-Geli, Myer 

et al. 2009, Boden, Sheehan et al. 2010, Walden, Krosshaug et al. 2015). Certain combat 

sports have a higher rate of contact injuries, such as judo at 80%, due to higher direct 

contacts to the knee (Koshida, Deguchi et al. 2010) and should be considered separately 

when examining ACL injury mechanism and prevention. Similarly, other injury 

mechanisms can be greatly influenced by the equipment used which places extra strain on 

the knee joint, such as skiing (Hame, Oakes et al. 2002, Pujol, Blanchi et al. 2007, Ruedl, 

Nachbauer et al. 2011). Given that contact mechanisms are in the minority and are 

generally non-modifiable in nature, focus should centre on the potentially modifiable non-

contact ACL injury mechanism.  

 

The two most common mechanisms of ACL injury during field sports are the deceleration 

component of ground contact during CoD and landing, usually on a single leg (Myklebust, 

Maehlum et al. 1998, Orchard, Seward et al. 1999, Cochrane, Lloyd et al. 2007, 

Krosshaug, Nakamae et al. 2007, Alentorn-Geli, Myer et al. 2009, Koga, Nakamae et al. 

2010, Walden, Krosshaug et al. 2015). There are common movement characteristics 

displayed in those who suffer non-contact ACL injury during sport. Video analysis of ACL 

injury mechanism has demonstrated that the knee is usually in a more extended position, 

the knee collapsing into dynamic valgus (hip internal rotation, knee valgus and ankle 

eversion) with the COM and trunk moving over the stance leg with the foot planted on the 
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ground (Alentorn-Geli, Myer et al. 2009, Boden, Sheehan et al. 2010). Understanding how 

these factors influence ACL load and injury risk is important if they are to be assessed and 

modified during RTP testing and rehabilitation. 

 

Ground Contact 

The ACL provides the primary ligamentous restraint to anterior tibial translation relative to 

the femur and this anterior tibial shear is one of the principle mechanisms by which the 

ACL is loaded to failure (Fleming, Renstrom et al. 2001, Krosshaug, Nakamae et al. 2007, 

Alentorn-Geli, Myer et al. 2009, Taylor, Terry et al. 2011). There are a number of different 

mechanisms by which anterior tibial translation is generated at the knee. Meyer & Haut 

demonstrated that posterior glide of the femur relative to the tibia, which occurs with 

tibiofemoral compression, increased anterior tibial shear and that the magnitude of that 

shear increased with larger GRF (Meyer and Haut 2008). Fleming et al. demonstrated that 

there is an increase in ACL strain when transferring from non-weight bearing to weight 

bearing and that ACL strain is higher during this transfer for the same level of externally 

applied anterior tibial translation (Fleming, Renstrom et al. 2001). Peak vertical ground 

reaction force (GRF) occurs at approximately 40 milliseconds after initial ground contact 

corresponding to the timing of ACL injury (Shin, Chaudhari et al. 2007, Koga, Nakamae et 

al. 2010). Peak ACL strain has been shown to coincide with peak vertical GRF (Cerulli, 

Benoit et al. 2003, Yu and Garrett 2007, Lin, Gross et al. 2009). Hashemi et al. suggested 

that GRF is the key variable in ACL injury, both in timing and magnitude (Hashemi, 

Breighner et al. 2011). Peak posterior GRF occurs less than 0.001 seconds earlier than peak 

vertical GRF during landing and increased ACL loading during athletic tasks may be due 

to the positive correlation between peak posterior GRF and peak anterior tibial shear (Yu, 

Lin et al. 2006, Yu and Garrett 2007). 
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Knee Angle 

While GRF influences knee loading, the position of the knee and the activity of the 

muscles around the knee, in particular the quadriceps, modulate the load that is transferred 

to the ACL. More extended knee positions are commonly reported during ACL injury 

(Alentorn-Geli, Myer et al. 2009, Hashemi, Breighner et al. 2011). The anatomy of the 

ACL, running in a posterolateral direction, best places it to resist anterior tibial translation, 

however its orientation changes as the knee is flexed. The more extended the knee becomes 

the more vertically the ACL is aligned increasing the transverse load across the ligament 

fibres (Herzog and Read 1993, Li, Defrate et al. 2005). When the knee is at 120° flexion its 

fibres run almost parallel to the tibia and therefore load the ligament longitudinally 

(Herzog and Read 1993). The ACL resists anterior tibial translation throughout flexion 

with maximal loads at 15-30° knee flexion (Li, Defrate et al. 2005) with the ACL 

providing up to 85% of resistance to anterior tibial translation at 30° knee flexion 

(Markolf, Burchfield et al. 1995, Olsen, Myklebust et al. 2004).  

 

While the position of the knee influences the way the ACL is loaded, it also modulates the 

influence muscle activity around the knee on ACL load. In extended positions quadriceps 

force not only increases anterior shear, through the pull of the patellar tendon, but also 

increases tibiofemoral compression which further encourages anterior tibial translation 

(Boden, Sheehan et al. 2010). In an extended position the quadriceps, through the angle of 

pull of the patellar tendon, causes an anterior tibial shear until 80° of knee flexion 

(Hirokawa, Solomonow et al. 1992, Herzog and Read 1993, Pandy and Shelburne 1997). 

Peak ACL strain due to quadriceps pull in cadaver studies was shown to be at 30° flexion 

(Hirokawa, Solomonow et al. 1992, Markolf, Burchfield et al. 1995). ACL strain decreases 

as knee flexion angle increases for the same quadriceps force given geometry of quadriceps 

tendon (Pandy and Shelburne 1997). Both quadriceps force and tibiofemoral compression 
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are also influenced by the direction and magnitude of the GRF. Increased peak posterior 

GRF increases ACL loading by increasing quadriceps muscle contraction to counteract the 

force (Yu, Lin et al. 2006). Conversely, the hamstring muscle group produce a posterior 

translation of the tibia relative to the femur, with increasing influence through greater knee 

flexion angles but are unable to resist anterior shear in full knee extension (Herzog and 

Read 1993, Pandy and Shelburne 1997, Li, Rudy et al. 1999). The hamstring group have 

been shown to be most effective at reducing anterior tibial shear between 15° and 60° knee 

flexion (Li, Rudy et al. 1999). It has been suggested that ACL injury happens too quickly 

for reflexive muscular activation and that it is the pre-activation or co-contraction of the 

quadriceps and hamstring groups which helps to offset excessive anterior tibial shear 

(Hewett, Myer et al. 2006). However, given the magnitude of quadriceps force and the 

biomechanical disadvantage of the hamstrings in a more extended knee position, they may 

have little effect in reducing ACL loading (Pandy and Shelburne 1997, Pflum, Shelburne et 

al. 2004, Lin, Gross et al. 2009) 

 

Knee Valgus/Rotation 

Dynamic valgus collapse of the knee is the most commonly described mechanism of ACL 

injury (Olsen, Myklebust et al. 2004, Alentorn-Geli, Myer et al. 2009, Koga, Nakamae et 

al. 2010, Hashemi, Breighner et al. 2011). It has been suggested as a predictive risk factor 

for ACL injury in female athletes during drop jump assessment (Hewett, Myer et al. 2005, 

Hewett, Myer et al. 2006). However, its influence may be higher in female athletes who are 

5.3 times more likely to demonstrate valgus collapse compared to male athletes, 83% of 

whom demonstrated no valgus collapse during injury (Krosshaug, Nakamae et al. 2007, 

Boden, Breit et al. 2009). Knee valgus stress has been shown to increase ACL load but it is 

the position of the knee that may be most influential with peak valgus angle and landing in 

valgus position having a greater influence on ACL strain than valgus moments (Withrow, 
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Huston et al. 2006, Shin, Chaudhari et al. 2009). Mazzocca et al. suggested that the ACL 

cannot be injured by valgus force in isolation without rupturing the medial collateral 

ligament which is the primary constraint to valgus load with the ACL providing secondary 

restraint after medial collateral ligament rupture (Mazzocca, Nissen et al. 2003). This may 

be as a result of the ACL restraining knee valgus movement but through a restriction of 

knee internal rotation as opposed to the medial collateral ligament which directly limits 

medial gapping of the joint (Matsumoto, Suda et al. 2001).  

 

Although the primary ACL restriction is to anterior tibial shear, it also provides the main 

constraint to internal knee rotation (Markolf, Burchfield et al. 1995, Fleming, Renstrom et 

al. 2001, Hame, Oakes et al. 2002). Internal tibial rotation increases ACL load regardless 

of weightbearing status (Fleming, Renstrom et al. 2001) and throughout all knee flexion 

angles whereas external rotation offloads the ACL (Markolf, Burchfield et al. 1995). Berns 

et al. reported no increase in ACL strain from valgus load alone but that valgus in 

combination with anterior tibial translation and knee internal rotation produced the highest 

ACL strain compared to any in isolation (Berns, Hull et al. 1992). Similarly, Shimokochi et 

al. demonstrated that valgus alone increased ACL load in weight bearing but that valgus in 

combination with anterior tibial shear and knee internal rotation produced the highest ACL 

load (Shimokochi, Ambegaonkar et al. 2013). Koga et al. hypothesised that the internal 

rotation seen during video of ACL injury was a consequence of the valgus force placing 

strain on the medial collateral ligament which together with the joint surface geometry of 

the knee (convex lateral tibial facet and concave medial tibial facet) facilitated internal 

rotation of the knee (Koga, Nakamae et al. 2010). When considering ACL load and injury 

mechanism it may be important therefore to consider how knee loading across multiple 

planes combines to lead to injury. 
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Centre of Mass Position 

The position of the centre of mass (COM) relative to the knee and stance foot can also 

influence both GRF and quadriceps activity and as a result anterior tibial translation and 

knee injury risk. Sheehan et al. demonstrated that those who injured their ACL during 

landing had a large increase in the distance their COM was posterior to their foot at initial 

contact (Sheehan, Sipprell et al. 2012) and Griffin et al. outlined that the COM was 

posterior to the knee in 2/3 of ACL injuries (Griffin, Agel et al. 2000). This position is 

commonly achieved by landing/decelerating with the hip flexed, knee extended position 

which has been demonstrated to increase anterior tibial shear through increased posterior 

GRF (Yu, Lin et al. 2006) and increased quadriceps contraction to dissipate the load from 

striking the ground in front of the COM (Yu and Garrett 2007). COM position not only 

influences knee loading in the sagittal plane but also has been demonstrated to increase 

knee load in the frontal plane. Increased displacement of the COM laterally relative to the 

stance leg (Dempsey, Lloyd et al. 2007, Dempsey, Elliott et al. 2012, Kristianslund and 

Krosshaug 2013) and increased lateral trunk flexion (Frank, Bell et al. 2013) have been 

shown to increase knee valgus angles and are commonly reported during ACL injury 

(Alentorn-Geli, Myer et al. 2009). Although not directly loading the ACL, the position of 

the COM to the stance leg may be an important consideration during assessment.  

 

This review highlights that anterior tibial translation places the highest strain on the ACL 

and this is influenced by the GRF, muscle pull of the hamstring and quadriceps muscles, 

knee extension angle and position of the COM relative to the stance leg. However anterior 

tibial shear in isolation is usually insufficient to rupture the ACL and therefore it is in 

combination with internal knee rotation and/or valgus forces that leads to a combined force 

sufficient enough to rupture the ACL. Given that ACL injury most commonly occurs 

during CoD or single leg landing it would be important to assess movement and 



 41 

performance during these activities during rehabilitation and RTP decision making. 

Examination of all these variables and how they combine with each other when assessing 

ACL injury risk and rehabilitation status after reconstruction may identify opportunities to 

reduce injury risk prior to RTP and improve outcomes.  

 

2.1.4.3. Second ACL Injury Rates 

The reported incidence of second ACL injury can vary from 15-23%. The incidence of 

second ACL injury is higher in the previously non-operated leg (11.8%) with twice as 

many contra-lateral knee injuries compared to ipsilateral re-ruptures (5.8%) (Sward, 

Kostogiannis et al. 2010, Wright, Magnussen et al. 2011, Wright, Gill et al. 2012, Schilaty, 

Bates et al. 2017). Both the operated and non-operated knees have substantially higher 

injury rates than primary ACL injury in healthy athletes(Montalvo, Schneider et al. 2018). 

The incidence of re-rupture rates after revision ACLR are higher again at around 14% 

(Wright, Magnussen et al. 2011, Wright, Gill et al. 2012, Kaeding, Pedroza et al. 2015, 

Wiggins, Grandhi et al. 2016, Yabroudi, Bjornsson et al. 2016). The risk of second injury 

to the knee relates not just to the ACL but also acute and overuse injuries to other 

structures in the knee on return (Walden, Hagglund et al. 2006, Grindem, Snyder-Mackler 

et al. 2016). Given the injury risk to both limbs on return to sport, both sides should be 

assessed for contributing factors that may influence their injury risk on return. 

 

2.1.4.4. Factors Influencing Second ACL Injury   

There are a number of modifiable and non-modifiable factors identified in the literature as 

being associated with a higher incidence of second ACL injury such as age, level of 

sporting activity returning to, graft type, time from surgery and physical competency on 

return to sport. Younger athletes have a considerably higher risk of second injury (Wright, 
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Magnussen et al. 2011, Kaeding, Pedroza et al. 2015, Wiggins, Grandhi et al. 2016, 

Yabroudi, Bjornsson et al. 2016). In their systematic review of second ACL injury after 

ACLR, Wright et al. reported a 15% second injury rate across the entire population but a 

23% second injury rate for those under the age of 25. This may be due to the increased rate 

of return of younger athletes to higher levels of activity after reconstruction, their longer 

potential playing career and exposure to higher level of activity and poorer compliance 

with rehabilitation (Soligard, Nilstad et al. 2010, Wiggins, Grandhi et al. 2016, Webster, 

Feller et al. 2017). Returning to higher levels of activity, are also associated with a much 

higher risk of second injury (Salmon, Russell et al. 2005, Sward, Kostogiannis et al. 2010, 

Kaeding, Pedroza et al. 2015, Grindem, Snyder-Mackler et al. 2016, Wiggins, Grandhi et 

al. 2016, Yabroudi, Bjornsson et al. 2016). Second injury incidence in those returning to 

high level sports can be 4-10 times higher than those who do not (Salmon, Russell et al. 

2005, Grindem, Snyder-Mackler et al. 2016). Higher level activity by its nature involves 

greater physical demands and therefor greater injury risk associated with it. However, 

given the principle reason for having an ACLR is to return to higher demand activities, it is 

important to physically prepare athletes for return to these activities and identify other 

factors which can mitigate second injury risk upon their return to sport.   

 

Graft type and time from surgery can also influence ACL re-injury risk. There is little 

reported difference in re-injury rate between hamstring and patellar tendon autografts 

(Foster, Wolfe et al. 2010, Li, Su et al. 2011, Magnussen, Carey et al. 2011, Li, Chen et al. 

2012, Sajovic, Stropnik et al. 2018). There has been a difference reported between 

autograft and allograft surgeries with better outcomes relating to re-injury using autograft 

(Anderson, Browning et al. 2016).  Time from surgery is commonly reported as one of the 

main outcome measures used to decide when an athlete is ready to return to high demand 

sport (Barber-Westin and Noyes 2011). Surgeons generally allow athletes to return 
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between 6 and 12 months after surgery (Barber-Westin and Noyes 2011, Harris, Abrams et 

al. 2014). This is due, in part, to time being used as a surrogate for graft healing, a process 

which can take anything up to two years to complete and this process has been reported to 

be quicker with bone-patellar tendon-bone grafts than hamstring grafts (Claes, Verdonk et 

al. 2011, Pauzenberger, Syre et al. 2013, Janssen and Scheffler 2014). Some authors have 

gone as far as to suggest that return should be delayed until after 2 years to allow the 

healing process to be complete (Nagelli and Hewett 2016). As a result, time from surgery 

may influence injury risk after ACLR with the greatest risk of re-injury in the first 12 

months after post-surgery (Salmon, Russell et al. 2005). Injury risk has been shown to be 

reduced and activity level increased each year after surgery (Kaeding, Pedroza et al. 2015). 

Grindem et al. reported that incidence of second injury (all knee injuries not just ACL 

injury) dropped by 50% every month up to 9 months after surgery and showed no time 

related changes in incidence thereafter (Grindem, Snyder-Mackler et al. 2016). The 

reduction in injury risk with time may be due to increased time to allow sufficient graft 

healing to tolerate higher loads or increased time for rehabilitation to improve strength and 

power measures over time (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 

2016). These findings would suggest that graft healing and time from surgery may be 

important factors to consider when assessing re-injury risk. In addition, when assessing the 

influence of other factors (i.e. physical testing) on re-injury, analysis from 9 months post-

surgery may be most appropriate to reduce time related influence. 

 

The achievement of pre-defined levels of physical competency prior to RTP after ACLR 

have been associated with reduced second knee injury rates. Grindem et al. and Kyritsis et 

al. have both demonstrated that reduced isokinetic strength and jump asymmetry (> 90% 

jump height/length LSI) across a battery of tests prior to RTP is associated with reduced 

second injury risk (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). 
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However, these commonly used jump and CoD tests do not assess the movement pattern 

with which the test was executed. Biomechanical variables during jump testing have been 

are associated with second ACL injury. Paterno et al. identified during a DLDJ that hip 

rotation moment, frontal plane knee range of motion during stance phase, asymmetry of 

knee extension moment at initial contact and postural stability could predict second ACL 

injury with a sensitivity score of 0.92 and a specificity score of 0.88 (Paterno, Schmitt et al. 

2010). Hip rotation moment alone had a sensitivity 0.77 and specificity of 0.81. However 

this study combined second injury to the operated and non-operated limbs and it is 

unknown if the risk factors for both limbs are different or specific to each limb. In addition, 

the ability of the DLDJ to identify those at risk of second ACL injury has been questioned 

with Krosshaug et al. finding no biomechanical variables associated with injury during the 

same test (Krosshaug, Steffen et al. 2016). Despite CoD being a common injury 

mechanism (Alentorn-Geli, Myer et al. 2009) there are no studies that have examined at 

biomechanical risk factors of primary or secondary ACL injury during CoD tests. It may 

be important to combine strength and power measures with biomechanical analysis of both 

jump and CoD tests to identify which specific tests and which variables within those tests, 

can identify increased risk of injury to both the operated and non-operated limb separately. 

 

2.2 Assessment of Strength after ACL Reconstruction 

2.2.1 Introduction 

Strength, power and neuromuscular control assessments are a key components in 

identifying progress through rehabilitation and in RTP decision making after ACLR 

(Fitzgerald, Axe et al. 2000, Button, van Deursen et al. 2005, Lentz, Tillman et al. 2009, 

Barber-Westin and Noyes 2011, Abrams, Harris et al. 2014, Greenberg, Greenberg et al. 

2014, Petersen, Taheri et al. 2014). Strength deficits in the lower limb are commonly 
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reported after ACL injury and ACLR with numerous tests and variables outlined in the 

literature to identify residual deficits during rehabilitation. Deficits are most commonly 

identified in the quadriceps, hamstrings and gluteal muscle groups (Petersen, Taheri et al. 

2014).  They can persist for long periods after surgery and deficits are often evident even 

though an athlete has returned to sport (Schmitt, Paterno et al. 2012, Mohammadi, Salavati 

et al. 2013, Xergia, Pappas et al. 2013, Laudner, Evans et al. 2015, Lepley 2015, Zwolski, 

Schmitt et al. 2015). Post-operative pain, arthrogenic inhibition, altered movement 

strategies, insufficient or inappropriate rehabilitation (Thomee, Kaplan et al. 2011) and 

graft choice all influence lower limb strength post operatively especially in the quadriceps 

and hamstring muscle groups (Palmieri-Smith and Thomas 2009, Xergia, McClelland et al. 

2011). Residual and persistent strength impairments are often cited as a limiting factor in 

return to pre-injury levels of function, on low RTP rates and contribute to the development 

of OA in the medium term (Thomee, Kaplan et al. 2011, Schmitt, Paterno et al. 2012, 

Tourville, Jarrell et al. 2014, Wang, Ao et al. 2015). Despite the volume of literature on 

strength assessment after ACLR, appropriate levels of strength for RTP are unknown 

(Thomee, Neeter et al. 2012).  There is also no normative data in terms of absolute strength 

and power outcomes for different sports (Thomee, Kaplan et al. 2011). The purpose of this 

section is to outline the principle assessments that are used, key variables from these 

assessments, how they influence recovery after ACLR and what are optimal values to 

achieve during the rehabilitation and RTP process. 

 

2.2.2. Strength Measurement after ACL Reconstruction 

Isokinetic dynamometry is the most commonly used test for quadriceps and hamstring 

strength measurement (Knezevic, Mirkov et al. 2014, Petersen, Taheri et al. 2014). It has 

been shown to be convenient, reproducible and reliable for knee muscle strength 

measurement after ACLR (Feiring, Ellenbecker et al. 1990, Undheim, Cosgrave et al. 
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2015). Peak torque for the quadriceps and hamstring muscle groups as well as LSI 

comparing the operated and non-operated limbs are the most commonly reported outcomes 

(Abrams, Harris et al. 2014, Knezevic, Mirkov et al. 2014, Petersen, Taheri et al. 2014). 

High to very high relative and absolute reliability of isokinetic peak torque has been 

demonstrated with low to moderate reliability of LSI shown (Knezevic, Mirkov et al. 

2014). Deficits of greater than 10% are described as clinically relevant (Petersen, Taheri et 

al. 2014, Zwolski, Schmitt et al. 2015) and are commonly used to reflect adequate 

rehabilitation of strength qualities (Thomee, Kaplan et al. 2011, Grindem, Snyder-Mackler 

et al. 2016, Kyritsis, Bahr et al. 2016). Eccentric testing has been shown to produce higher 

torques than concentric testing and therefore may provide a more robust assessment 

measure (Undheim, Cosgrave et al. 2015). However, given the technical difficulty of the 

test, the lower reliability and reproducibility compared to concentric testing, that a 

familiarization test may be required for accurate assessment and that there is a paucity of 

comparable data using eccentric testing in comparison to concentric in the literature, 

concentric assessment may be more suitable post ACLR (Undheim, Cosgrave et al. 2015). 

Lower speed angular velocity testing (60° per second and lower) has been shown to more 

accurately identify strength asymmetries than higher testing velocities (120°/sec, 180°/sec, 

300°/sec) (Lepley 2015, Undheim, Cosgrave et al. 2015). Slower isokinetic speeds have 

been demonstrated to correlate better with functional tests such as hopping (Petschnig, 

Baron et al. 1998), with isokinetic strength shown to be correlated with SLHD at 60° but 

not at 300° (Noyes, Barber et al. 1991). A systematic review on the use of isokinetic 

testing after ACLR by Undheim et al. recommended concentric/concentric testing with and 

angular velocity of 60° /sec, from 0°-90° knee flexion angle, for 3-5 reps, with gravity 

correction as the most appropriate ACL testing protocol for use in RTP testing based on a 

review of ACL research (Undheim, Cosgrave et al. 2015).  
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2.2.3. Strength Recovery after ACL Reconstruction 

Petersen et al. carried out a systematic review on strength deficits after ACLR compared to 

control subjects and reported deficits in both quadriceps and hamstring muscle groups at 3 

and 6 months post operatively with strength deficits improving over time but with deficits 

remaining beyond 2 years post-surgery (Petersen, Taheri et al. 2014). Thomee et al. 

demonstrated strength deficits in the quadriceps and hamstring muscles up to 24 months 

after surgery but also that results continued to improve over time (Thomee, Neeter et al. 

2012). A review by Lepley showed strength deficits of 23 ± 8% at 6 months and 14 ± 6% 

after 12 months in subjects who had returned to sport (Lepley 2015). They also 

demonstrated that although all subjects had strength in hamstring, quadriceps or leg press 

testing > 90% LSI in one test, only 48% scored above that mark on all 3 tests suggesting 

strength test batteries may be more appropriate than assessing individual tests. Pre-

operative strength been shown to predict strength deficits and knee function at 6 months 

and 2 years after ACLR (Eitzen, Holm et al. 2009, Logerstedt, Lynch et al. 2013). Given 

the importance of strength in higher level activities and the high prevalence of deficits at 

RTP it is essential that strength measures, in particular of the quadriceps and hamstring 

muscle groups are included in RTP test batteries.   

 

2.2.4 Normative/Return to Sport Values for Strength Measures after ACL Reconstruction 

Isokinetic strength deficits have been shown continually relative to the non-operative leg 

and matched healthy subjects despite clearance to return to sporting activity (Xergia, 

Pappas et al. 2013, Laudner, Evans et al. 2015, Lepley 2015, Zwolski, Schmitt et al. 2015). 

Previously uninjured athletes have been demonstrated to have a LSI close to 100% and 

peak torque relative to body mass of 260% and 155% at 60°/s, 250% and 130% at 120°; 

200% and 115% at 180° and 160% and 110% at 300° angular velocities for quadriceps and 

hamstring groups respectively (Petschnig, Baron et al. 1998, Xergia, McClelland et al. 
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2011, Laudner, Evans et al. 2015, Richter, O'Malley et al. 2018). Deficits greater than 10% 

LSI are suggested to be clinically significant (Xergia, McClelland et al. 2011, Petersen and 

Zantop 2013, Abrams, Harris et al. 2014) and >90% LSI has been recommended for return 

to sport (Barber-Westin and Noyes 2011, Thomee, Kaplan et al. 2011). However, caution 

has been urged when using the non-operated leg as a reference as it can also undergo 

strength diminution during the rehabilitation process, resulting in improvement in LSI 

without any corresponding improvement in operated leg peak torque (Button, van Deursen 

et al. 2005, Thomee, Neeter et al. 2012, Knezevic, Mirkov et al. 2014). In spite of this, a 

number of studies have shown no difference in strength between the non-operated leg and 

the dominant and non-dominant leg of uninjured subjects and advocate using the non-

operated leg as a benchmark (Petschnig, Baron et al. 1998, Laudner, Evans et al. 2015). 

Researchers have been encouraged to present absolute values along with LSI to allow 

comparison to normal healthy limbs and also to avoid individual results being concealed 

when group scores are averaged (Thomee, Kaplan et al. 2011). It is suggested that 

presenting results as success rates (i.e. the number who achieved >90% LSI) rather than 

averages would allow more accurate individual evaluation of rehabilitation status (Thomee, 

Kaplan et al. 2011).  

 

2.2.5 Sequelae of Strength Deficits after ACL Reconstruction 

Strength is one of the qualities that underpins the ability to produce force at speed for 

sports specific explosive movements such as jumping, sprinting and CoD. Deficits in 

strength can have an impact on athletic performance and lower limb biomechanics. 

Isokinetic knee extension peak torque has been shown to influence jump measures such as 

the SLHD, timed hop and cross over triple hop (Wilk, Romaniello et al. 1994). Moderate 

correlations exist between peak torque in quadriceps testing and the single and triple hop 

tests (Petschnig, Baron et al. 1998) with strong correlations existing between peak torque 
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for quadriceps and moderate correlations for hamstrings with single and double leg 

countermovement jump height (Laudner, Evans et al. 2015). In addition achievement of 

predefined levels of strength symmetry (i.e. >90% LSI) in the quadriceps and hamstring 

muscle groups (albeit as part of a testing battery including jump and field tests) has been 

reported to influence the risk of re-injury after RTP (Grindem, Snyder-Mackler et al. 2016, 

Kyritsis, Bahr et al. 2016). 

 

Quadriceps deficits have been demonstrated to alter jumping and landing strategy resulting 

in reduced knee flexion angles and external knee flexion moments with changes 

compensated for at the ankle and hip (Ernst, Saliba et al. 2000, Xergia, Pappas et al. 2013). 

The hip and ankle have both been shown to compensate to make up the total extensor 

torque required to carry out a task during jumping and step up to allow the limb function to 

appear normal but not during landing tasks when the demands are higher (Ernst, Saliba et 

al. 2000, Xergia, Pappas et al. 2013). Quadriceps strength deficits have also shown to 

increase the incidence of landing errors (Kuenze, Foot et al. 2015). Those with lower 

quadriceps strength LSI (<85%) have been shown to have lower knee extension moment, 

vertical GRF and loading rate on the operated leg during a DLDJ compared to normal and 

high quadriceps strength LSI groups (>90%)(Schmitt, Paterno et al. 2015). However, the 

non-operated leg had a higher than normal knee extension moment, vertical GRF and 

loading rate thus potentially increasing its injury risk (Schmitt, Paterno et al. 2015). 

Quadriceps strength has been shown to account for 78% of the variance in knee extensor 

moments during single leg landing tasks (Oberlander, Bruggemann et al. 2013). Lewek et 

al. examined the influence of quadriceps strength on knee kinetics and kinematics during 

gait and jogging (Lewek, Rudolph et al. 2002). In this study, subjects post ACLR were 

broken into a high quadriceps LSI group (>90%) and a low quadriceps LSI group (<80%). 

The low group demonstrated reduced knee flexion angle and internal knee extensor 
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moment compared to the high group, but comparable to the ACL deficient group tested. 

The high group demonstrated no differences compared to a healthy uninjured control 

group. Quadriceps strength predicted 25% of the variance in knee angle and 38% of the 

variance in internal knee extensor moment during jogging after ACLR (Lewek, Rudolph et 

al. 2002). There is however, a disconnect between LSI in quadriceps strength tests and hop 

testing. Wilk et al. reported that 16% of subjects had > 90% LSI for quadriceps strength 

while 64% had > 90% on 3 hop tests (single, triple and crossover)(Wilk, Romaniello et al. 

1994). Hop tests may not appropriately reflect quadriceps strength deficits due to 

compensations at the hip and ankle (Wilk, Romaniello et al. 1994). A review by Lepley 

demonstrated much larger strength asymmetries at 6 and 12 months in those that had 

returned to sport than was evident in functional hop test symmetry values (Lepley 2015). 

In addition, isokinetic knee strength asymmetry has been shown to have no correlation 

with field test asymmetry (Jones and Bampouras 2010).  

 

Sufficient recovery of muscle strength, especially quadriceps strength, is essential for the 

restoration of mechanics during higher level activity (walking, jogging, jumping and 

landing), reducing subsequent injury risk and reducing the risk of development of OA over 

time and should form part of any RTP assessment battery which also includes jump and 

field-based tests. However, the influence of strength in outcomes relating to RTP and 

second ACL injury have not been fully explored. 
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2.3. Assessment of jumping and landing performance after ACL 

reconstruction 

2.3.1 Introduction 

Jumping and landing testing is commonly carried out after ACLR to assess rehabilitation 

status and suitability for return to higher level activity (Abrams, Harris et al. 2014). It is 

commonly used to assess the restoration of explosive strength, but also the mechanics of 

landing from the jump, as it is a common mechanism of ACL injury (Alentorn-Geli, Myer 

et al. 2009, Padua, Marshall et al. 2009, Padua, DiStefano et al. 2015). Jump distance has 

been shown to have excellent reliability with intraclass correlations from 0.92 to 0.97 

(Bolgla and Keskula 1997, Ross, Langford et al. 2002, Gustavsson, Neeter et al. 2006). It 

has also been shown to have high specificity and a low false positive rate in detecting 

functional deficits (Petschnig, Baron et al. 1998) but often low sensitivity in individual 

tests (Noyes, Barber et al. 1991). ACLR has been shown to alter jumping and landing 

strategies in both the operated and non-operated leg (Decker, Torry et al. 2002, Goerger, 

Marshall et al. 2015). Rate of force development and rate of force absorption during 

jumping and landing tasks have been shown to correlate with key athletic performance 

measures such as acceleration, sprint and CoD speed (Young, Miller et al. 2015). Frontal 

plane knee control during landing has been demonstrated to correlate with knee control 

during higher demand CoD manoeuvres (Jones, Herrington et al. 2014). Coupled with that, 

the patterns of movement executed during landing have been demonstrated to influence the 

risk of primary and secondary ACL injury, as well as other lower limb overuse injuries 

(patellofemoral pain, patellar tendinopathy and Achilles tendinopathy) (Hewett, Myer et al. 

2005, Edwards, Steele et al. 2012, Joseph, Lillie et al. 2014, Holden, Boreham et al. 2015). 

This section of the thesis will review the use of jump testing after ACLR, the tests and 

variables most commonly used and the factors influencing jump performance.  
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2.3.2 Jump/Landing testing after ACL reconstruction 

Jump testing (also referred to as hop testing in the ACL literature) has been utilised 

extensively in assessing rehabilitation status and in guiding return to sports decision 

making after ACL surgery (Abrams, Harris et al. 2014). A systematic review of functional 

testing after ACLR by Abrams et al. outlined the most commonly used battery of jump 

tests including SLHD, triple hop, crossover hop and timed 6 metre hop (Abrams, Harris et 

al. 2014). No difference has been shown between the non-operated leg and uninjured 

dominant and non-dominant legs of control subjects in jump testing (Petschnig, Baron et 

al. 1998). Results for these tests are principally reported as LSI relative to the non-operated 

leg with no difference between graft types reported and with nearly all athletes achieving 

>90% LSI by the 12 month post-operative mark (Abrams, Harris et al. 2014). Achievement 

of a pre-defined LSI (>90%) during jump testing as part of a wider battery of tests 

including strength and field tests has demonstrated a 4 fold reduction in ACLR re-injury 

(Kyritsis, Bahr et al. 2016). Despite this, athletes regularly RTP with ongoing deficits 

during jump performance (Myer, Martin et al. 2012, Schmitt, Paterno et al. 2012, Xergia, 

Pappas et al. 2013, Laudner, Evans et al. 2015, Schmitt, Paterno et al. 2015). 

 

Similar to strength testing, the challenge with reporting LSI is that it presents the average 

of the subject group, masking both better and poorer scores. It has been suggested that it is 

more appropriate to report the success rate that achieved a certain LSI (i.e. > 90% LSI) 

(Thomee, Kaplan et al. 2011, Thomee, Neeter et al. 2012). It is argued that even with 

>90% LSI there are persistent reports of low scores in patient reported knee function 

during sports and knee related quality of life scales suggesting jump tests may not 

demanding or sensitive enough to identify all deficits and barriers to return (Thomee, 

Kaplan et al. 2011). The majority of studies have focused on the performance of the test 

(i.e. jump height/distance achieved) as opposed to the pattern of movement used to carry 
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out the test. Jump testing has not been proven to correlate with RTP outcomes and no 

validated standard exists to guide RTP decision making (Narducci, Waltz et al. 2011, 

Abrams, Harris et al. 2014). A systematic review by Narducci et al. outlined that jump 

testing is more appropriate as a battery of tests rather than single tests (Narducci, Waltz et 

al. 2011). Thomee et al. reported changes between 6,12 and 24 months on a battery of 3 

hopping tests – single leg counter movement jump (SLCMJ), SLHD and repeat lateral hop 

(Thomee, Neeter et al. 2012). They demonstrated that all subjects scored > 95% LSI in one 

of the three tests at 24 months but only 6% scored 100% in all 3 tests concurrently 

suggesting that a battery of tests is a more robust measure of recovery than a single test. 

Similar findings were demonstrated by Gustavsson et al. who found that only 9% of 

subjects, 6 months after ACL surgery, achieved normal LSI (>90%) on all three hop tests 

(SLCMJ, SLHD and side hop) and 87% were abnormal in at least one test (Gustavsson, 

Neeter et al. 2006). This was compared to 20% of controls who were abnormal in at least 

one test and provided the battery with a sensitivity of 91% and accuracy of 88% in 

identifying those who had undergone ACL surgery (Gustavsson, Neeter et al. 2006). 

Gardiner et al. demonstrated that those who tested normal across a battery of hop tests (> 

90% LSI) demonstrated no differences in knee variables during gait between limbs, where 

as those who fell below that threshold had gait asymmetries (Gardinier, Di Stasi et al. 

2014). The research above suggests that a battery of tests may be a more robust and 

sensitive method of identifying deficits than a single test after ACL surgery but the 

appropriate levels of absolute and symmetry of jump performance to ensure pain free RTP 

after ACLR without second injury are as of yet undefined.  

 

2.3.3. 3D motion capture in jump/landing testing 

To improve the ability of jump testing to identify relevant deficits after ACLR, 3D 

biomechanical analysis has been combined with jump performance in a small number of 
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studies. Ernst et al. demonstrated comparable total lower limb extensor moment (ankle, 

knee and hip) during a strength task (lateral step up) and power task (vertical jump) despite 

reduced knee extensor moments on the operated leg compared to the non-operated and 

matched control limbs (Ernst, Saliba et al. 2000). This was as a result of deficits in knee 

extensor moment being compensated for at the hip and ankle giving symmetrical LSI when 

examining performance outcome (jump height) but not in the movement pattern used. 

Asymmetry of vertical GRF has been shown to predict knee kinetic asymmetry during 

landing (Dai, Butler et al. 2014). Patellar tendon load, which is a potential risk factor for 

overload of the anterior knee and pain at the patellar tendon graft site, has been shown to 

be independent of vertical GRF but higher in horizontal landing than vertical landing 

(Edwards, Steele et al. 2012, Edwards, Steele et al. 2014) suggesting direction of GRF may 

be as or more important to knee load than magnitude. As outlined in the mechanism of 

injury section, there are a number of other previously identified kinetic and kinematic 

variables which increase the risk of primary and secondary ACL injury during jump testing 

(Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010). It is therefore intuitive to carry out 

jump analysis using 3D motion capture to identify and analyse these kinetic and kinematic 

risk factors even in the presence of high LSI performance scores to identify compensations 

in movement strategies which may negatively affect athletic performance or increase injury 

risk upon return to high level activity.  

 

Differences in landing biomechanics have been identified between genders. Sell et al. 

demonstrated that female subjects had less knee flexion, greater knee valgus, greater 

anterior tibial shear and greater knee flexion moment than males during landing (Sell, 

Ferris et al. 2006). Norcross et al. also demonstrated increased frontal plane energy 

absorption in female subjects resulting in increased dynamic knee valgus (Norcross, Lewek 

et al. 2013). Similarly Russell et al. highlighted increased knee valgus at initial contact and 
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peak values in females than males (Russell, Palmieri et al. 2006). However, other studies 

demonstrated no difference. Cortes et al. found no difference in kinetics and kinematics 

between genders in drop jump testing (Cortes, Onate et al. 2007). Paterno et al. found no 

gender specific differences in asymmetry of kinetic and kinematic variables during drop 

jumps after ACLR (Paterno, Schmitt et al. 2011). Ford et al. however demonstrated greater 

jump height, take off force and take off hip extension moment in male subjects (Ford, 

Myer et al. 2005). Therefore, when using 3D biomechanical analysis of jump performance, 

it may be important to appreciate potential differences due to gender and it may be 

preferable that groups are not mixed when investigating the influence of biomechanics on 

specific outcomes after ACLR.  

 

2.3.4. Jump/Landing Testing Protocol 

As outlined above there are a large number of potential jump and landing tests that are 

used in the ACL literature. Below is a review of the most commonly used tests: SLHD 

(horizontal), SLCMJ (vertical) as well as DLDJ and single leg drop jump (SLDJ) (single 

and double leg plyometric).  

 

2.3.4.1. Single Leg Hop for Distance 

Test outline and Reliability 

The SLHD is one of the most commonly used in the ACL literature (Narducci, Waltz et al. 

2011). It is a jump from a single leg stance as far forward horizontally as possible and to 

control or “stick” the landing (i.e. maintain balance/not fall over). It has been shown to be a 

highly reliable measure (Bolgla and Keskula 1997, Ross, Langford et al. 2002) with an 

ICC of 0.92 with a standard error of measure of 3.5% and minimal detectable change of 

8% (Reid, Birmingham et al. 2007). SLHD jump length has high specificity (98%) but low 
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sensitivity (28%) in identifying residual deficits after ACLR (Petschnig, Baron et al. 1998). 

Gustavsson et al. demonstrated 100% specificity but only 63% sensitivity which was lower 

than the SLCMJ (Gustavsson, Neeter et al. 2006). SLHD has been described as suitable 

assessment of lower limb function but not specific joint function due to the ability of the 

hip and ankle to compensate for knee kinetic and kinematic deficits (Orishimo, Kremenic 

et al. 2010). Thomee et al. demonstrated improvements in LSI of SLHD from 86.3% at 6 

months, 94.1% at 12 months and 95.5% at 24 months (Thomee, Neeter et al. 2012). 

Athletes have been shown to have deficits on SLHD on RTP and these deficits can persist 

up to 2 years (Holsgaard-Larsen, Jensen et al. 2014). 

 

Healthy/Control Scores 

Gokeler et al. demonstrated an LSI of 95.5% in normal healthy athletes in comparison to 

83.8% in those that were just over 6 months after ACL surgery (Gokeler, Welling et al. 

2016). Petshnig et al. demonstrated a similar LSI of 95.2% in controls and 74.9 % in those 

who were 12 months post ACL surgery (Petschnig, Baron et al. 1998). They also 

demonstrated there was no difference between the non-operative leg and the dominant and 

non-dominant leg in controls in distance jumped. Similarly, Gustavsson et al. reported 

control subjects having an LSI of closer to 100% in comparison to 86% in the post ACL 

group (Gustavsson, Neeter et al. 2006). In healthy athletes, Van der Harst et al. reported an 

LSI of 95% and no difference in vertical GRF, posterior GRF as well as kinematic or 

kinetic variables between the dominant and non-dominant limbs in uninjured subjects, 

despite longer jump length on the dominant leg (van der Harst, Gokeler et al. 2007). These 

findings would suggest that an LSI of > 95% SLDH is normal in previously uninjured 

athletes, that the non-operated leg can be used as a suitable comparator and that the SLDH 

jump length can differentiate between ACL subjects and controls.  
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Biomechanical Variables 

Landing 

As ACL injury is most commonly experienced during the eccentric phase, variables within 

the landing phase are the most commonly assessed component of SLHD along with jump 

length. Gokeler et al. demonstrated reduced posterior GRF on landing with reduced 

internal knee extensor moment on the operated side which was accommodated for by 

increased ankle plantar flexion moment compared to the non-operated leg (Gokeler, Hof et 

al. 2010). Orishimo et al. reported similar findings and demonstrated reduced knee flexion 

angle and internal extensor moment despite similar total limb extensor moments in landing 

(Orishimo, Kremenic et al. 2010). Roos et al. also demonstrated reduced knee flexion angle 

and internal knee extensor moments in ACL reconstructed knees compared to controls, but 

greater than ACL deficient knees (Roos, Button et al. 2014). Oberlander et al. 

demonstrated lower internal knee extension and adduction moments at the knee but 

increased anterior translation and external rotation of the tibia relative to the femur in the 

operated leg compared to the non-operated side at 12 months post-surgery (Oberlander, 

Bruggemann et al. 2014). They suggested the associated increase in hip flexion and ankle 

plantar flexion moments was to compensate for the knee despite no difference in knee 

extensor strength testing (Orishimo, Kremenic et al. 2010). Trigsted et al. demonstrated 

hop distance LSI of 96.7% at 36 months post ACLR but ongoing significant reductions in 

knee and hip extensor moment and knee flexion angles compared to controls (Trigsted, 

Post et al. 2015). Alterations in landing mechanics also occur at the trunk in order to 

accommodate knee deficits. Oberlander et al. demonstrated that ACL deficient patients 

increased trunk flexion to bring their COM forward and thus reduced the moment arm on 

the knee joint during SLHD landing (Oberlander, Bruggemann et al. 2012). Similar 

findings were reported in those who had undergone ACLR with the operated knee 

demonstrating lower knee extension moments at 6 and 12 months post-surgery with higher 
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ankle moments at 6 months (Oberlander, Bruggemann et al. 2013). They also demonstrated 

reduced GRF on the operated side during landing at 6 and 12 months, but that both it and 

knee extensor moments continued to normalize over that period. 

 

 

2.3.4.2. Single Leg Countermovement Jump   

Test outline and Reliability 

The SLCMJ is an assessment of unilateral lower limb explosive strength. Subjects stand on 

one leg, drop quickly into a mini squat to elicit a stretch shortening cycle reflex and then 

make a maximal jump vertically to achieve the greatest height possible. Vertical jump 

height deficits have been shown to persist relative to healthy athletes and the non-operative 

leg despite being cleared to return to sport after ACLR (Laudner, Evans et al. 2015). The 

SLCMJ is used frequently in the ACL literature and has a high reliability with an ICC of 

0.94 for the operated leg and 0.84 for LSI of jump height (Hopper, Goh et al. 2002). 

Gustavsson et al. reported it to have a specificity of 86% and sensitivity of 87% in 

identifying functional deficits after ACLR (Gustavsson, Neeter et al. 2006) whereas 

Petschnig et al. demonstrated a specificity of 96% and a sensitivity of 72% in subjects 1 

year after surgery (Petschnig, Baron et al. 1998).  

 

Healthy/Control Scores 

Gustavsson et al. demonstrated a jump height LSI in normal healthy athletes of 87% in 

comparison to 76% 1 year after ACL surgery (Gustavsson, Neeter et al. 2006). Petschnig et 

al.  reported LSI at 97% in uninjured subjects comparted to 74% in subjects 1 year post 

ACLR, with no difference in jump height between the non-operated leg and control limbs 

(Petschnig, Baron et al. 1998). Thomee et al. demonstrated a recovery of SLCMJ LSI over 

time from 86.3% at 6 months to 94.1% at 12 months and 95.5% at 24 months (Thomee, 
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Neeter et al. 2012). Similarly, Laudner et al. demonstrated an LSI of 83.6% in jump height 

in those cleared to RTP at 7 months post-surgery (Laudner, Evans et al. 2015). 

 

Biomechanical Variables 

Pairot de Fontenay et al. demonstrated that deficits remained in ACL subjects during 

SLCMJ after clearance to return to sport. They reported that although knee work had the 

same LSI in the ACL group as controls, there was significantly higher work at the ankle 

and knee due to the increased range of motion at both joints to compensate (Pairot de 

Fontenay, Argaud et al. 2014).  

 

2.3.4.3. Double Leg Drop Jump 

Test outline and Reliability 

The DLDJ is a plyometric test whereby the subject drops from a step, approximately 30cm 

high, lands and rebounds into a vertical jump so as to minimize ground contact time and 

maximize jump height concurrently. Its use in the ACL literature has been primarily in 

identifying risk factors for primary or secondary ACL injury (Hewett, Myer et al. 2005, 

Paterno, Schmitt et al. 2010). Deficits have been shown to persist past 2 years post 

operatively in those who have returned to their chosen sports (Paterno, Ford et al. 2007). 

The DLDJ is used extensively in the ACL literature and has been shown to have a high 

within session reliability of ICC = 0.93 (Hewett, Myer et al. 2005).  

 

Biomechanical factors 

Hewett et al. reported a number of biomechanical variables during DLDJ that predicted 

first ACL injury in female subjects (Hewett, Myer et al. 2005). They prospectively 

compared the injured knee to the non-injured knees of the rest of the cohort and found 

greater peak knee abduction angles and at initial contact, reduced peak knee flexion, 
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greater peak knee abduction moment and 20% greater vertical GRF with reduced stance 

time. Knee abduction asymmetry was 6.4 times higher in the injured population. Knee 

abduction moments predicted ACL injury in the injured cohort with 78% specificity and 

73% sensitivity and a linear regression of knee abduction angles and moments and knee 

abduction angle symmetry had a predictive value of 88%. . Some studies however, have 

been unable to find any associations with DLDJ variables and increased ACL injury risk. 

Smith et al. during 2-dimensional analysis, could not identify any risk factors which 

prospectively predicted ACL injury (Smith, Johnson et al. 2012). Krosshaug et al. carried 

out a methodologically robust prospective study investigating the ability of medial knee 

position, knee valgus angle, knee abduction moment, knee flexion angle and peak vertical 

GRF to predict second injury in female football and handball players (Krosshaug, Steffen 

et al. 2016). The authors argued that the DLDJ was not challenging enough to expose 

potential risk factors in those who did not already have an increased risk due to previous 

injury. The differences in results between the studies may be due to potential overfitting of 

the prediction model in the Hewett study given the number of predictive variables included 

compared to the number of injuries recorded. It may also be a difference in time from 

testing to injury/follow up between the two studies. Paterno et al. identified a number of 

factors during DLDJ that predicted a second ACL injury after return to sport (Paterno, 

Schmitt et al. 2010) including hip internal rotation moment, knee valgus movement (16.2° 

in injured compared to 12.1° in non-injured) and asymmetry in knee extensor moment at 

initial contact. When combined with postural stability assessment these variables predicted 

second injury with excellent specificity (0.88), sensitivity (0.92) and an area under ROC 

curve score of 0.94. Hip internal rotation moment alone predicted second injury with high 

sensitivity (0.77) and specificity (0.81); area under ROC curve score (0.81). Those with 

greater internal hip rotation moment were 8.4 times more likely to suffer a second injury. 

However this study grouped ipsilateral and contralateral second injury and therefore does 
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not identify which variables are most relevant or specific to injury of each limb. Schmitt et 

al. demonstrated the influence of quadriceps strength on DLDJ kinematics (Schmitt, 

Paterno et al. 2015). Those with a lower quadriceps LSI (<85%) demonstrated lower 

external knee flexion moment, lower vertical GRF and lower loading rate on the operated 

leg compared to the high quadriceps post-operative group and matched controls. They also 

demonstrated higher vertical GRF and higher loading rate on the non-operated knee in 

comparison to the high quadriceps group and controls potentially increasing ACL injury 

risk (Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010). 

 

2.3.4.4. Single Leg Drop Jump  

Test outline and Reliability 

The SLDJ is a plyometric test where the subject drops from a step, approximately 20cm 

high, lands onto 1 leg and rebounds into a vertical jump, to minimize ground contact time 

and maximize jump height concurrently. It has not been used as extensively in the 

literature as the double leg version despite the fact that single leg landing is the most 

common mechanism of ACL injury (Alentorn-Geli, Myer et al. 2009). SLDJ has been 

shown to have a medium to high ICC across a number of kinetic and kinematic variables 

(0.74 – 0.86) (Mohammadi, Salavati et al. 2012). 

 

Biomechanical factors 

Mohammadi et al. demonstrated that athletes, 8.4 months post ACLR, had reduced peak 

vertical GRF and loading rate on the operated side compared to the non-operated side and 

controls (Mohammadi, Salavati et al. 2012). The operated leg also had lower take-off 

vertical GRF than non-operated and control limbs. Conversely the non-operated leg 

demonstrated higher landing vertical GRF and loading rate than the controls thus 
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increasing its injury risk (Mohammadi, Salavati et al. 2012). Ortiz et al. demonstrated that 

female athletes, 1-5 years after ACLR, still demonstrated greater dynamic knee valgus 

compared to controls during double and single leg drop jumps (Ortiz, Capo-Lugo et al. 

2014). Reactive strength during a drop jump has been shown to be a key variable which 

differentiates athletes who can change direction quicker one side compared to the other 

(Jones, Herrington et al. 2014). 

 

Summary 

The literature suggests that the combination of isokinetic testing for the quadriceps and 

hamstring muscle groups as well as 3D motion capture analysis of the SLCMJ, SLHD, 

DLDJ and SLDJ may provide a robust battery of tests that will allow accurate comparisons 

with the previous ACL literature that is specific and reliable enough to identify functional 

deficits and increased injury risk factors in those who have undergone ACLR.  

 

2.4. Biomechanics of Change of Direction in relation to ACL injury and 

Rehabilitation after ACL reconstruction 

 
2.4.1. Introduction 

The strategy with which an athlete executes a CoD task is extremely important not only for 

athletic performance but also injury risk, in particular to the knee (Krosshaug, Nakamae et 

al. 2007, Alentorn-Geli, Myer et al. 2009, Marshall, Franklyn-Miller et al. 2014). 

Depending on the specific sport, almost 50% of primary ACL injuries occur during a side 

step or pivoting manoeuvre to CoD (Boden, Dean et al. 2000, Alentorn-Geli, Myer et al. 

2009). Despite the large amount of research that has been carried out on jumping and 

landing in relation to predicting risk for ACL injury, there is a paucity of evidence 

outlining which variables predict ACL injury during CoD testing and how the mechanics 
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of CoD are altered/recover after ACLR. 3D analysis of knee kinetic and kinematic 

variables during CoD have been shown to be reliable and repeatable (Besier, Lloyd et al. 

2001, Alenezi, Herrington et al. 2016). Comparison between drop jumps and side step CoD 

has shown 6 times higher knee moments during CoD suggesting a greater potential for 

injury risk (Cortes, Onate et al. 2011). (Cortes, Onate et al. 2011) Side stepping also had 

less knee flexion and greater knee internal rotation during initial contact and peak values 

during stance than the drop jumps. Similarly, there has been shown to be greater knee 

valgus and internal rotation moments during 30° and 60° sidestepping compared to linear 

running (Besier, Lloyd et al. 2001, Golden, Pavol et al. 2009). These factors combine to 

highlight the potential importance of CoD in knee rehabilitation and re-injury prevention. 

This section of the review outlines the biomechanics of CoD that increase the risk of ACL 

injury, the variables that increase load on the knee, the influence of CoD angle on 

biomechanics and the factors that influence CoD performance.  

 

2.4.2. Change of Direction Biomechanics after ACLR 

Few studies have looked at CoD mechanics after ACLR. Clarke et al. analysed 

biomechanical differences between the operated and non-operated leg and compared to a 

dominance matched control leg during drop jump and unanticipated 45° CoD after the 

jump landing (Clarke, Kenny et al. 2015). The operated limb demonstrated increased knee 

abduction moment and hip and knee flexion compared to the control group with reduced 

hip extension moment, but no differences compared to the contralateral limb during 

testing. Stearns and Pollard investigated the differences in frontal plane knee angles and 

moments during 45° side stepping between female soccer players post ACLR and controls 

and found increased knee abduction angles (effect size 0.78) and increased peak knee 

abductor moments (effect size 1.31) in the ACL group during the deceleration phase of the 

cut (Stearns and Pollard 2013). Dai et al. examined the correlation between GRF and 
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sagittal plane knee kinetics during a 35° CoD after ACL (Dai, Butler et al. 2014). They 

found GRF and knee kinetic asymmetries were concomitant in subjects who were 6 

months post ACLR with peak knee extension moment, average knee extension moment 

and knee work asymmetries between 24 and 34% and GRF asymmetries between 1.4% and 

11%. Correlations between vertical GRF impulse asymmetry were demonstrated with peak 

knee extension moment, average knee extension moment and knee work asymmetry in the 

sagittal plane during CoD (r = 0.55 – 0.70). The authors suggested GRF may provide a 

useful surrogate in ACL testing but that the magnitude of the kinetic asymmetry was 

greater due to the influence of the moment arm as well as GRF magnitude. To date there is 

still little evidence outlining risk factors for re-injury during CoD after ACLR or 

appropriate level of movement competency during CoD prior to RTP. 

 

2.4.3. Variables that Influence Knee Loading during Change of Direction 

There are a large number of studies looking at the influence of different biomechanical 

variables on knee loading during CoD, in particular on knee valgus moment. However, 

there is no consensus as to which are the most important variables to predict ACL injury 

(primary or secondary). Kristanslund et al. investigated the influence of preselected 

variables on knee abduction moments during 30° CoD. They found that at initial contact: 

step width, hip abduction, foot rotation, torso rotation, knee valgus angle, toe landing, 

approach speed and CoD angle predicted 62% of the variance in knee valgus moments 

(Kristianslund, Faul et al. 2014). The average peak knee abduction moment was 1.6 (± 

0.66) Nm/kg. Knee valgus angle, toe landing and step width had the greatest influence in 

abduction moments at the knee with 1 standard deviation changing moments by 12-19%. 

Vertical GRF and frontal plane GRF moment arm predicted 80% of variance in knee 

abduction moment with the moment arm contributing 45% and thus being more important 
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than the magnitude of the GRF. The authors suggested from these results that the vertical 

GRF can be increased without increasing knee injury risk if loaded appropriately. McLean 

et al. found similar results when they analysed the influence of posture at initial contact 

during a 45° CoD on knee loading and found that greater peak knee valgus moment was 

associated with larger hip flexion, hip internal rotation and knee valgus angles (McLean, 

Huang et al. 2005). Sigward et al. analysed the influence of kinetic and kinematic variables 

on knee valgus moment during a 45° and 110° CoD (Sigward, Cesar et al. 2015). Lateral 

GRF, vertical GRF, hip internal rotation angle and knee valgus angle predicted 63% of the 

valgus moment variance at 45°. Posterior GRF, hip internal rotation angle and knee valgus 

angle predicted 41.5% of the variance in knee valgus moment in the 110°. Donnelly et al. 

used in silico modelling to look at optimizing whole body biomechanics to minimize knee 

valgus loading during a 90° CoD (Donnelly, Lloyd et al. 2012). They found that 9 

strategies were used during optimization process and post optimisation knee valgus was 

significantly reduced by 44.2Nm (106.1 ± 48.6 to 61.9 ± 36.4). The two primary 

approaches used were increased ankle plantar flexion in 6 of 9 strategies and increased 

movement of the COM anterior and medial towards the direction of intended travel in all 

strategies. Dempsey et al. investigated the influence of technique modification on CoD 

mechanics and knee loading (Dempsey, Lloyd et al. 2009). Reduced distance from foot to 

centre of pelvis in the frontal plane and reduced lateral trunk flexion both changed post 

intervention with foot to centre of pelvis having a significant correlation with knee valgus 

moment (r = 0.49). The current literature on knee loading during CoD highlights the 

influence the trunk, hip, position of COM relative to stance leg, foot position and GRF all 

play in influencing knee loading, in particular knee valgus loading and therefore should all 

be included in any analysis of ACL injury risk during CoD. However, there is no 

experimental evidence that knee valgus is related to primary or secondary ACL injury 
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during CoD and alternative variables may also need to be considered when exploring re-

injury risk.  

 

2.4.4. Factors Influencing Biomechanics during Change of Direction 

By their nature, field sports involve CoD across a wide range of angles. However, knee 

loading is not the same across all angles which may influence injury risk and influence the 

angles used in CoD testing after ACLR. Schot et al. compared GRF for 45° and 90° CoD 

manoeuvres (Schot, Dart et al. 1995). They reported higher second maximum vertical GRF 

(18%) and higher average vertical GRF (17%) with faster running speeds during 45° vs 

90° CoD. They attributed the higher breaking (39%) and lateral propulsion (56%) forces at 

90° to the greater demands of the more acute CoD. Similarly, Havens and Sigward 

demonstrated that the demands of a 90° CoD required greater deceleration and hence 

slower velocity at initial contact than 45° CoD. There was an equal deceleration and 

acceleration during stance phase of a 45° CoD but a much higher deceleration relative to 

acceleration for the 90° CoD. They also demonstrated longer stance time with 90° 

compared to 45° and hypothesized this increased time was used to modulate GRF impulse 

(Havens and Sigward 2015). In the frontal plane mediolateral GRF impulse was greater in 

90° than 45° and greater in the execution step. Mediolateral position of the COM to centre 

of pressure was greater at 90° with peak at midstance in both CoD tests. The study 

highlighted greater breaking and translation required for greater cuts with an even 

proportion of acceleration and deceleration in 45° but heavily deceleration in 90° CoD. 

Deceleration was prioritized with the approach step (penultimate step) with translation key 

during the execution step. Given the greater decelerative demands of 90° CoD it may 

present a more demanding and appropriate test of function after ACLR. 
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Approach speed has been reported to influence knee loading and CoD performance. 

Vanrenterghem et al. analysed female athletes during at 45° CoD  at 2,3,4 and 5 m/s 

(Vanrenterghem, Venables et al. 2012). They found that execution of the pre-set CoD 

angle was poorer as approach speed increased and that peak knee valgus was significantly 

higher at 4 and 5m/s and knee flexion angles at initial contact were greater at 5m/s. They 

also found significantly higher posterior GRF and medial GRF with higher speeds. They 

highlighted that consistent approach speed is important when comparing subjects and 

recommended that approach speed should be 4m/s or higher to appropriately challenge the 

athlete. The literature suggests that higher CoD angles places greater load on the knee and 

generates higher GRF especially with faster approach speeds. A 90° CoD will demand a 

sufficient deceleration and lateral redirection challenge to appropriately challenge the 

rehabilitation status of an athlete post ACLR.  

 

While CoD is common in field sports across a range of angles, it also involves athletes 

making planned and unplanned (in reaction to an external stimulus - be it opponent or the 

ball) CoD manoeuvres. A systematic review by Brown et al. highlighted the importance of 

including CoD, and in particular unplanned CoD movements, in ACL RTP testing and 

screening (Brown, Brughelli et al. 2014). The review outlined differences in knee variables 

between planned and unplanned CoD during stance phase but in particular during weight 

acceptance phase. The results reported small to large increases in knee extension angles, 

small and moderate increases in knee abduction angles and small increases in knee internal 

rotation angles during unplanned CoD. For kinetic variables there were small to large 

increases in knee extension moments, small to moderate increases in knee abduction 

moments and moderate increases in knee internal rotation moment. Almonroeder et al. also 

carried out a systematic review on the effects of anticipation on the mechanics of the knee 

during CoD tasks in athletes (Almonroeder, Garcia et al. 2015). They found mixed results 
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in relation to the sagittal plane variables with 3 studies reporting differences in knee 

flexion angles and knee extension moments and 3 studies reporting no difference. In the 

frontal plane there were 3 studies suggesting increased knee abduction angle with 

unplanned CoD and 3 with no difference but the majority (6 out of 8) demonstrated 

increased knee valgus moments when an unplanned stimulus was introduced. In addition, 

the majority of papers demonstrated increased knee internal rotation angles and internal 

rotation moments with unplanned manoeuvres. The literature suggests that anticipation or 

unplanned CoD may influence knee loading and body posture and given it is ecological 

validity to the open demands that the athlete will return to during sport participation may 

provide valuable information during the rehabilitation and RTP decision making process 

and may identify variables relevant to ACL re-injury risk.  

 

Gaps in the Literature 

This review has highlighted a number of gaps in the literature. Firstly, much of the research 

has focused on the influence of physical testing on re-injury rates without exploring its 

ability to influence RTP rates (especially pain-free RTP rates) or injury to the contralateral 

limb. In addition, restoration of normal levels of biomechanical function compared to the 

non-ACLR limb or normal levels of asymmetry compared to healthy subjects have not 

been explored. Assessing the influence of physical testing across these all these outcomes 

may identify variables that can be targeted to improve results across all of the outcomes.  

 

Within the literature on physical testing after ACLR, much of the focus has been on the use 

of strength and jump measures without exploring the biomechanics of the executed tests. 

The measurement outcomes have focused on the recovery of limb symmetry, which 

although important, neglects the potential importance of assessing absolute levels of 
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strength or power on the ACLR or non-ACLR limb separately. Despite the high prevalence 

of ACL injury during CoD there is no prospective analysis on the influence of 

biomechanics of CoD on primary ACL injury or on its recovery after ACLR. 

Biomechanical analysis of both jump and CoD tests, in conjunction with strength and 

power measures, assessing the limb symmetry and the performance of the ACLR and non-

ACLR limb independently, may identify potentially relevant tests and variables that can be 

targeted during rehabilitation and testing to improve the outcomes.  

 

Within the biomechanical literature relating to physical assessment after ACLR, there a 

number of areas for further exploration and development. Much of the literature has 

utilised discrete point analysis rather than analysing the entire waveform thus discarding 

potentially relevant data in the analysis and increasing the risk of Type 1 and Type 2 error. 

In addition much of the focus has been on analysis of a single joint rather than looking for 

differences throughout the kinetic chain which may influence outcomes. This is 

particularly evident in the focus of the literature on the ability of knee valgus moment 

during double leg drop jump to predict ACL injury. The focus on knee valgus is due to the 

commonly reported movement during mechanism of injury, ACL loading in cadaveric 

studies and a single paper demonstrating its ability to predict primary ACL injury. 

However its predictive ability was not reproduced in subsequent studies and much of the 

biomechanical literature has focused on factors influencing knee valgus moment rather 

than the important outcomes themselves or alternative variables throughout the kinetic 

chain which may influence outcomes. Those studies assessing the predicative ability of 

biomechanical variables have also focused on female athletes despite differences in landing 

mechanics between males and females potentially limiting the translation of results to male 

athletes. Studies looking at the influence of biomechanics on second ACL injury have 

often grouped the ipsilateral and contralateral knee assuming the risk factors would be 
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similar for both and without identifying potentially relevant variables independent to each 

limb. Therefore biomechanical analysis using continuous waveform analysis across the 

kinetic chain in jump and CoD tests may highlight new variables to be targeted during 

rehabilitation. In addition, examining the influence of biomechanics on second ACL injury 

to the ACLR and non-ACLR limb separately may identify variables that are specifically 

relevant to each limb independently and can be targeted accordingly. 

  

2.5 Summary and Thesis Aims 

The review of ACL literature has highlighted the importance of specific outcomes such as 

RTP, PRO and second injury after ACLR. It has also demonstrated the variability in the 

achievement of these outcomes, especially RTP. Potential gaps in the literature relating to 

the use of physical testing, in particular through the use of 3D biomechanics, relating to 

these outcomes have been outlined above. The review has highlighted gaps in our 

knowledge relating to physical testing after ACLR, in particular in male athletes, that if 

explored offer the opportunity to identify variables and tests that can be targeted during 

rehabilitation and RTP testing after ACLR to improve outcomes. Therefore the aim of this 

thesis was to examine the use of 3D biomechanics during jump and CoD testing after 

ACLR to identify differences between limbs (Chapter 4 & 5), differences in symmetry 

compared to healthy subjects (Chapter 6) and then combine these findings with strength 

and power measures and PRO to identify differences between groups relating to RTP 

(Chapter 7) and second ACL injury (Chapter 8) to identify physical factors that could be 

targeted during rehabilitation and assessment to improve outcomes after ACLR.  
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Study specific aims: 

Chapter 4: to identify biomechanical and performance variable differences between 

ACLR and non-ACLR limbs nine months after surgery across a number of jump tests. 

 

Chapter 5: to identify differences in timed performance and biomechanical variables 

through the kinetic chain between the ACLR and non-ACLR limbs during stance phase of 

90° planned and unplanned CoD. The second aim was to identify differences in kinematic 

and kinetic variables, between planned and unplanned CoD for each leg. 

 

Chapter 6: to identify differences in asymmetry of biomechanical and performance 

variables during jump and CoD testing between athletes who were 9 months after ACLR 

and a matched healthy cohort. 

 

Chapter 7: to identify differences in PRO, strength, jump and CoD performance and 

biomechanical variables between those who made a pain free RTP at 9 months post ACLR 

and those who reported not returning because of their operated knee. The second aim of 

this study was to identify differences in PRO, strength, jump and CoD performance and 

biomechanical variables between those who made a pain free RTP and those who returned 

with ongoing symptoms in their operated knee at the same time point.  

 

Chapter 8: to identify differences in PRO, strength, jump and CoD performance and 

biomechanical variables during jump and CoD testing between those who suffered a 

second ACL injury on RTP (to the ACLR or non-ACLR limb) and those who had not 

suffered second injury at least 2 years post-surgery. 
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Chapter 3 Methods 
 

This chapter will outline the methodology used consistently throughout the thesis chapters 

with methods specific to an individual study outlined in the method section of that chapter.  

 

3.1 Participants 

For all of the studies in the thesis, prospective recruitment of consecutive subjects took 

place at the Sports Surgery Clinic, Dublin. All subjects were attending the clinic through 

self or third-party referral after ACL injury and choosing elective surgery for ACLR. A 

clinical service pathway was created, through which orthopaedic knee surgeons were 

recruited, and subsequently directed all their ACL patients through the service. In addition, 

rehabilitation and biomechanical staff were recruited and trained in this clinical pathway to 

ensure consistency of structure with subjects recruited into the study passing through the 

clinical pathway. Once a subject had a diagnosis of ACL rupture confirmed by an 

orthopaedic consultant and had decided to proceed with reconstruction, they were 

considered for enrolment into the project. All subjects included were male athletes, aged 

between 18 and 35 years and were participating in multidirectional field sports (i.e. Gaelic 

Football, Soccer, Hurling, Rugby) at the time of injury. Each had the stated intent prior to 

surgery of returning to the same level of sporting participation. Only primary ACLR were 

included during the recruitment process and subjects selected for each of the studies 

depended on whether they had performed testing at the required time post-surgery 

(Chapters 4-7) or had suffered second ACL injury (Chapter 8). Subjects who required 

multiple ligament reconstructions, meniscal repair or were not returning to multidirectional 

sport were excluded from the study. All subjects had their ACLR performed using a bone 

patellar tendon bone graft or hamstring graft (semitendinosus/gracilis) harvested from the 

ipsilateral limb during reconstruction. The healthy normative cohort recruited for Chapter 6 
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were from sports teams local to the clinic. This cohort were all male, 18-35 years of age 

and playing multidirectional field sports competitively and were matched for age, height 

and mass with the ACLR cohort. They were required to have no prior knee surgery, no 

lower limb injury in 12 weeks prior to testing. All subjects in the studies provided 

informed consent prior to enrolment.  

 

3.2. Ethics 

This cohort study received ethical approval from University of Roehampton, London (LSC 

15/122) and Sports Surgery Clinic Hospital Ethics committee (25-AFM-010). Informed 

consent was acquired from all subjects at inclusion. The study was also registered at 

clinicaltrials.gov (NCT02771548). The ethics statement and consent form are included in 

Appendix A.  

 

3.3. Study Pathway 

3.3.1. Pre-Operative and Intra-operative Data 

Upon consenting to enter the study all ACL subjects completed a pre-operative 

questionnaire outlining details of their sport played, injury mechanism and prior knee 

injury history. In addition, their surgeon completed an intra-operative questionnaire after 

surgery outlining the procedure and graft used and detailing any concurrent injuries 

identified and procedures carried out during surgery. All questionnaires are included in 

Appendix B. 

 

3.3.2. Rehabilitation Pathway 

After surgery, all subjects underwent an accelerated rehabilitation protocol with weight 

bearing as tolerated on crutches for two weeks followed by a progressive strengthening and 
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neuromuscular control programme. The program progressed to include power and 

plyometric drills as competency progressed before advancing to linear running and CoD 

drills as competency and knee symptoms allowed. Due to the geographic spread of 

subjects, rehabilitation was supervised by their local physiotherapist and they were 

reviewed with their orthopaedic surgeon at 2 weeks, 3 months and 6-9 months post-

surgery. As part of their rehabilitation and review process they underwent a battery of 

physical tests at 3, 6 and 9 months post-surgery to chart the progress of their rehabilitation. 

Subjects were advised not to RTP by their orthopaedic surgeon before the 6 month mark 

post-surgery and until rehabilitation was complete. The 3 month review involved video 

analysis of compound movements, single leg landing and isokinetic testing. These results 

were reported back to the subject, physiotherapist and orthopaedic surgeon to chart 

progress made and areas for development but was not included in this study. The review 

protocol scheduled for 6 and 9 months post-surgery included PRO, isokinetic testing of 

quadriceps and hamstring muscles and 3D biomechanical analysis of a jump and CoD test 

battery. 

 

3.3.3. Patient Reported Outcomes 

Prior to completing the test battery at 6 and 9 months all subjects completed the IKDC, 

Marx Activity Scale, ACL-RSI and RTP Questionnaires (Appendix B). All questionnaires 

were filled out on an iPad prior to testing. The RTP questionnaire was developed to record 

the subjects current level of sporting participation at the time of testing and also to identify 

any injury to the operated or non-operated knee. Once the questionnaires were completed 

the testing process began. 

 



 75 

3.3.4. 3D Biomechanical Analysis 

The testing took place in a biomechanics laboratory using an eight-camera motion analysis 

system (200Hz; Bonita-B10, Vicon, UK), synchronized (Vicon Nexus 1.8.5) with two 

force platforms (1000Hz BP400600, AMTI, USA) recording 24 reflective markers (1.4cm 

diameter). To ensure the highest accuracy of data collection, a systematic process was 

created to ensure the consistency of the lab calibration and testing process. All testing staff 

were trained in the calibration and testing protocol and periodically audited to ensure 

consistency of data collection and the training manual is detailed in Appendix C. In 

addition, the consistency of marker placement between assessors was analysed to ensure 

accuracy between staff (Appendix D). Subjects wore their own athletic footwear for use on 

the astroturf surface with reflective markers secured to the shoe or to the skin using tape, at 

bony landmarks on the lower limbs, pelvis and trunk according to the Plug-in-Gait marker 

set. Plug-in-Gait is a well-established and validated model for the biomechanical analysis 

of human movement(Ferrari, Benedetti et al. 2008). It has three marker options which can 

be used for upper body, lower body or whole body analysis. It has been shown to have 

good inter-subject and inter-examiner reliability and reproducibility making it suitable for 

the prospective analysis of large cohorts of subjects. It calculates the kinematic variables 

through the construction of rigid segments using the captured position of reflective markers 

by infra-red cameras. The algorithm then calculates joint centres and segments and 

quantifies the magnitude of movement between these segments in all three planes. The 

pelvis is constructed first and it is then used to calculate the hip joint centre which in turn is 

used to calculated the knee joint centre and so on to the foot. As a result any errors in 

calculation are propagated distally. Kinetic models then apply masses and moments of 

inertia and using the data from the GRF joint kinetic variables are calculated (moments, 

powers and joint reaction forces). Kinetic variables (reported as internal moments) are 

calculated from the ground up and as a result errors are propagated proximally. All kinetic 
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variables were normalized to body mass (Winter 2009.). All other biomechanical variables 

are calculated using these kinetic and kinematic data. A custom MATLAB program 

(MathWorks Inc, Natick, Massachusetts, USA) was used for processing (gap filling and 

waveform screening) and calculating the trunk to pelvis angles and foot to pelvis angle in 

the transverse plane as well as jump height (calculated by impulse-momentum theorem) 

and jump length (distance from heel marker at start to landing spot). The program also 

calculated the distance from the COM to the ankle and knee joint in all 3 planes using a 

combination of the joint and the global system as the reference (Appendix E). Motion and 

force data were low-pass filtered using a fourth-order Butterworth filter (cut-off frequency 

of 15Hz)(Kristianslund, Krosshaug et al. 2012). Low pass filtering is required to remove 

some of the “noise” from the waveforms, in particular the kinetic variables, because errors 

are amplified when differentiating position data for calculating segment accelerations for 

inverse dynamic calculations. 

 

Kinetic and kinematic analysis was carried out for the stance phase of each of the jumps 

and CoD tests (defined by the GRF > 20 newtons) apart from the SLHD where the test 

finished on the force plate so analysis was carried out to the end of the eccentric phase of 

landing (from GRF > 20 newtons until COM power equalled zero). Curves were normalized 

to 101 frames and landmark registered to when COM power reached zero in the Z axis on 

landing for all tests apart from the SLHD which was normalised to maximum peak power 

during eccentric phase. This process aligned the onset of the eccentric phase to 50% of 

the movement cycle across subjects to ensure an appropriate comparison of 

neuromuscular characteristics between limbs and subjects during continuous waveform 

analysis (Moudy, Richter et al. 2018). The mean of each variable for all trials was used in 

analysis.  
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The same assessment protocol was carried out for those subjects after ACLR and the 

matched healthy cohort used in Chapter 6. Subjects undertook a standardised warm-up: a 

two-minute jog, five bodyweight squats, two submaximal and three maximal double leg 

countermovement jumps. The testing protocol included SLCMJ, DLDJ, SLDJ, SLHD, HH 

and planned and unplanned 90° CoD tests. The tests were carried out in sequence to allow 

increasing dynamic challenge throughout the testing process. Each subject underwent two 

sub-maximal practice trials of each movement before test trials were captured and the non-

ACLR limb was always tested first. A 30 second recovery was taken between trials. Three 

valid attempts (i.e. maximal effort and full foot contact on force plate) were recorded for 

each limb with the mean results for the 3 repetitions taken for all variables. The subject’s 

hands were placed on their hips, without obscuring any markers for consistency during 

each of the jump tests. The SLCMJ involved the subject standing on a single leg on the 

force plate and dipping a self-selected depth before jumping as high as possible vertically. 

Only jump height was extracted for analysis in this study. The DLDJ was carried out from 

a 30cm step and the SLDJ was from a 20cm step. A 30cm step was used in the DLDJ as it 

is the most commonly used height across the other studies in the literature(Hewett, Myer et 

al. 2005, Paterno, Schmitt et al. 2010, Kristianslund and Krosshaug 2013, Krosshaug, 

Steffen et al. 2016). The only other test using SLDJ after ACLR used 40cm height 

(Mohammadi, Salavati et al. 2012). However it was felt that this was too high for use 

across a large population post ACLR. Both healthy and ACLR athletes could not 

consistently execute the test from that height during pilot testing. Therefore 20cm was 

selected to produce sufficient dynamic challenge while ensure the test could still be 

executed competently by the vast majority of subjects. During both tests, the subject was 

asked to roll from the step and upon hitting the ground, to jump as high as possible while 

spending as little time as possible on the force plate. For the DLDJ the subject started with 
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their feet approximately hip width apart and landed with one foot on each of the force 

plates. Only the first landing was included for analysis. The hurdle hop (HH) was over a 

15cm hurdle, starting by standing on the leg to be tested then jumping over the hurdle 

towards the contralateral side and then rebound over the hurdle again to the start position. 

The HH has not been used previously in the ACL literature but given the body of evidence 

suggesting the importance of the frontal plane in ACL injury it was selected to provide a 

greater challenge in this plane compared to the other vertically and forward orientated 

jump tests. This height and direction were selected from its use in previous literature in 

looking at asymmetry in elite rugby players and athletes with athletic groin pain (Marshall, 

Franklyn-Miller et al. 2015, Gore, Franklyn-Miller et al. 2018). Only data from the initial 

landing (after first crossing of the hurdle) was used in analysis. The SLHD was a maximal 

horizontal jump forward to land on the force plate. Two prior efforts were used jumping 

off the plate to judge the starting distance for each limb. Only trials where the subject 

jumped onto the plate were recorded. Each subject underwent 2 submaximal trials and 3 

maximal trials carrying out a 90° CoD manoeuvre on each leg. The start line was 5 metres 

from the force plates (Figure 3.1). Speed gates (Smartspeed, Fusion Sport, Chicago, 

Illinois, USA) were used to time each subject with a trigger gate 2 metres from the start 

line and exit gate 2 meters to the left and right of the force plates to indicate the end of the 

manoeuvre. The CoD was timed from the trigger gate to the exit gate for both planned and 

unplanned tests. Planned CoD was carried out first before introducing the added difficulty 

associated with the reaction required to complete the unplanned CoD, to ensure the subject 

could safely execute one before progressing to the next. For both planned and unplanned 

CoD, subjects were instructed to complete the CoD as quickly as possible and to accelerate 

forward through the exit gates after changing direction rather than decelerate or side 

shuffle through. For the planned CoD, subjects ran maximally at the force plate CoD left or 

right while planting their contralateral foot on the force plate (i.e. planting off left foot to 
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CoD right). They carried out the test on the non-operated limb first and then on the 

operated limb. Full foot contact had to be made with the force plate for a valid trial. For the 

unplanned CoD, subjects ran maximally from the start line. When the subject broke the 

trigger gate 2 meters from the start line (and thus 3 meters from the force plate), the left or 

right exit gate automatically lit up signalling the subject to CoD in that direction. The order 

of the CoD direction was randomly assigned and continued until the subject had 3 

successful trials (maximal effort and organize footwork so as to hit the force plate with the 

outside leg to change direction i.e. plant off left leg to turn right) from each leg. Subjects 

could withdraw from testing at any point if they did not feel comfortable carrying out the 

test or did not want to continue. Similarly, the assessor could stop testing if they felt the 

subject could not carry out the task properly (i.e. maximal effort) or safely.  

 

Figure 3.1 Dimensions for planned and unplanned change of direction tests 
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3.3.5. Isokinetic Strength Testing 

Testing of the quadriceps and hamstring muscle groups took place after the biomechanical 

testing at 60°/sec with an initial warm up set of 5 reps followed by two maximal effort sets 

of 5 reps. The highest peak torque during concentric testing for the quadriceps and 

hamstrings as a percentage of body mass was extracted from the latter two tests providing 

the co-efficient of variation was <0.1 to ensure the validity of the test. This protocol was 

selected based on a systematic review of isokinetic testing after ACLR in the literature 

carried out with colleagues (Undheim, Cosgrave et al. 2015). 

3.3.6. Sources of Error/Noise in Data Collection and Reliability/Standard Error Measures 

of the Variables used 

During 3D motion capture data collection there are a number of various sources of error 

and noise within the process that may influence the accuracy of the data that is collected 

and its interpretation in subsequent analysis. Steps taken to minimise the influence of these 

potential sources of error/noise are outlined above and detailed in Lab Manual in Appendix 

C. They include: 

i) The systematic calibration of the lab prior to every testing day to ensure 

accuracy of capture of kinetic and kinematic data as outlined in the lab manual 

ii) The accuracy and repeatability of marker placement across testers. This was 

targeted during a standardized training and testing programme, double checking 

of marker placement by second tester prior to each test and screening data (knee 

rotation) during gait trial prior to the commencement of full testing battery. In 

addition, the accuracy of marker placement was routinely assessed between 

assessors to ensure consistency over time and fell within acceptable limits (SD 

< 5°) for all variables (Appendix D). 
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iii) Marker movement/loss during testing. Adhesive tape and spray were used to 

optimize marker stability. Trials where a marker fell off were counted as invalid 

and repeated. 

iv) Consistency of effort/execution during testing. This was targeted with a 

standardized warm up to prepare the participant for the intensity of testing. In 

addition, there were familiarization/warm up trials for each of the tests to ensure 

that the participant understood the test and could execute appropriately. There 

was a standardized cueing protocol used by all assessors to ensure continuity of 

language, intensity and intent for the participants. Those trials that were not 

executed appropriately (in terms of intent and foot placement on the force 

plates) were deemed invalid and repeated.  

v) Fatigue and decrement in performance through the testing. This was catered for 

through adequate recovery periods between reps and tests so that maximal 

effort could be achieved for each trial. The order of the tests was also kept 

consistent to ensure incremental exposure to intensive tests so any cumulative 

fatigue in spite of the adequate rest between tests and trials would be consistent 

for each test across all participants. 

 

Despite these processes there will always be a degree of variability and error in 3D motion 

capture given the limitations of any model and the inherent variability in human 

movement. To ensure the accuracy of interpretation of results, intra-class correlation (ICC) 

and standard error of measure (SEM) were calculated for each variable within each test 

(intra-test) and between testing days (inter-test; 7 days apart) (see Table 3.1 and 3.2). 

Where any of the studies produced findings where the ICC was below 0.6 or the SEM was 

greater than the difference reported and may have influenced the interpretation of the 

results, it has been highlighted in the relevant discussion sections. 
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Table 3.1 Intra-test Intra-Class Correlation and Standard Error of Measurement of 

Biomechanical Variables  
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Table 3.2 Inter-test Intra-Class Correlation and Standard Error of Measurement of 

Biomechanical Variables  

 

 

3.4. Follow Up 

All ACL subjects were followed up via e-mail or telephone call at 1 and 2 years post-

surgery to fill out the PRO (IKDC, ACL-RSI and Marx Activity Scale) and identify their 

current RTP status as well as any incidence of injury to the operated or non-operated knee 

since surgery. Those that were identified as having suffered a second ACL injury were then 

contacted to fill out an additional pre-operative questionnaire for this injury recording the 

sport and details of the injury mechanism. In addition subjects who returned to their 

orthopaedic surgeon with a second ACL injury before the 1 year follow up, or after the 1 or 
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2 year follow up were asked to fill out the pre-operative questionnaire detailing the second 

injury.  

 

3.5. Statistical Analysis 

For all studies, descriptive statistics was carried out on the demographic data comparing 

groups using SPSS (SPSS, Version 21.0, IBM Corp, Armonk, New249  York, U.S.A.). 

Comparison of the strength, jump and CoD performance and 3D biomechanical data was 

carried out using statistical parametric mapping (SPM) (spm1d version M.0.4.3 

(2017.01.28); http://www.spm1d.org) in MATLAB. SPM was used in particular in the 

biomechanical analysis as use of a 0-dimensional statistical analysis technique to assess 1-

dimensional waveforms and hypotheses does not account for the interdependence of 

adjacent points and may produce overly conservative results(Pataky 2010). Discrete point 

analysis, when testing over 101 points, can therefore potentially produce bias results 

exhibiting type I and type II error by failing to consider sufficient portions of the dataset 

and/or by failing to consider the covariance amongst vector components (Pataky, Robinson 

et al. 2013, Pataky, Vanrenterghem et al. 2015). These issues are resolved by using 

techniques that analyse the entire waveform such as functional data analysis or SPM 

(Pataky, Vanrenterghem et al. 2015). SPM carries out a point by point comparison between 

groups to identify areas of difference across the entire waveform. This enables the 

exploratory analysis of a non-directed hypothesis which can assess differences or areas of 

interest across entire waveforms rather than requiring a directed hypothesis which assesses 

a single data point (discrete point) usually based on prior knowledge. As a result, data 

analysis techniques examining the entire waveform have been recommended ahead of 

discrete point analysis(Crane, Cassidy et al. 2010, Dixon, Stebbins et al. 2013, Ullah and 

Finch 2013). 
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Chapter 4 Biomechanical Differences between Limbs during jump 

testing after ACL Reconstruction 

 

4.1 Introduction  

ACLR has been reported to be effective at restoring function and stability to the knee and 

improving PRO (Carey, Dunn et al. 2009). However, it does not guarantee an athlete will 

RTP and that re-injury will not occur (Ardern, Taylor et al. 2014, Webster and Feller 

2016). This may be due, in part, to the absence of clear criteria identifying the completion 

of physical rehabilitation with respect to strength, power and biomechanics in order to 

successfully RTP (van Melick, van Cingel et al. 2016). Current RTP testing batteries often 

utilise performance outcomes during jumping and hopping tests (e.g. jump height, jump 

length) and focus on the ability to achieve the same height/distance between limbs (i.e. 

symmetry of performance outcome). Rarely do these clinical tests combine analysis of the 

biomechanics (joint angles and forces) used by the athlete to achieve this performance 

outcome with these measures, especially across a battery of tests (Petersen and Zantop 

2013, Mayer, Queen et al. 2015, Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 

2016).  

 

Biomechanical differences between limbs after ACLR have been found in variables 

relating to the knee during gait, running and jumping tasks principally relating to knee 

extension moments and vertical GRF (Gokeler, Hof et al. 2010, Oberlander, Bruggemann 

et al. 2013, Kaur, Ribeiro et al. 2016, Herrington, Alarifi et al. 2017). However, differences 

between limbs across the entire kinetic chain and various jump tests have not been 

examined post ACLR. Previous research has suggested that biomechanical variables 

captured during DLDJ may predict primary as well as secondary ACL injury (Hewett, 
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Myer et al. 2005, Paterno, Schmitt et al. 2010). However, the primary injury analysis was 

in female athletes only. Biomechanical variables, both proximal and distal to the knee (i.e. 

ankle, hip, trunk and COM), have been reported to influence the position of, and load 

transfer across, the knee joint during jumping and CoD activities potentially influencing 

injury risk(Hewett, Myer et al. 2005, Blackburn and Padua 2008, Alentorn-Geli, Myer et 

al. 2009, Donnelly, Lloyd et al. 2012, Havens and Sigward 2015, Havens and Sigward 

2015). Given the role of biomechanics in injury mechanism and performance, any 

assessment of rehabilitation status should include analysis of biomechanical variables 

throughout the kinetic chain, in conjunction with performance variables, to identify 

residual deficits to be targeted during rehabilitation.   

 

When assessing biomechanics, extracting and analysing specific discrete points during the 

eccentric phase of landing, such as the peak knee joint moment and the knee angle at touch 

down, is commonly used in ACL literature (Hewett, Myer et al. 2005, Paterno, Schmitt et 

al. 2010, Kristianslund and Krosshaug 2013, Krosshaug, Steffen et al. 2016). However, 

discrete point analysis has been reported to omit large amounts of data thus missing 

potentially relevant variables and differences (Richter, O'Connor et al. 2014, Pataky, 

Vanrenterghem et al. 2015). In addition, peak values or peak differences between limbs 

may not occur at the same instant in stance thus making comparison potentially 

inappropriate or inconsistent between studies. The focus of ACL literature has tended to be 

on the eccentric phase of landing as it is the most common phase for injury, while analysis 

of the concentric phase might hold meaningful information when assessing rehabilitation 

status after ACLR. Unlike the eccentric phase, the concentric phase contains information 

regarding how the performance outcome is achieved – e.g. impulse momentum in GRF, 

which determines jump height (Cormie, McBride et al. 2009). Restoration of athletic 

performance is important if the athlete is to return to the same level of sporting 
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participation after surgery. Therefore, an analysis of movements through the entire stance 

phase may identify differences between limbs that can be targeted during rehabilitation to 

improve outcomes and suggest variables of interest for future studies analysing factors 

influencing outcomes, such as re-injury and performance on RTP.  

 

The DLDJ is commonly used in ACL literature (Hewett, Myer et al. 2005, Paterno, 

Schmitt et al. 2010, Myer, Martin et al. 2012), yet there is conflicting evidence as to the 

efficacy of this movement in rehabilitation assessment to identify risk factors for ACL 

injury (Krosshaug, Steffen et al. 2016). In addition, it has been suggested that a battery of 

tests may provide a more robust assessment of rehabilitation status than single test 

assessment (Narducci, Waltz et al. 2011, Thomee, Kaplan et al. 2011). Therefore, 

biomechanical analysis across a number of tests may be more appropriate to identify 

deficits between limbs. The SLDJ is less commonly used than the DLDJ, though it may 

have greater ecological validity as ACL injury frequently occurs while in single leg contact 

with the ground (Boden, Sheehan et al. 2010, Walden, Krosshaug et al. 2015). Another 

commonly used assessment in RTP testing after ACLR is the distance achieved when 

performing a SLHD, which has a focus on horizontal force production and absorption 

(Gokeler, Hof et al. 2010, Oberlander, Bruggemann et al. 2013). Challenging landing in the 

frontal plane will replicate some of the physical demands experienced in multidirectional 

sports and offer a different challenge to the vertical (SLDJ/DLDJ) and horizontal impulses 

(SLHD) in other tests (Sell, Ferris et al. 2006). As such, the analysis of a frontal plane HH, 

which will allow the landings to be recorded more easily on force plates (compared to a 

crossover hop test), along with analysis of vertical and horizontal jumping tasks, may 

identify relevant biomechanical differences and deficits between the ACLR and non-

ACLR limbs post-surgery.  
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The aim of this study was to identify biomechanical and performance variable differences 

between ACLR and non-ACLR limbs nine months after surgery across a number of jump 

tests. It was hypothesized that the 3D trunk, hip, knee and ankle joint angles and moments 

would be lower and COM position would be less posterior to the knee on the ACLR limb 

compared to the non-ACLR limb for each of the tests throughout stance phase.  

 

4.2 Methods  

One hundred and fifty-six consecutive eligible subjects were recruited prior to ACLR at the 

Sports Surgery Clinic, Dublin, Ireland with a mean age (± SD) 24.8 years (± 4.8), height 

180 cm (± 8) and mass of 84 kg (± 15.2). The average time of testing was 8.8 months (± 

0.7) post-surgery. The recruitment process is outlined in Chapter 3. Only subjects who 

underwent primary ACLR and were tested approximately nine months after surgery (8-10 

months inclusive) were included in the study. The laboratory set up, marker set and jump 

testing protocol is outlined in Chapter 3. In this study the DLDJ, SLDJ, SLHD and HH 

were analysed.   

 

Custom software (MathWorks Inc, Natick, Massachusetts, USA) was used for processing 

and calculating additional kinematic measures capturing the relationship of trunk on pelvis, 

foot progression angle to pelvis in the transverse plane and distance from the COM 

(calculated using the plug-in-gait model) to the ankle and knee joint in all three planes as 

well as statistical analysis (Appendix E). Performance variables included jump height 

(calculated from vertical velocity at take-off as derived using the impulse-momentum 

relationship), jump length (distance from heel marker at start position to landing position), 

ground contact time and reactive strength index (RSI) (jump height/ground contact time for 

drop jumps). The stance phase was defined by the GRF > 20N for the DLDJ, SLDJ and 
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HH and for the eccentric phase only of the SLHD (from GRF > 20N until COM power = 

0). Curves were normalized to 101 frames and non-linear landmark registered to when 

vertical COM power reached zero to align the start of the concentric phase of the 

movement cycle across subjects to ensure an appropriate comparison of neuromuscular 

characteristics across limbs and participants during a continuous waveform analysis 

(Moudy, Richter et al. 2018). 

For the SLDJ (jump height and RSI) and SLHD (jump length), differences in performance 

variables between limbs were examined using a paired t-test (0d) within the SPM software 

and LSI was calculated by dividing the performance value of the ACLR limb by the non-

ACLR limb and multiplying by 100. Cohen’s D effect size was calculated for each analysis 

(d=0.2-0.49 = small; d=0.5-0.79 = medium; d>0.8 = strong)(Cohen 1988). Between-limb 

differences in biomechanical variables were determined using SPM analysis (1d paired t-

test) over the stance phase. To determine magnitude of significant differences, Cohen’s D 

effect size was calculated in a point-by-point manner and the mean effect size over the 

phase is reported calculated. Phases with significant biomechanical differences (p < 0.05) 

was reported with a Cohen’s D smaller than 0.5 were not reported. Differences are reported 

from the start to the end of the significantly different phase found using the timing (in %) 

within the movement cycle. The % stance at which the greatest difference between limbs 

for each variable took place is also reported. In order to indicate the magnitude of the 

difference between limbs for reported variables both the mean value for each limb over the 

phase of difference and the mean difference between the limbs over the phase are reported. 

The SPM plots for all the biomechanical variables reported can be found in Appendix F. 
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4.3 Results  

From the 156 subjects, data was included from 147 for the SLHD, 155 for the DLDJ, 155 

for the SLDJ and 156 for the HH. Subjects were excluded because of missing markers or 

inappropriate contact with the force plate during that given test.  

 

Biomechanical Differences between Limbs 

Double Leg Drop Jump 

There were a number of biomechanical differences between limbs during the DLDJ (Table 

4.1 & Appendix F). All differences were evident during most of stance phase except for 

hip abduction moment, which occurred between 10-51% and 82-99% of the stance phase. 

The strongest differences (based on effect size) were in knee valgus moment (0.92), knee 

external rotation moment (0.81) and ankle external rotation moment (0.80) with lower 

values on the ACLR side (Figure 4.1). Medium size differences were found for less knee 

internal rotation angle (0.73), hip abduction angle (0.68), knee extension moment (0.51) 

and hip abduction moment (0.50 to 0.52) on the ACLR side. There were also lower vertical 

(0.61) and posterior GRF (0.54) on the ACLR side. The % stance at which the maximum 

between-limb difference occurred for each of the variables during stance phase was not the 

same across the variables and occurred between 20-91% of stance.  
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Table 4.1 Biomechanical differences between limbs during double leg drop jump 

The table reports variables that were different (p<0.05) between limbs with an effect size d>0.5 from the SPM analysis. The variables 

are presented from those with the largest effect size to the smallest. It reports the % of stance over which the difference occurred 

(start/end), the mean value across the identified phase for that variable with standard deviations and 95% CI and the average effect 

size difference across the reported phase. Nm/kg – Newton-meters/Kilogram; N/Kg – Newtons/Kilogram; SD - standard deviation; 95% 

CI - 95% Confidence Intervals; Instant - % stance phase at which difference between the two limbs was greatest; start/end –

beginning/end % stance phase when the difference was greatest between limbs.  

 

 

Figure 4.1 Knee valgus moment between limbs during double leg drop jump. The top panel illustrates the mean and SD clouds for the 

ACLR (red dash) and non-ACLR limbs (black solid). The middle panel illustrates the SPM{t} – the t-statistic as a function of time 

describing the difference between the two limbs. The red line represents the critical threshold and the shaded portion of the curve 

indicates p<0.05 - a significant difference between the limbs. The bottom panel illustrates the effect size as a function of time 

describing the magnitude of the effect. The dotted lines represent the thresholds for Cohen’s d>0.5 and d>0.8. The shaded portion 

indicates that the average Cohen’s d>0.5 with red indicating a large effect size across that phase. 

 
 

Variable Effect	Size Start End
Mean	ACLR	

Side																
(±SD)

95%	CI
Mean	Non	
ACLR	Side	
(±SD)

95%	CI
Mean	

Difference	
(±SD)

95%	CI Instant
Max	

Difference	
(±SD)

95%	CI

Knee	Moment	Frontal	(Nm/kg) 0.92 6 89 6.4	(2.5) 5.6	to	7.1 13	(3.9) 12	to	14 -6.6	(6.2) -6.88	to	-6.38 25 -6.8	(6.4) -7.1	to	-6.57
Knee	Moment	Transverse	(Nm/kg) 0.81 0 97 0.2	(0.4) 0.02	to	0.4 1.6	(0.6) 1.3	to	1.8 -1.4	(1.8) -1.43	to	-1.28 20 -1.4	(1.7) -1.45	to	-1.35
Ankle	Moment	Transverse	(Nm/kg) 0.79 0 97 1.7	(1.1) 1.4	to	1.9 4	(1.9) 3.6	to	4.3 -2.2	(2.3) -2.38	to	-2.14 27 2.6	(2.7) -2.73	to	-2.44

Knee	Angle	Transverse	(º) 0.73 0 100 15.9	(2.1) 14.4	to	17.4 23.9	(2.1) 22.2	to	25.5 -8	(10.6) -8.17	to	-7.89 27 -9.6	(11.1) -9.7	to	-9.4
Hip	Angle	Frontal	(º) 0.68 0 92 -4.1	(0.9) -3.3	to	-4.8 -7.6	(0.8) -6.9	to	-8.4 3.6	(6) 3.55	to	3.6 64 5.1	(7.2) 5.08	to	5.18

Vertical	Ground	Reaction	Force	(N/kg) 0.61 5 99 12	(2.3) 11.6	to	12.3 14.2	(2.6) 13.8	to	14.6 -2.2	(2.1) -2.21	to	-2.17 80 -2.2	(1.8) -2.29	to	-2.18
A-P	Ground	Reaction	Force	(N/Kg) 0.54 17 91 -0.56	(0.3) 0.5	to	-0.65 -1	(0.3) -0.9	to	1.1 0.42	(0.4) 0.41	to	0.42 78 0.4	(0.4) 0.38	to	039
Knee	Moment	Sagittal	(Nm/kg) 0.51 6 88 15.5	(4.3) 14.7	to	16.3 19.6	(4.9) 18.7	to	20.6 -4.2	(5.7) -4.26	to	-4.1 31 -5.6	(7.5) -5.77	to	-5.41
Hip	Moment	Frontal	(Nm/kg) 0.52 10 51 1.1	(1.8) 0.4	to	1.7 3.8	(2.3) 3.1	to	4.6 -2.8	(4.3) -2.8	to	-2.75 17 -3.6	(5.1) -3.6	to	-3.56
Hip	Moment	Frontal	(Nm/kg) 0.50 82 99 1	(1.6) 0.6	to	1.4 2.8	(1.8) 2.4	to	3.3 -1.8	(2.6) -1.86	to	-1.8 91 -2.4	(3.3) -2.45	to	-2.42
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Single Leg Drop Jump 

There were a number of biomechanical differences between limbs in the SLDJ (Table 4.2). 

The largest differences (effect size) were reduced knee valgus moment (0.74) (Figure 4.2) 

and reduced posterior COM distance to the knee (0.74) on the ACLR side throughout 

stance phase. There were also medium effect size differences for less knee extension angle 

(0.67), less hip extension angle (0.55) during end of stance phase and greater ankle 

dorsiflexion angle (0.51) for most of stance phase on the ACLR side. Finally, there was 

less external ankle rotation moment (0.67), knee internal rotation angle (0.64), hip internal 

rotation moment (0.56) and knee external rotation moment (0.54) on the ACLR side 

throughout most of stance phase. The % stance of maximum between-limb difference 

occurred at different percentages of the stance phase for each of the variables, from 32% to 

100% of stance phase. 

 

Table 4.2 Biomechanical differences between limbs during a single leg drop jump 

 

The table reports variables that were different between limbs with an effect size d>0.5 from the SPM analysis. It reports the % of 

stance over which the difference occurred (start/end), the mean value across the identified phase for that variable with standard 

deviations and 95% CI and the average effect size difference across the reported phase. Nm/kg – Newton-meters/Kilogram; mm – 

millimeters; SD - standard deviation; 95% CI - 95% Confidence Intervals; Instant - % stance phase at which difference between the two 

limbs was greatest; start/end –beginning/end % stance phase when the difference was greatest between limbs.  

 

Variable Effect	Size Start End
Mean	ACLR	

Side																
(±SD)

95%	CI
Mean	Non	
ACLR	Side	
(±SD)

95%	CI
Mean	

Difference	
(±SD)

95%	CI Instant
Max	

Difference	
(±SD)

95%	CI

Knee	Moment	Frontal	(Nm/kg) 0.74 4 87 13.4	(3.4) 12.4	to	14.3 20	(4.3) 18.9	to	21 -6.5	(7.5) -6.7	to	-6.49 68 -8.8	(9.5) -8.95	to	-8.63
COM	to	Knee	Sagittal	(mm) 0.74 0 87 -20.7	(5.5) -16.7	to	-24.5 -41.2	(5.3) -37.7	to	-44.7 20.5	(26.6) 20.1	to	20.9 53 26.4	(30) 25.4	to	27.3
Knee	Angle	Sagittal	(º) 0.67 92 100 11	(2.2) 10.1	to	11.9 7	(2.5) 6.1	to	7.8 4	(5.7) 3.97	to	4.06 100 5.7	(5.9) -8.16	to	-8

Ankle	Moment	Transverse	(Nm/kg) 0.67 6 85 4.1	(1.5) 3.6	to	4.5 6.6	(1.9) 6.1	to	7.1 2.5	(3.6) -2.63	to	-2.43 47 -3.9	(5.4) -4.06	to	-3.73
Knee	Angle	Transverse	(º) 0.64 0 96 17.1	(2.2) 15.6	to	18.5 23.8	(2) 22.2	to	25.5 -6.8	(11.5) -6.93	to	-6.62 53 -8.1	(12.8) -8.16	to	-8

Hip	Moment	Transverse	(Nm/kg) 0.56 0 79 -3.8	(0.7) -3.5	to		-4 -5	(0.9) -4.7	to	-5.3 1.3	(2.1) 1.21	to	1.29 42 2.3	(3.5) 2.21	to	2.3
Hip	Angle	Sagittal	(º) 0.55 85 100 19.5	(2) 18.4	to	20.6 15.6	(2.5) 14.5	to	16.6 4	(5.5) 3.88	to	3.97 100 6.1	(5.9) 5.87	to	6.28

Knee	Moment	Transverse	(Nm/kg) 0.54 0 86 1.4	(0.6) 1.2	to	1.7 2.6	(0.8) 2.3	to	2.9 -1.1	(2.5) -1.19	to	-1.06 68 -1.7	(3.5) -1.8	to	-1.6
Ankle	Angle	Sagittal	(º) 0.51 0 91 14	(1.9) 13.1	to	14.9 17.2	(1.9) 16.3	to	18.1 -3.2	(4.7) 3.97	to	4.06 52 -4.3	(5.9) -4.3	to	-4.28
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Figure 4.2 Difference in knee valgus moment between limbs during single leg drop jump. The top panel illustrates the mean and SD 

clouds for the ACLR and non-ACLR limbs. The middle panel illustrates the SPM{t} – the t-statistic as a function of time describing the 

difference between the two limbs. The red line represents the critical threshold and the shaded portion of the curve indicates p<0.05 - 

a significant difference between the limbs. In the bottom panel the dotted lines represent the thresholds for Cohen’s d>0.5 and d>0.8. 

The shaded portion indicates that the average Cohen’s d>0.5 with red indicating a large effect size across that phase. 

Single Leg Hop for Distance 

There were a number of biomechanical differences between limbs in the SLHD throughout 

eccentric phase of landing (Table 4.3). Those with large effect sizes differences were less 

posterior COM to knee distance (0.82) (Figure 4.3) and less knee valgus moment on the 

ACLR side (0.80). Medium effect size differences included less knee internal rotation 

(0.61) less hip abduction angle (0.60), hip internal rotation moment (0.59), ankle external 

rotation moment (0.59) and ankle eversion moment (0.51) on the ACLR side. There was 

also less dorsiflexion angle on the ACLR side (0.50) and less knee flexion (0.55) 

throughout landing. The % stance of greatest difference was inconsistent between variables 

but was more frequent in the latter half of the eccentric part of landing (42%-100%). 
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Table 4.3 Biomechanical differences between limbs during a single leg hop for distance  	  

 

The table reports variables that were different between limbs with an effect size d>0.5 from the SPM analysis. It reports the % of 

stance over which the difference occurred (start/end), the mean value across the identified phase for that variable with standard 

deviations and 95% CI and the average effect size difference across the reported phase. Nm/kg – Newton-meters/Kilogram; mm – 

millimeters; SD - standard deviation; 95% CI - 95% Confidence Intervals; Instant - % stance phase at which difference between the two 

limbs was greatest; start/end –beginning/end % stance phase when the difference was greatest between limbs.  

 

 

Figure 4.3 Difference in position of COM posterior to knee between limbs during single leg hop for distance. Top panel illustrates the 

mean and SD clouds for the ACLR and non-ACLR limbs. The middle panel illustrates the SPM{t} – the t-statistic as a function of time 

describing the difference between the two limbs. The red line represents the critical threshold and the shaded portion of the curve 

indicates p<0.05 - a significant difference between the limbs. The bottom panel illustrates the effect size as a function of time 

describing the magnitude of the effect. The dotted lines represent the thresholds for Cohen’s d>0.5 and d>0.8. The shaded portion 

indicates that the average Cohen’s d>0.5 with red indicating a large effect size across that phase.	

 

 

 

Variable Effect	Size Start End
Mean	ACLR	

Side																
(±SD)

95%	CI
Mean	Non	
ACLR	Side	
(±SD)

95%	CI
Mean	

Difference	
(±SD)

95%	CI Instant
Max	

Difference	
(±SD)

95%	CI

COM	to	Knee	Sagittal	(mm) 0.82 0 100 -103.7	(5.8) -98	to	-103.8 -133.7	(7.2) -128.5	to	-138.9 30.5	(29.8) 30.4	to	30.5 100 40.2	(35.3) 39.4	to	41
Knee	Moment	Frontal	(Nm/kg) 0.80 22 100 17.2	(1.7) 15.9	to	18.5 25.3	(2.1) 23.8	to	26.9 -8.1	(10.4) -8.4	to	-7.9 42 -10.2	(12.3) -10.6	to	-9.8

Knee	Angle	Transverse	(º) 0.61 0 100 15.1	(2.8) 13.6	to	16.6 21.7	(2.9) 20	to	23.4 -6.6	(9.9) -6.8	to	-6.47 100 -8.2	(11.8) -8.38	to	-8.09
Hip	Angle	Frontal	(º) 0.60 29 100 2.3	(1.1) 1.4	to	3.3 -1.3	(0.9) -0.4	to	-2.2 3.6	(6.6) 3.6	to	3.64 66 4.2	(6.7) 4.16	to	4.2

Angle	Moment	Transverse	(Nm/kg) 0.59 24 100 0.33	(0.5) 0.1	to	0.6 1.4	(0.6) 1.1	to	1.7 -1.1	(2.1) -1.14	to	-1.02 81 -1.3	(2.4) -1.4	to	-125
Hip	Moment	Transverse	(Nm/kg) 0.59 3 100 -4.2	(1) -3.9	to	-4.8 -5.9	(1.1) -5.5	to	-6.2 1.6	(2.9) 1.61	to	1.68 55 2.4	(4) 2.33	to	2.51

Knee	Angle	Sagittal	(º) 0.55 9 100 46.7	(3.5) 45.2	to	48.3 52.2	(3.2) 50.8	to	53.6 -5.4	(6.4) -5.32	to	-5.52 100 -7.9	(8.4) -7.69	to	-8.21
Ankle	Moment	Frontal	(Nm/kg) 0.51 11 100 -0.17	(0.41) -0.46	to	0.1 0.83	(0.46) 0.5	to	1.2 -1	(2.7) -1.04	to	-0.96 82 -0.96	(2.5) -0.97	to	-0.95

Ankle	Angle	Sagittal	(º) 0.50 0 100 4.9	(2.5) 3.9	to	5.8 8.7	(2.2) 7.7	to	9.6 -3.7	(4.4) -3.75	to	-3.78 100 -5.1	(5.7) -5.15	to	-5.07
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Hurdle Hop 

The HH had the fewest number of variables with between-limb differences but these 

variables were common with all the other tests (Table 4.4). These include less knee valgus 

moment (0.74) (Figure 4.4), less ankle external rotation moment (0.59), and less knee 

internal rotation angle (0.59) on the ACLR side. In addition, the COM was more anterior to 

the knee (0.61) on the ACLR side. The % stance of maximum difference between variables 

was spread from 26% to 57% stance phase. 

 

Table 4.4 Biomechanical differences between limbs during a hurdle hop 

 

The table reports variables that were different between limbs with an effect size d>0.5 from the SPM analysis. It reports the % of 

stance over which the difference occurred (start/end), the mean value across the identified phase for that variable with standard 

deviations and 95% CI and the average effect size difference across the reported phase. Nm/kg – Newton-meters/Kilogram; mm – 

millimeters; SD - standard deviation; 95% CI - 95% Confidence Intervals; Instant - % stance phase at which difference between the two 

limbs was greatest; start/end –beginning/end % stance phase when the difference was greatest between limbs.  

 

 

Figure 4.4 Differences in knee valgus moment between limbs during hurdle hop. The top panel illustrates the mean and SD clouds for 

the ACLR and non-ACLR limbs. The middle panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference 

Variable Effect	Size Start End
Mean	ACLR	

Side																
(±SD)

95%	CI
Mean	Non	
ACLR	Side	
(±SD)

95%	CI
Mean	

Difference	
(±SD)

95%	CI Instant
Max	

Difference	
(±SD)

95%	CI

Knee	Moment	Frontal	(Nm/kg) 0.74 17 81 13.9	(2.8) 12.8	to	15 20.6	(3.3) 19.4	to	21.8 -6.7	(8.5) -6.79	to	-6.61 56 -10.2	(12.5) -10.2	to	-10.1
COM	to	Knee	Sagittal	(mm) 0.61 0 95 12	(5.9) 8.7	to	15.3	 -3	(5.1) -6.2	to	0.3 15	(23.6) 14.9	to	15 26 17.6	(25.2) 17.6	to	17.6
Knee	Angle	Transverse	(º) 0.59 0 100 16.5	(2.1) 15	to	18 22.8	(2.3) 21.2	to	24.5 -6.3	(11.1) -6.51	to	-6.13 57 -7.7	(12.9) -7.87	to	-7.59

Ankle	Moment	Transverse	(Nm/kg) 0.59 18 79 5.9	(1.3) 5.3	to	6.4 8.3	(1.6) 7.7	to	8.9 -2.4	(4.1) -2.5	to	2.4 45 -3.4	(5.7) -3.55	to	-3.37
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between the two limbs. The red line represents the critical threshold and the shaded portion of the curve indicates p<0.05 - a 

significant difference between the limbs. The bottom panel illustrates the effect size as a function of time describing the magnitude of 

the effect. In the bottom panel the dotted lines represent the thresholds for Cohen’s d>0.5 and d>0.8. The shaded portion indicates 

that the average Cohen’s d>0.5 with red indicating a large effect size across that phase. 

Jump performance differences between limbs 

The DLDJ jump height was 23.8cm (± 4.8) and RSI was 0.83 (± 0.25). Overall results for 

the single leg jumps including mean, standard deviation and 95% CI are reported (Table 

4.5). There were significant differences between limbs (p < 0.001) for height jumped and 

RSI in the SLDJ with large effect sizes and distance jumped for the SLHD with a small 

effect size. LSI for the SLDJ was 79% (± 21%) and 78% (± 34%) for the jump height and 

RSI respectively and 94% (± 19%) for the SLHD. 

 
Table 4.5 Jump performance results for single leg drop jump and single leg hop for 

distance 

 

cm – centimeter; CI – confidence interval; SD – standard deviation; LSI – limb symmetry index 

 

4.4 Discussion  

This study identified biomechanical differences between limbs throughout the kinetic chain 

during DLDJ, SLDJ, SLHD and HH tests 9 months after ACLR. Between-limb differences 

in internal knee valgus moment, knee internal rotation angle and ankle external rotation 

moment were reported for all the tests. In the sagittal plane the COM position relative to 

the knee was different between limbs for all the single leg tests. The percentage of stance 

when the difference between limbs was greatest was not the same between variables and 

Effect	Size Mean	ACLR	Side																
(±SD)

95%	CI Mean	Non	ACLR	Side	
(±SD)

95%	CI LSI	(±SD)

Single	Leg	Drop	Jump
Height	(cm) 0.81 10.8	(3.3) 10.2	-	11.35 13.7	(3.2) 13.2-14.2 79%	(21)

Reactive	Strength 0.73 0.31	(0.12) 0.29-0.32 0.4	(0.13) 0.38-0.42 78%	(34)
Single	Leg	Hop
Distance	(cm) 0.36 141.4	(26.1) 137	-	145.8 150.5	(23.8 146.5	-	154.5 94%	(19)
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tests across both the concentric and eccentric phases. Findings demonstrated that the 

between-limb effect size difference was greater for the SLDJ jump height than for the 

SLHD jump distance. 

 

Biomechanical Differences Between Limbs 

Between-limb biomechanical differences were found through the kinetic chain and at 

different phases of the movement cycle during each of the examined jump tests. There 

were a number of variables, which indicated significant between-limb difference in all of 

the tests. These differences during stance are potentially due to insufficient restoration of 

function after surgery. Internal knee valgus moment was lower in the ACLR limb across all 

the jumps and was consistently the variable with the largest effect size. External knee 

valgus moment (internal varus moment) has been suggested to be a predictor variable in 

ACL injury(Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010). However, in this study 

the subject group demonstrated an internal knee valgus moment in all tests throughout 

nearly all of stance phase. Despite the absence of external knee valgus moment, the 

difference between limbs in frontal plane moments with lower internal valgus moments on 

the ACLR limb, may leave the limb more susceptible to external valgus moments on RTP 

in an open environment suggesting incomplete rehabilitation and potential injury risk.  

 

Knee internal rotation angle was different between-limbs in all tests with less internal knee 

rotation (tibia internally rotated relative to femur) on the ACLR limb. The largest effect 

size difference was reported in the DLDJ. Knee rotation has been shown to influence ACL 

strain in cadaver studies with reduced internal rotation reducing ACL strain (Markolf, 

Burchfield et al. 1995). Ankle external rotation moment was also different between limbs 

for each of the tests (lower values on the ACLR side). This moment may result from, or 
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may contribute to, the rotation asymmetries seen at the knee joint as they are coupled 

movements. 

 

Asymmetry of knee extensor moments has been suggested to be a risk factor for second 

ACL injury (Paterno, Ford et al. 2007) and knee extensor strength deficits are commonly 

found on the ACLR side (Petersen, Taheri et al. 2014). Extensor asymmetry was evident in 

this cohort in the DLDJ where the ACLR limb had lower knee extension moments between 

6-88% and lower vertical GRF between 5-99% which suggests an unloading of the limb. 

Similar findings have been reported in knee extension moments and vertical GRF during 

DLDJ testing 9 months after ACLR, with hip and ankle variables compensating for the 

knee (Ernst, Saliba et al. 2000). Knee extension moment deficits during SLHD have been 

reported previously 6 months post ACLR, but there was no between-limb difference for 

knee extension moment for the single leg tests in this study though the COM was moved 

closer to the knee in the sagittal plane in them all. This may have been accomplished 

through a combination of trunk, pelvis or hip flexion or maintaining a more extended knee 

position, as seen in the SLHD. Although these variables did not meet the threshold of 

medium effect size difference for any one variable, they may have combined to reduce the 

demand on the knee extensors by shortening the extensor moment arm as demonstrated in 

previous research (Oberlander, Bruggemann et al. 2012, Oberlander, Bruggemann et al. 

2013). The reduced extensor capacity on the ACLR side was also evident in the SLDJ 

where there was significantly less hip and knee extension angle during the latter stages of 

push off highlighting that deficits between limbs are evident throughout stance phase and 
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suggest insufficient or incomplete rehabilitation that may have a negative influence on 

outcomes and performance after ACLR.   

 

A one-dimensional data analysis technique, SPM, was used to assess the between-limb 

differences in joint angles and moments over the full duration of the stance phase of the 

tests. Past research has focused on specific discrete magnitudes/times points, for example 

at initial contact, peak GRF or at maximum knee valgus, to assess the athlete’s ability to 

absorb momentum in landing (Hewett et al., 2005, Kristianslund et al., 2013, Paterno et al., 

2010). However, this method of analysis is vulnerable to type I error by failing to assess 

large portions of the stance phase (Pataky, Vanrenterghem et al. 2015). Maximum 

differences may not occur at a specific point in stance or during the eccentric or concentric 

phase of the jump only, therefore SPM allowed the study hypotheses to be explored 

appropriately. The study demonstrated that the maximum difference between joint 

variables occurred at different % of stance phase within a test and at different % stance for 

the same variable between tests. For example, peak knee valgus moment occurred at 25% 

of ground contact time for the DLDJ, 68% for the SLDJ, 42% for the SLHD (equivalent of 

21% in rest of tests as eccentric phase only) and 56% for HH. This suggests it may be more 

appropriate to analyse variables across waveforms rather than at preordained discrete 

points, for example at initial contact or within the first 10% of landing to ensure 

appropriate comparison between limbs and variables and identify potentially relevant 

differences throughout stance phase as the differences may not have been evident at these 

times.  

 

Performance Differences Between Limbs 

Jump height and jump distance tests were included as they are commonly included in 

rehabilitation and RTP protocols to assess rehabilitation status after ACLR. The results of 
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this study supported the hypothesis that there would be a between-limb difference in the 

jump performance of the single-limb tests. Despite the fact that the SLHD is more 

commonly used in ACLR testing literature (Abrams, Harris et al. 2014), it demonstrated 

differences with only small effect sizes between the two limbs compared to the large effect 

sizes evident in the SLDJ. With an ES of 0.81 the same magnitude of difference between 

limbs in subjects 9 months after ACLR can be expected to be found in over 70% of those 

tested. In addition, the LSI between limbs for the SLHD was >90%, thus reaching 

appropriate levels in RTP (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 

2016) whereas the LSI for the SLDJ was <80% LSI for both jump height and RSI. This 

supports previous findings that commonly used ACLR tests are not equivalent and may not 

identify functional deficits after reconstruction (Thomee, Neeter et al. 2012).  

 

Limitations 

This study investigated differences in performance and biomechanics between limbs for a 

battery of jump tests. The study was carried out on a specific cohort of subjects potentially 

limiting the generalizability of the findings to other groups such as female athletes and 

those not involved in multidirectional sports. The analysis of biomechanical variables 

across the kinetic chain in a battery of jump tests creates the potential that “over-analysis” 

may occur (i.e. carrying out analysis on multiple tests and variables thus finding significant 

differences that may not be relevant). However, this paper is exploratory in nature as there 

is an absence of research examining differences throughout the stance phase and across a 

number of tests within the same cohort of subjects. The inclusion of medium and large 

effect size differences only, attempted to identify only those differences of largest 
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magnitude to highlighting variables of greatest clinical and research interest despite the 

multiple analyses. 

 

4.5 Conclusion  

This study demonstrated biomechanical differences throughout the kinetic chain, and 

performance differences between limbs nine months post ACLR. Biomechanical 

differences were found between limbs with lower internal knee valgus moments, ankle 

external rotation moments and knee rotation angles on the ACLR side for much of the 

stance phase for all the tests. The position of the COM was less posterior to the knee on the 

ACLR side on the single leg tests. The % stance phase of the maximum difference between 

limbs was different between variables and tests across both the concentric and eccentric 

phases, suggesting analysis of the entire waveform is important for appropriate comparison 

of function between limbs after ACLR. Results suggest that the SLDJ may identify greater 

jump height/length deficits between limbs than SLHD, which may over-estimate 

rehabilitation status. These findings demonstrate the importance of including 

biomechanical analysis through stance phase during assessment of jump tests after ACLR. 

In Chapter 5 the biomechanical differences between limbs during planned and unplanned 

CoD will be examined.  
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Chapter 5 Biomechanical Differences between Limbs during 

Change of Direction testing after ACL Reconstruction 

 

5.1 Introduction  

CoD is one of the most common mechanisms of injury (up to 50%) to the ACL of the knee 

in high demand field sports (Alentorn-Geli, Myer et al. 2009). However, there is a paucity 

of scientific literature on biomechanical risk factors for primary or secondary ACL injury 

during CoD. It has been reported that when athletes RTP differences exist between limbs in 

strength and power as well the biomechanical variables during jump and landing tasks 

relating to deficits on the ACLR side(Myer, Martin et al. 2012, Richter, O'Malley et al. 

2018). However, no study has yet examined biomechanical differences between limbs 

during CoD as athletes return after ACLR. As such differences between limbs that may 

reflect incomplete rehabilitation of the ACLR limb in variables and which may influence 

outcomes relating to return to sport and re-injury have not been identified.  

 

Movement of the whole body can influence knee loading during CoD in healthy, 

previously non-injured subjects. GRF magnitude and moment arm (Kristianslund and 

Krosshaug 2013, Sigward, Cesar et al. 2015), hip abduction angle (Kristianslund and 

Krosshaug 2013, Sigward, Cesar et al. 2015), hip internal rotation angle (McLean, Huang 

et al. 2005, Sigward, Cesar et al. 2015), foot rotation/placement (Dempsey, Lloyd et al. 

2007, Dempsey, Lloyd et al. 2009, Kristianslund and Krosshaug 2013), trunk rotation/side 

flexion (Dempsey, Lloyd et al. 2007, Jamison, Pan et al. 2012, Frank, Bell et al. 2013) and 

position of the COM relative to stance leg and direction of travel (Donnelly, Lloyd et al. 

2012) have all been reported to increase external knee valgus moment, a variable which 

has been proposed to predict primary ACL injury in female athletes (Hewett, Myer et al. 
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2005). Furthermore, many of the above-mentioned measures, have been identified as being 

evident during video analysis of ACL injurious events involving CoD (Boden, Dean et al. 

2000, Olsen, Myklebust et al. 2004, Cochrane, Lloyd et al. 2007, Krosshaug, Nakamae et 

al. 2007). Research analysing agility and CoD tests after ACLR have focused on the timed 

performance of the tests, in particular between-limb (reconstructed against non-

reconstructed) task completion time differences (Myer, Schmitt et al. 2011, Kyritsis, Bahr 

et al. 2016). Full body biomechanical analysis may highlight differences between limbs 

that can be targeted during rehabilitation and suggest variables of interest when assessing 

individuals’ subsequent re-injury risk. 

 

The influence of planned and unplanned CoD on biomechanics has not been analysed after 

ACLR. Recent systematic reviews have indicated that non-injured subjects performing an 

unplanned CoD demonstrate an increase in variables associated with ACL injury risk, 

compared to a planned CoD task (Brown, Brughelli et al. 2014, Almonroeder, Garcia et al. 

2015). Analysis of differences between the two tests could identify variables that are 

indicative of increased risk of ACL injury during unplanned CoD after ACLR influencing 

its inclusion in RTP testing batteries. In addition, differences in biomechanical variables 

between limbs during CoD tasks may alter depending on whether the CoD is planned or 

unplanned. The presence of common or varying differences between limbs in both tests 

may influence the decision as to whether an athlete is ready to RTP and indicate if either or 

both tests are suitable for inclusion in RTP testing.  

 

The first aim of this study was to identify differences in timed performance and 

biomechanical variables through the kinetic chain between the ACLR and non-ACLR 

limbs during stance phase of a 90° planned and unplanned CoD. The second aim was to 

identify differences in kinematic and kinetic variables, between planned and unplanned 
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CoD for each leg. The hypothesis tested was that there would be differences in joint 

kinematic and kinetic variables between ACLR and non-ACLR limb for each test with 

deficits on the ACLR side relating to incomplete rehabilitation. In addition, there would be 

differences between planned and unplanned tests for both limbs, in variables previously 

associated with ACL injury mechanism, during unplanned testing.  

 

5.2 Methods  

The same cohort was examined that was used in Chapter 4 with the laboratory set up, 

marker set and testing protocol outlined in Chapter 3. In this study the planned and 

unplanned 90° CoD were examined. Subjects could withdraw from testing at any point if 

they did not feel comfortable carrying out the test or did not want to continue. Similarly, 

the assessor could stop testing if they felt the subject could not carry out the task properly 

(i.e. maximal effort) or safely. The mean of each variable for the three trials was used in 

analysis. The same kinetic and kinematic variables were included that were analysed in 

Chapter 4. 

 

To examine between-limb and between-test differences in performance measures for the 

planned and unplanned CoD, ground contact time, total CoD time and forward COM 

velocity at initial contact were analysed using a 0d SPM 2 x 2 ANOVA (Limb: ACLR, 

non-ACLR x test: planned, unplanned). Cohen’s D effect size was calculated for each of 

the performance variables which were significantly different (p < 0.05)(d=0.2-0.49 = 

small; d=0.5-0.79 = medium; d>0.8 = strong)(Cohen 1988). To examine between limb and 

between test differences in the kinematic and kinetic measures, SPM (1d ANOVA) was 

carried out over 100% stance for the ankle, knee and hip joint angles and moments in three 

dimensions and the additional segment angles (trunk and foot to pelvis) and COM to ankle 
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and knee distances. To account for variations caused by differing COM velocity at initial 

contact, kinematic and kinetic variables were regressed against COM velocity at initial 

contact (in a point-by-point manner) and the residuals of the regression were compared 

between the ACLR and non-ACLR limb and planned and unplanned CoD test (using a 1d 

SPM ANOVA; Figure 5.1) over the entire stance phase (Pataky, Vanrenterghem et al. 

2015). Analysis was carried out on both sets of waveforms where COM velocity at initial 

contact was and was not accounted for.  

 

 

 

Figure 5.1 Regression of knee angle in the sagittal plane against approach speed at initial contact. The top graph demonstrates the 

mean and standard deviation of the ACLR and non ACLR limbs with the colour bar below demonstrating the regression against impact 

velocity (blue for negative and red for positive). The middle graph plots the regression of knee angle against impact velocity (with the 

% of stance phase indicated at the top of the graph). A high regression with velocity indicates that the variable is associated with speed 

while no regression indicates that the variable is not associated with speed. For example, at 12% of stance, the knee flexion angle is 

moderately and negatively associated with speed, indicating that the knee tends to become more extended as speed increases while 

at 34% stance, there is no association with speed, finally at 85% stance, the knee angle tends to be weakly positively associated with 

speed, a more flexed angle tends to occur at higher speeds. The bottom graph demonstrates the revised curves when the residual is 

subtracted from the mean displaying the adjusted knee angle which highlights no difference in knee angle between limbs when 

velocity is accounted for.  
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If differences were found, the beginning and end of the time period over which significant 

difference occurred, the mean difference throughout that phase and the mean value for 

each limb for that variable across that phase were reported. To determine magnitude 

of significant differences, Cohen’s D effect size was calculated in a point-by-point manner 

and the average reported across that phase of difference. Biomechanical differences with 

a Cohen’s D smaller than 0.5 were not reported.  

 

5.3 Results  

One hundred and forty-seven subjects out of the cohort of 156 had complete data for both 

CoD tests for analysis. Nine subjects did not have required data for one or other tests (e.g. 

missed force plate, missing markers, did not complete the assessment) and so could not be 

included for analysis of that specific test. The ANOVA indicated no interaction effect but a 

main effect for limb and test for all analysis. The findings reported are for the data not 

adjusted for COM velocity at initial contact, as findings were consistent between analyses.  

 

Performance Analysis 

There was no difference in overall completion time and ground contact times for the 

planned and unplanned CoD between the ACLR and non-ACLR limbs (Table 5.1). The 

ACLR limb demonstrated significantly slower COM velocity at initial contact with small 

effect sizes in both the planned and the unplanned CoD (p < 0.001; 0.43).  

Between tests, there were significant differences with a large effect size for completion 

time (p < 0.001; 0.73), and small effect size differences for ground contact time (P < 0.001; 

0.35) and COM velocity at initial contact (p < 0.001; 0.34) with shorter times and faster 

COM velocity at initial contact during the planned CoD.
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Table 5.1 Performance variables for planned and unplanned change of direction. 

 

SD – standard deviation; CI – confidence interval; m/s – metres per second; s – seconds; ACLR – anterior cruciate ligament reconstruction;  

 

Biomechanical Analysis 

Biomechanical differences between limbs  

There were a number of biomechanical differences between limbs throughout stance phase 

in the planned and unplanned CoD tests (Table 5.2; Appendix G). The difference with the 

largest effect size was less internal knee valgus moment on the ACLR limb in the middle 

of the stance phase (19-85%; 0.72). There was less knee flexion angle (19-84%; 0.57), 

ankle external rotation moment (19-83%; 0.56), knee external rotation moment (19-82%; 

0.54), knee extension moment (15-91%; 0.50) as well as less knee internal rotation angle 

throughout all of stance phase (0-100%; 0.56) on the ACLR side.  

 

Table 5.2 Biomechanical difference between limbs during planned and unplanned change 

of direction. 

 

The table reports variables that were different between limbs during planned and unplanned CoD with an effect size d>0.5 from the SPM 

 analysis. It reports the % of stance over which the difference occurred (start/end) and the mean value across the identified phase  

for that variable with standard deviations and 95% CI. SD – standard deviation; CI – confidence interval; ACLR – anterior cruciate ligament 

reconstruction; Nm – Newton-meters; Kg – kilogram;  

 

Test Variable	 ACLR	Mean	(±SD) 95%	CI Non-ACLR	Mean	(±SD) 95%	CI
Completion	Time	(s) 1.44	(0.13) 1.42	to	1.46 1.45	(0.13) 1.43	to	1.48

Ground	Contact	Time	(s) 0.33	(0.05) 0.33	to	0.34 0.32	(0.05) 0.33	to	0.35
COM	velocity	at	Initial	Contact	(m/s) 2.63	(0.32) 2.58	to	2.69 2.72	(0.39) 2.72	to	2.83

Completion	Time	(s) 1.53	(0.12) 1.51	to	1.56 1.56	(0.14) 1.52	to	1.58
Ground	Contact	Time	(s) 0.35	(0.05) 0.34	to	0.36 0.36	(0.05) 0.36	to	0.37

COM	velocity	at	Initial	Contact	(m/s) 2.54	(0.12) 2.49	to	2.59 2.68	(0.3) 2.63	to	2.73

Performance	Variables	for	Planned	and	Unplanned	Change	of	Direction

Planned															

Unplanned									

Variable Direction Start End ACLR	(±SD) 95%	CI Non-ACLR	(±SD) 95%	CI Effect	Size
Knee	Abduction	Moment	(Nm/Kg) Valgus 19 85 5.6	(6.7) 4.6	to	6.5 11.9	(9.2) 10.5	to	13.4 0.72

Knee	Angle	Sagittal	(º) Flexion 19 84 55.3	(8.6) 53.9	to	56.7 60.3	(8.4) 58.6	to	62 0.57
Ankle	Moment	Transverse	(Nm/Kg) External	Rotation	 19 83 -0.2	(2.3) -0.4	to	0.01 1.9	(4.6) 1.6	to	2.4 0.56

Knee	Angle	Transverse	(º) Internal	Rotation 0 100 16.2	(10.8) 15.5	to	16.9 22.6	(11) 21.6	to	23.5 0.56
Knee	Moment	Transverse	(Nm/Kg) External	Rotation 19 82 0.52	(1.9) 0.3	to	0.8 2.4	(4.3) 2	to	2.8 0.54
Knee	Moment	Sagittal	(Nm/Kg) Extension 15 91 17.1	(8.7) 15.4	to	18.9 21.6	(8.7) 19.6	to	23.7 0.50
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Biomechanical differences between tests 

There were a number of biomechanical differences between the planned and unplanned 

CoD for both the ACLR and non-ACLR limbs (Table 5.3; Appendix G). The largest effect 

size difference was a reduced pelvis rotation in the direction of travel throughout stance 

phase during the unplanned CoD (0-100%; 0.75). In addition, the COM was closer to the 

stance limb in relation to the ankle (0-56%; 0.58) in the frontal plane through the eccentric 

phase of stance during the unplanned CoD. There was lower posterior GRF during the 

unplanned CoD (23-100%; 0.52) and greater hip abduction during the unplanned CoD (49-

100%; 0.50) for both limbs. 

 

Table 5.3 Biomechanical differences between planned and unplanned change of direction 

for ACLR and Non-ACLR limbs 

 

The table reports variables that were different between tests for the ACLR and Non-ACLR limbs with an effect size d>0.5 from the SPM 

analysis. It reports the % of stance over which the difference occurred (start/end) and the mean value across the identified phase for that 

variable with standard deviations and 95% CI. SD – standard deviation; CI – confidence interval; COM – centre of mass; ACLR – 

anterior cruciate ligament reconstruction; N – Newtons; Kg – kilogram; mm - millimetre. 

 

5.4 Discussion  

This study demonstrated that biomechanical differences throughout the kinetic chain exist 

between limbs during CoD tasks 9 months after ACLR, despite no difference in CoD 

performance time. During a maximal effort CoD these asymmetries are consistent between 

planned and unplanned CoD, reflecting deficits on the ACLR side, regardless of approach 

speed. Biomechanical differences exist for both limbs between planned and unplanned 

Variable Direction Start End Planned		(±SD) 95%	CI Unplanned		(±SD) 95%	CI Effect	Size

Pelvis	Angle	Transverse	(º) Contralateral	Rotation 0 100 38.7	(12.1) 37.7	to	39.6 29.2	(11.1) 28	to	30.3 0.75
COM	to	Ankle	Frontal	(mm) Contralateral	 0 56 440	(51) 438	to	442 407	(59) 404	to	409 0.58

Ground	Reaction	Force	(N/Kg) Posterior 23 100 -5.3	(1.5) -4.6	to	-6 -4.6	(1.3) -3.9	to	-5.2 0.52
Hip	Angle	Frontal	(º) Abduction 49 100 -19.5	(6.5) -19.1	to	-20 -22.5	(6.5) -22	to	-23 0.5

Biomechanical	Differences	Between	Tests	(ACLR	and	Non-ACLR	Combined)
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CoD in variables that have been previously associated with ACL injury mechanism during 

unplanned CoD.  

 

Differences in Timed Performance 

Timed performance during CoD tests has been used previously as a measure of 

rehabilitation status after ACLR (Myer, Paterno et al. 2006, Kyritsis, Bahr et al. 2016). 

There was no difference in overall time to CoD between limbs for the planned and 

unplanned CoD 9 months after ACLR. This agrees with previous data that demonstrated 

bipedal tasks (such as run and cut) do not demonstrate between-limb differences that exist 

during single tasks (such as SLHD) (Myer, Schmitt et al. 2011). However, there were 

differences in the biomechanical variables to achieve the task. The COM had a lower 

velocity at initial contact on the ACLR limb for both planned and unplanned CoD despite 

the same overall execution time. The slower velocity at initial contact on the ACLR limb 

may reflect a poorer ability to deal with the higher demands at initial contact 

(Vanrenterghem, Venables et al. 2012) or reflect reduced confidence in its ability to 

execute the CoD compared to the non-ACLR limb. It may occur due to greater deceleration 

on the non-ACL limb on the penultimate step prior to CoD in order to offload when 

stepping off the ACL limb (Havens and Sigward 2015) and may be a useful outcome 

measure during rehabilitation. These results question the appropriateness of using 

performance time as a rehabilitation measure due to the ability of the body to compensate 

to execute the task and the existence of biomechanical asymmetries between limbs in the 

presence of similar performance times.  

 

Biomechanical Difference between Limbs 

The analysis reported no interaction effect but a main effect of limb highlighting the 

asymmetry in task execution was irrespective of whether it was a planned or unplanned 
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CoD. Differences were found in the sagittal plane with less knee flexion and less knee 

extension moment on the ACLR side and in the frontal/transverse planes with lower knee 

valgus moment, ankle external rotation moment and knee internal rotation angle and 

external rotation moment for both tests on the ACLR side. Many of these differences 

between limbs have been identified previously in jumping and landing tasks at a similar 

time after surgery (Chapter 4).  

 

After initial contact, the ACLR limb demonstrated less internal knee valgus moment after 

20% of stance phase. This is evident with the other coupled movement differences – less 

knee internal rotation angle and knee and ankle external rotation moment on the ACLR 

limb, and of these, internal knee rotation has been demonstrated to increase strain on the 

ACL (Berns, Hull et al. 1992, Fleming, Renstrom et al. 2001, Hame, Oakes et al. 2002, 

Meyer and Haut 2008, Shimokochi and Shultz 2008). However, the less internal knee 

varus moment may suggest the ACLR limb has a lower threshold before transitioning to  

external knee valgus moments during CoD and reflect insufficient redevelopment of frontal 

plane control during rehabilitation. This ongoing difference between limbs was evident 

across the jump tests in Chapter 4 and may influence the susceptibility to re-injury on 

return to higher-level activity.  

 

The ACLR limb had less knee flexion throughout most of stance phase for both tests. In 

addition, the ACLR limb had a lower knee extension moment throughout the same phase 

of stance. A more extended knee position has been commonly reported in ACL injury 

mechanism literature (Alentorn-Geli, Myer et al. 2009) and attributed to the greater 

anterior tibial shear (Markolf, Burchfield et al. 1995, Li, Defrate et al. 2005) and 

unopposed pull of the quadriceps in this position thus leaving the ACLR limb more at risk 

of injury (Herzog and Read 1993). Reduced knee extension moment on the ACLR limb 
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has been reported previously in jump testing and has been linked with ongoing quadriceps 

strength differences (Lewek, Rudolph et al. 2002, Schmitt, Paterno et al. 2012). This 

reduction in extension capacity during the stance phase of the CoD tests may be reflected 

in the slower COM velocity at initial contact and may contribute to the ACLR knee 

maintaining a more extended position through stance and was also reflected in similar 

differences through the jump tests in Chapter 4 especially the DLDJ.  This combination of 

offloading ACLR limb by reducing approach speed and the deficits in frontal/transverse 

plane control may influence re-injury susceptibility on return their chosen sports. The 

results suggest that these variables are different between limbs for both tests highlighting 

potential areas to be targeted during rehabilitation. It also suggests that when assessing for 

biomechanical asymmetries after ACLR to assess rehabilitation status or to identify 

variables, which may influence return to sport or re-injury outcomes that the planned and 

unplanned CoD tests provide similar results.   

 

Biomechanical Differences between Planned and Unplanned Change of Direction 

Previous research in non-injured athletes has reported that joint and segment mechanics 

differ when executing a planned and unplanned CoD tests (Brown, Brughelli et al. 2014, 

Almonroeder, Garcia et al. 2015). This is consistent with the results of this study where no 

interaction effect was found but a main effect of task suggesting that differences between 

tests were consistent for both tests and were due to the task demand. These differences also 

persisted when COM velocity at initial contact was considered, suggesting that they are 

related to CoD task demands. Many of the differences in the unplanned CoD were in 

variables associated with ACL injury mechanism or risk factors associated with ACL 

injury. Increased ipsilateral pelvis rotation (i.e. reduced rotation in the direction of intended 

travel) was found in unplanned CoD for both limbs and has been shown to increase 

external knee valgus moments during CoD (Dempsey, Lloyd et al. 2009, Jamison, Pan et 
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al. 2012, Frank, Bell et al. 2013) and has been previously demonstrated between tests in 

healthy subjects (Dempsey, Lloyd et al. 2009, Mornieux, Gehring et al. 2014). The 

position of the COM relative to the ankle was also different between the tests indicating a 

systematic change in movement to meet the task demands. In the unplanned CoD, the 

COM was closer towards the stance leg, a mechanism that is commonly observed during 

CoD ACL injury (Alentorn-Geli, Myer et al. 2009). Donnelly et al. demonstrated in silico 

that a more medial position of COM relative to stance leg and in the direction of intended 

travel reduced external knee valgus loading(Donnelly, Lloyd et al. 2012). In addition, 

increased hip abduction angle has also been shown to increase external knee valgus 

moments during CoD and was greater during the unplanned CoD for both limbs in this 

study (Sigward and Powers 2007, Kristianslund, Faul et al. 2014, Sigward, Cesar et al. 

2015). There was higher posterior GRF for both limbs during the planned CoD and may 

reflect greater ability to decelerate while changing direction during planned CoD which 

may contribute to the faster CoD times during planned CoD. These results demonstrated 

that there are biomechanical differences between planned and unplanned CoD testing after 

ACLR and those variables in unplanned CoD have been previously associated with ACL 

injury mechanism and risk factors. This should be considered when choosing to include 

unplanned CoD during rehabilitation and RTP testing after ACLR.   

None of the differences between limbs and between tests reported changed when velocity 

was accounted for in analysis, supporting the validity of maximum effort trials in exposing 

biomechanical differences between limbs after ACLR during planned and unplanned CoD 

testing.  

 

Limitations 

The testing in this study was carried out using a 90° angle. CoD angle has been 

demonstrated to influence biomechanics with greater angles increasing knee valgus 
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moment thus limiting comparison to other studies using different angles. A 90° CoD task 

requires greater deceleration and is more of a challenge than 45° CoD and is highly 

prevalent in ACL injury therefore was decided it would be more appropriate for analysis in 

this cohort (Havens and Sigward 2015). The plug in gait model that was used to generate 

kinetic and kinematic data was originally developed for clinical analysis of walking and 

there may be more suitable models for use in highly dynamic tasks such as CoD (Besier, 

Sturnieks et al. 2003, Vanrenterghem, Gormley et al. 2010, Robinson, Donnelly et al. 

2014). The fixed order of testing between tasks and limbs for the planned CoD was to 

provide a graduated neuromuscular challenge during testing after ACLR but may have 

facilitated familiarisation effects that could have influenced study findings. 

 

5.5 Conclusion  

This is the first study to examine kinetics and kinematics during planned and unplanned 

CoD after ACLR. Biomechanical differences between ACLR and non-ACLR limbs exist at 

9 months after surgery despite no difference in CoD performance time, questioning the use 

of test time alone rather than with respect to mechanics, as a measure of rehabilitation 

status. Differences between limbs were consistent between planned and unplanned CoD 

and may have relevance to future injury risk. Differences between tests on both the ACLR 

and non-ACLR limbs demonstrated variables associated with increased knee loading and 

ACL injury mechanism during unplanned CoD. Given that differences have been identified 

in Chapter 4 and Chapter 5 between limbs during jump and CoD testing after ACLR, 

future work should examine if this magnitude of asymmetry between limbs after ACLR is 

different to healthy, previously uninjured athletes reflecting incomplete rehabilitation of 

normal movement post ACLR.  
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Chapter 6 Differences in Biomechanical Asymmetry during Jump 

and Change of Direction testing between healthy athletes and 

those after ACL Reconstruction 

 

6.1 Introduction 

ACLR is recommended for athletes who have suffered ACL injury and are intending to 

return to sports involving landing, pivoting and CoD (Myklebust and Bahr 2005). Despite 

the restoration of joint stability, RTP and avoidance of re-injury is not guaranteed (Ardern, 

Taylor et al. 2014, Paterno, Rauh et al. 2014). Asymmetry between limbs with respect to 

strength, power and movement patterns develops after ACL injury and subsequent 

reconstruction (Decker, Torry et al. 2002, Myer, Martin et al. 2012, Xergia, Pappas et al. 

2013, Goerger, Marshall et al. 2015, Lepley 2015, Zwolski, Schmitt et al. 2015) and has 

been reported to persist after athletes have returned to play (Myer, Martin et al. 2012, 

Schmitt, Paterno et al. 2012, Xergia, Pappas et al. 2013, Schmitt, Paterno et al. 2015). 

Jump, landing and CoD tests are commonly used to assess rehabilitation status and to 

inform RTP decision making after ACLR(Myer, Paterno et al. 2006, Grindem, Snyder-

Mackler et al. 2016, Kyritsis, Bahr et al. 2016, Dingenen and Gokeler 2017). These tests 

assess the restoration of lower limb power and explosiveness in movements commonly 

performed in field sports and replicate the most common ACL injury mechanisms 

(Narducci, Waltz et al. 2011, Thomee, Kaplan et al. 2011, Grindem, Snyder-Mackler et al. 

2016, Kyritsis, Bahr et al. 2016). It has been recommended that a group of tests rather than 

a single test should be used when assessing rehabilitation status after ACLR. To guide 

rehabilitation and optimise RTP outcomes, asymmetry in performance (jump height, jump 

length, CoD times) of healthy subjects (usually within 10% between-limb difference) has 
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been used previously as a benchmark for completed rehabilitation (Myer, Paterno et al. 

2006, Petersen and Zantop 2013, Xergia, Pappas et al. 2013, Abrams, Harris et al. 2014, 

Kyritsis, Bahr et al. 2016). The achievement of a normal level of performance asymmetry 

(i.e. <10%) across a battery of tests has been associated with a reduced risk of subsequent 

injury after ACLR(Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). 

However assessing asymmetry of performance measures alone is limited as the movement 

strategy used to achieve the result is not analysed and to date no comparison of 

biomechanical asymmetry between ACLR and healthy subjects exists in the literature.  

 

Biomechanical differences between limbs have been demonstrated throughout the kinetic 

chain during jump, gait, running and CoD tests after ACLR (Gokeler, Hof et al. 2010, 

Oberlander, Bruggemann et al. 2013, Kaur, Ribeiro et al. 2016, Herrington, Alarifi et al. 

2017). These differences are particularly evident in the sagittal (knee extension angle and 

moment) and frontal planes (knee valgus moment) of the knee joint(Gokeler, Hof et al. 

2010, Oberlander, Bruggemann et al. 2013, Kaur, Ribeiro et al. 2016, Herrington, Alarifi et 

al. 2017). Biomechanical variables in the sagittal and frontal planes have been associated 

with primary ACL injury and asymmetry of biomechanical variables associated with 

second injury after ACLR(Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010). 

Previous research has demonstrated between limb differences in biomechanical variables 

during jump testing (DLDJ, SLDJ, and SLHD as well as CoD testing (planned and 

unplanned 90° cuts) nine months after ACLR (Gokeler, Hof et al. 2010, Orishimo, 

Kremenic et al. 2010). These between limb differences were often in the presence of 

normal performance symmetry as joints proximal and distal to the knee compensate to 

generate the required performance(Oberlander, Bruggemann et al. 2013). However it is not 

known if this level of asymmetry reflects incomplete rehabilitation and if the magnitude of 

asymmetry is different compared to healthy subjects. Proximal and distal variables to the 
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knee (trunk, COM, hip and ankle) have been reported to influence loading across the knee 

potentially influencing knee injury risk (Blackburn and Padua 2008, Donnelly, Lloyd et al. 

2012, Havens and Sigward 2015, Havens and Sigward 2015). Although ACL injury 

generally occurs during the eccentric phase of stance(Alentorn-Geli, Myer et al. 2009), 

differences between limbs have been demonstrated during different parts of stance phase 

and factors influencing jump performance are mostly found in the concentric phase 

(Cormie, McBride et al. 2009).  Any biomechanical comparison between ACLR and 

healthy subjects should therefore include variables proximal and distal to the knee and 

examine the entire stance phase. Examining differences in asymmetry between groups in 

both jump and CoD tests may provide a more complete analysis of return to normal 

function after ACLR and identify biomechanical as well as performance measures to be 

targeted during rehabilitation that may influence outcomes after RTP.   

 

The aim of this study was to identify differences in asymmetry of biomechanical and 

performance variables during jump and CoD testing between athletes who were 9 months 

after ACLR and a matched healthy cohort. The hypothesis was that there would be greater 

asymmetry across the kinetic chain for all the tests in the ACLR group in the sagittal and 

frontal planes.  

 
6.2 Methods 

One hundred and fifty six eligible subjects were recruited to form the ACLR group in this 

case-control study. They were the same cohort who were examined in Chapter 4 and 

Chapter 5. A matched healthy cohort (NORM) of 62 subjects were recruited from 

multidirectional field sports teams locally from December 2014 to August 2016. The 

NORM cohort excluded anyone who did not play multidirectional field sport, those with 

previous ACL injury, previous knee injury that required surgery and those who had any 
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lower limb injury in the previous 12 weeks. Both groups were matched for age, gender, 

height and mass. The laboratory set up, marker set and testing protocol is outlined in 

Chapter 3. In this study the DLDJ, SLDJ, SLHD and planned and unplanned 90° CoD were 

examined.  

 

Three valid attempts (maximal effort and full foot contact on force plate) were recorded for 

each limb. Each of the tests were explained to the subjects in advance and they could 

decline being tested on any test in the sequence if they did not want, or were not able, to 

carry out the test. The assessor could stop testing at any point if they felt the subject could 

not carry out the test properly or without injury. The non-ACLR limb and the dominant 

limb (the limb with which the subject stated they could kick a ball furthest) were assessed 

first for each of the tests for the ACLR and NORM groups respectively. The mean results 

for the 3 valid repetitions was used for all variables.  

Differences in age, mass and height between groups were calculated using an independent 

t-test (SPSS, Version 21.0, IBM Corp, Armonk, New249  York, U.S.A.). The magnitude of 

asymmetry between limbs was calculated using the root mean square difference between 

the dominant and non-dominant limb for the NORM group and the ACLR limb and the 

non-ACLR limb for the ACLR group for the performance and at every percentage of 

stance for the biomechanical variables (Cabral, Resende et al. 2016). Difference in 

asymmetry of performance (jump height and length and time to perform CoD) between the 

NORM and ACLR groups was examined using SPM (0d, non-parametric unpaired t test; p 

< 0.05). To determine magnitude of significant differences, Cohen’s D effect size was 

calculated (d>0.2-0.5 = small; d>0.5-0.79 = medium; d>0.8 = strong) (Cohen 1988). For 

the biomechanical variables the magnitude of asymmetry for each group was plotted in a 

point by point manner throughout stance and difference in asymmetry between ACLR and 

NORM groups was examined using SPM (1d non-parametric unpaired t test)(Pataky, 
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Vanrenterghem et al. 2015). The mean effect size was reported across identified phases 

with significant differences, with phases with Cohen’s D smaller than 0.5 excluded. Data 

processing and SPM were performed using MATLAB (R2015a, MathWorks Inc., USA). 

The time points between which there was a significant difference in asymmetry between 

both groups, the mean effect size and mean magnitude of asymmetry for both groups 

across that phase were reported.  

6.3 Results 

There was no significant difference between the 62 subjects in the NORM group and the 

156 subjects in the ACLR group with respect to age (24.7 years ± 3.9 vs 24.8 years ± 4.2; p 

= 0.87), height (183cm ± 6.2 vs 180cm ± 11.8; p = 0.06) and mass (82.9Kg ± 9 vs 84.5Kg 

± 15.6; p = 0.43). There were valid trials suitable for analysis for 58 NORM and 145 

ACLR for DLDJ, 57 NORM and 145 ACLR for SLDJ, 57 NORM and 137 ACLR for 

SLHD, 54 NORM and 137 ACLR for the planned and 48 NORM and 134 ACLR for the 

unplanned CoD. Subjects were excluded from analysis in specific tests where valid trials 

were not available due to missing or invalid kinetic or kinematic data after processing. 

Graphs presented in the results are for the variable with the largest effect size difference for 

each test with graphs for the rest of the reported variables included in Appendix H. 

 

Double Leg Drop Jump 

There was a significant difference in asymmetry between the ACLR and NORM groups for 

a number of kinetic and kinematic variables with greater asymmetry in the ACLR group 

for each variable (Table 6.1; Appendix H). For the GRF, there was greater asymmetry (% 

of stance; effect size) in vertical (35-100%; 0.71; Figure 6.1), medial (95-100%; 0.62) and 

posterior directions (67 – 85% and 90-100%; 0.6 and 0.62) in the ACLR group compared 

to the NORM group. At the ankle, there was greater asymmetry in eversion moment (94-
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100%; 0.62), plantarflexion moment (70-99%; 0.59) and external rotation moment (16-

80%; 0.51). At the hip there were greater differences in the extension moment in early 

stance (16-26%; 0.6) and flexion angle in later stance (94-100%; 0.57). At the knee, there 

was greater asymmetry of knee valgus moment in the ACLR group through most of middle 

of stance (15-78%; 0.5). 

 

Table 6.1 Difference in asymmetry between NORM and ACLR groups during double leg 

drop jump  

 

The table reports variables that were difference in asymmetry between the NORM and ACLR groups with an effect size d>0.5 from the 

SPM analysis for the double leg drop jump. It reports the % of stance over which the difference occurred (start/end) and the mean value 

across the identified phase for that variable with standard deviations and 95% CI. SD – standard deviation, NORM – normal, ACLR – 

anterior cruciate ligament reconstruction, CI – confidence interval, Kg – kilogram, N – newton, Nm – newton-metre. 

 

 

 

 

 

Variable Direction Start End Mean	NORM	(±	SD) 95%	CI Mean	ACLR	(±	SD) 95%	CI Effect	Size

Ground	Reaction	Force	(N/Kg) Vertical 35 100 1.3	(1.3) 1.2	to	1.5 2.6	(0.9) 2.4	to	2.9 0.71
Ground	Reaction	Force	(N/Kg) Medial 95 100 0.04	(0.03) 0.01	to	0.06 0.07	(0.03) 0.05	to	0.07 0.62
Ankle	Moment	Frontal	(Nm/Kg) Eversion 94 100 0.07	(0.05) 0.03	to	0.1 0.15	(0.12) 0.13	to	0.18 0.62

90 100 0.07	(0.05) 0.05	to	0.1 0.12	(0.05) 0.11	to	0.14 0.6
67 85 0.28	(0.21) 0.27	to	0.3 0.47	(0.1) 0.42	to	0.52 0.57

Hip	Moment	Sagittal	(Nm/Kg) Extension 16 26 4.3	(2.1) 4.1	to	4.6 7.8	(2.3) 7	to	8.6 0.60
Ankle	Moment	Sagittal	(Nm/Kg) Plantarflexion 70 99 1.7	(1.1) 1.4	to	2 3.1	(1.3) 2.8	to	3.4 0.59

Hip	Angle	Sagittal		(º) Flexion 94 100 2.2	(1.9) 2.1	to	2.3 3.5	(0.3) 3.2	to	3.9 0.57
Ankle	Moment	Transverse	(Nm/Kg) External	Rotation 16 80 2.3	(2) 2.2	to	2.5 3.7	(1.2)	 3.3	to	4.2 0.51
Knee	Moment	Frontal	(Nm/Kg) Valgus 15 78 6.1	(5.3) 5.8	to	6.5 9.2	(2.2) 8.2	to	10.2 0.50

Differences	in	Asymmetry	betweeen	NORM	and	ACLR	groups	-	Double	Leg	Drop	Jump

Ground	Reaction	Force	(N/Kg) Posterior
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Figure 6.1 Difference in magnitude asymmetry of vertical GRF between NORM and ACLR groups during double leg drop jump. The top 

panel illustrates the mean and SD clouds for the ACLR (red) and non-ACLR limbs (black) in the ACLR group as a reference for the 

movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the ACLR (red) and NORM (black) groups. The 

third panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference between the two groups. The bottom 

panel illustrates the effect size as a function of time describing the magnitude of the effect. The shaded portion of the SPM curve 

indicates p<0.05 and that a significant difference exists between the groups. The shaded portion of the bottom panel indicates and 

average Cohen’s d>0.5 with red indicating a strong effect size throughout that phase. The between-limb asymmetry was significantly 

different with a large effect size from 35-100% of stance, the in latter part of the eccentric phase until take-off. The ACLR group was 

more asymmetrical than the NORM group. 

 

Single Leg Drop Jump 

There was a significant difference with large effect size in jump height asymmetry between 

the NORM and ACLR groups with greater asymmetry in the ACLR group (0.94; Figure 

6.2). The ACLR group had an average asymmetry of 3.2cm (± 1.8)  between limbs while 

the NORM group had an asymmetry of 1.4cm (± 1.3) between limbs. Where differences in 

asymmetry were found in the biomechanical variables, the ACLR group was more 

asymmetrical than the NORM group in all cases (Table 6.2). Medium effect size 

differences were evident in posterior (95-100%; 0.69), lateral (91-100%; 0.69) and vertical 

(42-88%; 0.67) GRF. Greater asymmetry was also found in knee flexion angle (17-78% 

and 92-100%; 0.61 and 0.71), posterior position of COM relative to knee (17-82%; 0.68) 
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as well as knee extension moment (32-71%; 0.52) through the middle of stance phase in 

the ACLR group. In addition, hip flexion angle (91-100%; 0.61) at the end of stance phase 

and ankle external rotation moment (23-84%; 0.53) and plantarflexion angle (22-74%; 0.5) 

in the middle of stance phase were different between the two groups. 

Table 6.2 Difference in asymmetry between NORM and ACLR groups during single leg 

drop jump 

 

The table reports variables that were difference in asymmetry between the NORM and ACLR groups with an effect size d>0.5 from the 

SPM analysis for the single leg drop jump. It reports the % of stance over which the difference occurred (start/end) and the mean value 

across the identified phase for that variable with standard deviations and 95% CI. COM – centre of mass, SD – standard deviation, 

NORM – normal , ACLR – anterior cruciate ligament reconstruction, CI – confidence interval, mm – millimetre Kg – kilogram, N – 

newton, Nm – newton-metre, Kg - kilogram. 

 

 

  

Figure 6.2 Difference in asymmetry of jump height between NORM (black) and ACLR (red) groups during single leg drop jump. Bold 

black line indicates median, dash black line indicates mean. There was a large effect size difference in jump asymmetry between 

groups (ES 0.94) with greater asymmetry in the ACLR group. cm - centimetre.	

 

 

Variable Direction Start End Mean	NORM	(±	SD) 95%	CI Mean	ACLR	(±	SD) 95%	CI Effect	Size

17 78 3.6	(1.1) 3.6	to	3.7 6.8	(0.9) 5.9	to	7.6 0.61
92 100 2.77	(1) 2.6	to	3 5.8	(1.1) 5.1	to	6.4 0.71

Ground	Reaction	Force	(N/Kg) Posterior 95 100 0.06	(0.05) 0.02	to	0.1 0.12	(0.05) 0.11	to	0.14 0.69
Ground	Reaction	Force	(N/Kg) Lateral 91 100 0.09	(0.05) 0.04	to	0.11 0.14	(0.05) 0.13	to	0.16 0.69
COM	to	Knee	Sagittal	(mm) Posterior 17 82 15.4	(6) 15.1	to	15.8 30.3	(3.9) 26.8	to	33.8 0.68

Ground	Reaction	Force	(N/Kg) Vertical 42 88 1.5	(0.8) 1.3	to	1.6 2.7	(0.9) 2.5	to	3 0.67
Hip	Angle	Sagittal	(º) Flexion 91 100 3.7	(0.8) 3.6	to	3.7 6.2	(0.8) 5.5	to	6.9 0.61

Ankle	Moment	Transverse	(Nm/Kg) External	Rotation 23 84 2.6	(1) 2.4	to	2.7 4.3	(1.1) 3.8	to	4.8 0.53
Knee	Moment	Sagittal	(Nm/Kg) Extension 32 71 6.2	(2) 6.0	to	6.3 9.7	(1.7) 8.7	to	10.8 0.52

Ankle	Angle	Sagittal	(º) Dorsiflexion 22 74 3.5	(1.1) 3.4	to	3.5 5.4	(0.7) 4.8	to	6 0.50

Differences	in	Asymmetry	betweeen	NORM	and	ACLR	groups	-	Single	Leg	Drop	Jump

Knee	Angle	Sagittal	(º) Flexion
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Single Leg Hop for Distance 

There was no significant difference in asymmetry of jump length between the two groups 

(p = 0.10; 0.23). There was greater asymmetry in the NORM group for ankle eversion 

moment during early stance (7-19%; 0.72; Table 6.3; Figure 6.3). All other reported 

variables demonstrated greater asymmetry in the ACLR group, mostly in the sagittal plane. 

There was a medium effect size difference between groups in posterior position of COM to 

knee (22-100%; 0.70), knee flexion angle (16-100%, 0.51), hip extension moment (35-

43%, 56-69% and 87-100%; all 0.50) as well as ankle dorsiflexion angle (12-27% and 67-

100%; both 0.50) through most of the eccentric phase of landing. There was also greater 

asymmetry in knee valgus moment (66-92%; 0.52) in the frontal plane in the ACLR group.  

 

Table 6.3 Difference in asymmetry between NORM and ACLR groups during single leg hop 

for distance 

  

The table reports variables that were difference in asymmetry between the NORM and ACLR groups with an effect size d>0.5 from the 

SPM analysis for the single leg hop for distance. COM – centre of mass, SD – standard deviation, NORM – normal, ACLR – anterior 

cruciate ligament reconstruction, CI – confidence interval, mm – millimetre, Kg – kilogram, Nm – newton-metre.  

Variable Direction Start End Mean Normal (± SD) 95% CI Mean ACLR (± SD) 95% CI Effect Size
Ankle Moment Frontal (Nm/Kg) Eversion 7 19 1.15 (0.65) 0.73 to 1.57 0.71 (0.5) 0.62 to 0.81 -0.72

COM to Knee Sagittal (mm) Posterior 22 100 20.72 (1.31) 20.4 to 20.9 3.2 (1.9) 2.86 to 3.47 0.70
Knee Moment Frontal (Nm/Kg) Valgus 66 92 6.4 (1) 6.19 to 6.68 9.8 (0.7) 8.7 to 10.9 0.52

Knee Angle Sagittal (º) Flexion 16 100 4.3 (1.6) 4.1 to 4.4 7.1 (1.7) 6.2 to 8 0.51
35 43 6.7 (3.7) 6.4 to 6.7 11 (2.4) 9.7 to 12.4 0.51
56 69 5.7 (2.3) 5.4 to 6 9.6 (1.9) 8.2 to 10.9 0.50
87 100 4.6 (1.3) 4.5 to 4.7 7.35 (1.9) 6.5 to 8.2 0.50

Dorsiflexion 12 27 3.7 (1.6) 3.2 to 4.1 6 (3.1) 5.3 to 6.7 0.50
Dorsiflexion 67 100 3.9 (0.5) 3.9 to 4 5.9 (0.5) 5.2 to 6.6 0.50

Hip Moment Sagittal (Nm/Kg) Extension

Ankle Angle Sagittal (º)
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Figure 6.3 Difference in asymmetry of ankle eversion moment between NORM and ACLR groups during single leg hop for distance. The 

top panel illustrates the mean and SD clouds for the ACLR (red) and non-ACLR limbs (black) in the ACLR group as a reference for the 

movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the ACLR (red) and NORM (black) groups. The 

third panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference between the two groups. The shaded 

portion of the SPM curve indicates p<0.05 and that a significant difference exists between the groups. The bottom panel illustrates the 

effect size as a function of time describing the magnitude of the effect. The shaded portion of the bottom panel indicates and average 

Cohen’s d>0.5 with red indicating a strong effect size throughout that phase. The between limb asymmetry was greater in the NORM 

group between 7-19% with a medium effect size (0.72).	

 

90° Planned Change of Direction 

In the planned CoD there was a significant difference in asymmetry of CoD times 

(p=0.004) between groups with greater asymmetry in the ACLR group (0.08 sec ± 0.07) 

compared to the NORM group (0.05 sec ± 0.04) however the magnitude of the difference 

had a small effect size (0.40). There was greater asymmetry in the ACLR group in all the 

GRF variables early in stance or at toe off (Table 6.4). This included vertical GRF (0-9% 

and 59-72%; 0.69 and 0.50; Figure 6.4), medial GRF (93-100%; 0.69) and posterior GRF 

(0-5% and 91-100%; 0.56 & 0.57). The ACLR group also demonstrated greater asymmetry 

for hip abduction moment after initial contact (0-5%; 0.55).  
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Table 6.4 Difference in asymmetry between NORM and ACLR groups during 90° planned 

change of direction 

 

The table reports variables that were difference in asymmetry between the NORM and ACLR groups with an effect size d>0.5 from the 

SPM analysis for the planned cut. SD – standard deviation, NORM – normal, ACLR – anterior cruciate ligament reconstruction, CI – 

confidence interval, N - newton, Kg – kilogram, Nm - newton-metre. 

 

 

 

Figure 6.4 Difference in asymmetry in vertical ground reaction force between NORM and ACLR groups during 90° planned cut. The top 

panel illustrates the mean and SD clouds for the ACLR (red) and non-ACLR limbs (black) in the ACLR group as a reference for the 

movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the NORM (black) and ACLR groups (red).  

The third panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference between the two groups. The 

shaded portion of the SPM curve indicates p<0.05 and that a significant difference exists between the groups. The bottom panel 

illustrates the effect size as a function of time describing the magnitude of the effect. The shaded portion of the bottom panel 

indicates an average Cohen’s d>0.5 with orange and yellow indicating the two phases which met this threshold. There was greater 

asymmetry in vertical GRF in the ACLR group from 0-9% and 59-72%. 

 
 

 

Variable Direction Start End Mean	NORM	(±	SD) 95%	CI Mean	ACLR	(±	SD) 95%	CI Effect	Size

0 9 0.91	(0.8) 0.34	to	0.15 1.91	(1) 1.64	to	2.18 0.69
59 72 1.22	(1.05) 1.2	to	1.25 1.96	(0.36) 1.7	to	2.2 0.50

Ground	Reaction	Force	(N/Kg) Medial 93 100 0.15	(0.13) 0.05	to	0.2 0.29	(0.12) 0.26	to	0.33 0.69
0 5 0.1	(0.09) 0.05	to	0.36 0.19	(0.09) 0.34	to	0.46 0.56
91 100 0.11	(0.09) 0.06	to	0.14 0.18	(0.09) 0.16	to	0.21 0.57

Hip	Moment	Frontal	(Nm/Kg) Abduction 0 5 3.89	(3.2) 3.73	to	4.04 6.34	(1.42) 5.64	to	7.05 0.55

Differences	in	Asymmetry	betweeen	NORM	and	ACLR	groups	-	90º	Planned	Cut

Ground	Reaction	Force	(N/Kg) Vertical

Ground	Reaction	Force	(N/Kg) Posterior
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90° Unplanned Change of Direction 

In the unplanned CoD there was a significant difference in asymmetry of CoD times 

(p=0.008) between groups with greater asymmetry in the ACLR group (0.09 sec ± 0.08) 

compared to the NORM group (0.06 sec ± 0.07) however the magnitude of the difference 

had a small effect size (0.40). There was greater asymmetry in the ACLR group for vertical 

GRF (0-5%; 0.69)(Figure 6.5), medial GRF (94-100%; 0.62) and knee flexion angle (22-

66%; 0.51). However there was greater asymmetry in the NORM group for trunk on pelvis 

flexion angle (0-83%; 0.50). 

 

 
Table 6.5 Difference in asymmetry between NORM and ACLR groups during 90° 

unplanned change of direction. 

 

The table reports variables that were difference in asymmetry between the NORM and ACLR groups with an effect size d>0.5 from the 

SPM analysis for the unplanned cut. SD – standard deviation, NORM – normal, ACLR – anterior cruciate ligament reconstruction, CI – 

confidence interval, N - newton, Kg – kilogram 

 

 

Variable Direction Start End Mean	NORM	(±	SD) 95%	CI Mean	ACLR	(±	SD) 95%	CI Effect	Size

Ground	Reaction	Force	(N/Kg) Vertical 0 5 0.5	(0.41) 0.08	to	0.91 1.08	(0.61) 0.93	to	1.23 0.69
Ground	Reaction	Force	(N/Kg) Medial 94 100 0.16	(0.14) 0.07	to	0.25 0.31	(0.15) 0.27	to	0.34 0.62

Knee	Angle	Sagittal		(º) Flexion 29 66 5.6	(4) 5.5	to	5.9 9.1	(2.3) 8	to	10.1 0.51
Thorax	to	Pelvis	Angle	Sagittal	(º) Flexion 0 83 11.9	(12.3) 11.6	to	12.2 7.4	(1.7) 6.3	to	8.5 0.50

Differences	in	Asymmetry	betweeen	NORM	and	ACLR	groups	-	90º	Unplanned	Cut
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Figure 6.5 Difference in asymmetry during vertical ground reaction force between NORM and ACLR groups during 90° unplanned cut. 

The top panel illustrates the mean and SD clouds for the ACLR (red) and non-ACLR limbs (black) in the ACLR group as a reference for 

the movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the NORM (black) and ACLR groups (red).  

The third panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference between the two groups. The 

shaded portion of the SPM curve indicates p<0.05 and that a significant difference exists between the groups. The bottom panel 

illustrates the effect size as a function of time describing the magnitude of the effect. The shaded portion of the bottom panel 

indicates and average Cohen’s d>0.5 with orange indicating a medium effect size throughout that phase. There was a difference in 

vertical ground reaction force between 0-5% with greater asymmetry in the ACLR group.     

 
 
6.4 Discussion 

The aim of this study was to determine if there was a difference in the magnitude of 

asymmetry between a group of subjects 9 months after ACLR and a matched healthy 

control group, in both biomechanical and performance variables during jump and CoD 

tests to identify variables to be targeted during rehabilitation that may influence outcomes 

after RTP. The results demonstrated that the largest difference in performance asymmetry 

was in the SLDJ, only small effect size differences were found for both CoD tests and no 

difference was found between groups in the SLHD. Differences in magnitude of 

asymmetry were evident in biomechanical variables across all of the tests. More variables 

indicated greater asymmetry in the jump tests than in the CoD tests. Differences in 
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asymmetry primarily occurred in the sagittal and frontal planes and all but two variables 

indicated greater asymmetry in the ACLR group. These results suggest insufficient 

restoration of normal biomechanical symmetry 9 months after ACLR and that 

biomechanical asymmetry is an important consideration during jump and CoD testing to 

assess rehabilitation status after ACLR.  

 

The use of asymmetry as a measure of rehabilitation status has been questioned as ACLR 

has been shown to effect the biomechanics of both the ACLR and non-ACLR limb(Decker, 

Torry et al. 2002, Goerger, Marshall et al. 2015). One of the challenges of the study was 

using an appropriate measure to calculate asymmetry. Calculations of asymmetry after 

ACLR typically see the ACLR limb value divided by the non-ACLR limb value (Grindem, 

Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). However this calculation has 

methodological challenges in healthy subjects where there is no obvious injured limb and 

therefore choosing a denominator (i.e. right vs left, dominant vs non-dominant, preferred 

kicking leg vs preferred jumping leg) will produce different results and therefore change 

the results of the comparative analysis (Zifchock, Davis et al. 2008). The use of root mean 

squared difference to calculate the overall magnitude of asymmetry is one method of 

dealing with this issue (Cabral, Resende et al. 2016). Although the limb-direction of the 

asymmetry is not identifiable with this method, previous research on this cohort indicates 

which direction the asymmetry lies after ACLR (Chapter 4 and 5). 

 

Biomechanical asymmetries were reported across all the jump tests with most of the 

differences between groups found in the sagittal plane. Differences in variables between 

groups were over prolonged periods of stance (e.g. knee moments in the jump tests) or at 

the end of stance (e.g. medial GRF) rather than at specific discrete points in the stance 

phase (i.e. initial contact, peak knee flexion). The identification of these variables at 
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different phases of stance highlights the importance of examining the entire waveform 

rather than a discrete points in this cohort. In the DLDJ and SLDJ, the ACLR group 

demonstrated greater asymmetry of GRF in all three planes than the NORM group with 

differences in vertical GRF through a large part of stance phase and with medial and 

posterior GRF during push off (Table 6.1, 6.2 and Figure 6.1). Previous research (Chapter 

4) has demonstrated reduced GRF on the ACLR side compared to the non-ACLR side 9 

months post-surgery (Mohammadi, Salavati et al. 2013, Jordan, Aagaard et al. 2015, 

Schmitt, Paterno et al. 2015). The increased asymmetry may reflect offloading of the 

ACLR limb beyond that which is normally present due to insufficient rehabilitation. This 

has been suggested as a risk factor for primary ACL injury and also injury to the 

contralateral limb post ACLR (Paterno, Schmitt et al. 2010, Paterno, Rauh et al. 2012, 

Paterno, Rauh et al. 2014). It has been previously demonstrated that deficits in the ACLR 

limb, in particular in the quadriceps muscle group, can lead to differences in vertical GRF 

and hip and knee moments in the sagittal plane between limbs (Schmitt, Paterno et al. 

2012, Goerger, Marshall et al. 2015). These greater asymmetries in sagittal plane variables 

are evident in the DLDJ in hip extension moments during the eccentric phase and hip 

flexion angles and ankle plantarflexion moments at end of stance phase during push off. 

Similarly there was greater asymmetry in the SLDJ between groups in the sagittal plane in 

knee flexion angle, knee extension moment and ankle plantar flexion moment through 

stance phase and hip extension angle at the end of the stance phase. Greater asymmetry in 

the posterior distance of the COM to the knee in the ACLR group was found for both the 

SLDJ and SLHD with the SLHD also demonstrating greater asymmetry in knee flexion 

angle, hip extension moment and ankle dorsiflexion angle during the eccentric phase in the 

ACLR group. The difference in COM position to the knee between limbs after ACLR for 

jump tests has been demonstrated previously and suggested to reflect compensation for 

quadriceps strength and extensor capacity in the ACLR limb (Chapter 4). Given the 
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consistent presence of sagittal plane differences between groups for all of the jump tests 

greater focus should be placed on this during rehabilitation. 

 

Between-group differences in asymmetry were also evident in the frontal and transverse 

planes. The DLDJ demonstrated greater asymmetry in internal knee valgus moment and 

ankle external rotation moment through the middle of the stance phase in the ACLR group 

compared to NORM. The SLHD also demonstrated greater asymmetry in knee valgus 

moment in the ACLR group during the eccentric phase of landing although there was 

greater asymmetry in the NORM group for ankle eversion moment. Differences in knee 

valgus moment between limbs after ACLR has been demonstrated previously (Oberlander, 

Bruggemann et al. 2013) and external knee valgus moment has been suggested to be a 

predictor of primary & secondary ACL injury and commonly present in ACL injury 

mechanism (Hewett, Myer et al. 2005, Alentorn-Geli, Myer et al. 2009, Paterno, Schmitt et 

al. 2010). The combination of greater asymmetries in the ACLR group and the variables 

where those asymmetries are evident suggest insufficient rehabilitation to normal 

movement at 9 months post-surgery and the potential for increased injury risk to both 

ACLR or non-ACLR limb.  

 

Fewer differences in asymmetry were found for the two CoD tests than for the jump tests 

despite Chapter 5 demonstrating between-limb differences during CoD 9 months after 

ACLR (Clarke, Kenny et al. 2015). This is likely due to greater asymmetry in the NORM 

group during CoD tests than jump tests as CoD tests are less constrained by their nature 

resulting in any differences with the ACLR group having smaller effect sizes. Both CoD 

tests demonstrated larger asymmetry in medial GRF at the end of stance and vertical GRF 

at the beginning of stance for the ACLR group compared to NORM. Greater asymmetry of 

vertical GRF, especially at initial contact when ACL injury most commonly occurs 
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(Krosshaug, Nakamae et al. 2007), may increase the injury risk for either the ACLR or 

non-ACLR limb (Jordan, Aagaard et al. 2015). The asymmetry medial GRF later stance 

may have contributed to the differences in timed CoD performance between groups for 

both CoD tests and reflect deficits in push off after ACLR. The planned CoD demonstrated 

greater asymmetry in hip abduction moment at initial contact in the ACLR group and the 

unplanned CoD demonstrated greater asymmetry in knee flexion angle, both of which have 

been associated with increased knee loading and ACL injury mechanism (Alentorn-Geli, 

Myer et al. 2009). The thorax on pelvis flexion angle was the only variable that 

demonstrated greater asymmetry in the NORM group during unplanned CoD. The greater 

difference between NORM and ACLR asymmetries in the jump tests compared the CoD 

tests suggests jump testing may be more effective in identifying differences in 

biomechanical asymmetry compared to normal during the rehabilitation after ACLR.  

 

The ability to regain symmetry of performance after injury is often used as an assessment 

for readiness to RTP after ACLR (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et 

al. 2016). Failure to reach appropriate levels of asymmetry has been demonstrated to lead 

to an increased risk of injury on return to sport (Paterno, Ford et al. 2007, Grindem, 

Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). In this study the largest difference 

in performance asymmetry between ACLR and NORM was in the SLDJ, with no 

difference in asymmetry of the SLHD jump length and small effect size differences in 

asymmetry time for both CoD tests. The SLDJ has not been included in previous studies 

examining outcomes after ACLR whereas there is widespread use in clinical practice and 

ACL literature of the SLHD (Narducci, Waltz et al. 2011, Thomee, Neeter et al. 2012, 

Petersen and Zantop 2013, Knezevic, Mirkov et al. 2014, Grindem, Snyder-Mackler et al. 

2016, Kyritsis, Bahr et al. 2016) and further research is required to assess the ability of 

SLDJ to predict successful outcome after rehabilitation. The ability to compensate for 
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deficits been limbs during CoD has been demonstrated previously (Myer, Schmitt et al. 

2011) therefore examining CoD times alone may not sufficiently assess the rehabilitation 

status of an athlete after ACLR. The presence of medium and large differences in 

biomechanical asymmetry despite small or no differences in performance asymmetry 

between the two groups suggests both biomechanical and performance variables should be 

included when assessing restoration of normal function after ACLR.  

 

Limitations 

Although some of the differences between groups had small to large effect sizes, the 

magnitude of the differences for some variables was small (i.e. difference in mean 

asymmetry of CoD time for both tests was 0.03 seconds) and the meaningfulness of these 

small differences will have to be explored further. In addition a number of different joints 

and variables demonstrated differences but their relevance to outcomes is unknown.  

 

6.5 Conclusion 

This study demonstrated differences in asymmetry of biomechanical and performance 

variables in ACLR subjects 9 months after surgery compared to matched healthy subjects. 

The ACLR group were more asymmetrical with asymmetry more prevalent in the jump 

than CoD testing and related primarily to deficits in the sagittal and frontal planes 

suggesting incomplete restoration of normal movement 9 months after ACLR. SLDJ 

performance demonstrated the largest effect size difference between groups with only 

small effect size difference in CoD tests and none in SLHD. This was despite medium and 

large effect size differences in asymmetry of biomechanical variables across all tests. This 

study suggests that the analysis of differences in magnitude of biomechanical asymmetry is 

an important consideration when assessing rehabilitation back to normal function after 
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ACLR and should be considered in future analysis of factors influencing outcome such as 

RTP and re-injury. In Chapters 4-6 differences between limbs and in symmetry have been 

explored in the movement analysis of jump and CoD tests. However the relevance of these 

variables and tests to specific outcomes after ACLR such as RTP and second ACL injury is 

unknown. This is explored further in Chapters 7 and 8.   
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Chapter 7 Strength, Performance and 3D biomechanical analysis 

in return to play outcomes after ACL reconstruction 

 

7.1 Introduction 

A desire to return to high demand activities such as multidirectional sports that involve 

landing, pivoting and CoD is one of the primary indicators for ACLR (Dingenen and 

Gokeler 2017). As such, the initial goal after ACLR is to make a pain free RTP to the same 

level of sport as experienced prior to injury (Dingenen and Gokeler 2017). Despite this 

there are currently no criteria reported which identify when an athlete is ready to RTP after 

ACLR (van Melick, van Cingel et al. 2016, Dingenen and Gokeler 2017). Previous studies 

suggest only 65% of patients return to the same level of participation with 55% returning 

to competitive sports (Ardern, Webster et al. 2011) although this may be higher in elite 

athletic populations (Eisenstein, Rawicki et al. 2016, Walden, Hagglund et al. 2016). The 

reasons reported for non-return after ACLR are multifactorial including psychological (i.e. 

fear of re-injury/confidence in knee), physical (i.e. issues relating to the operated knee such 

as pain and function) and social factors (work/family commitments) (Lentz, Tillman et al. 

2009, Barber-Westin and Noyes 2011, Bauer, Feeley et al. 2014, Czuppon, Racette et al. 

2014). When analysing successful RTP in those who return after ACLR, consideration 

must be given to the type of sport the athlete returned to and the level of participation 

within that sport. Fewer athletes return to level 1 sports (involving pivoting and landing) 

than level 2 sports (running and cycling) (Warner, Smith et al. 2011) with more demanding 

RTP criteria suggested for level 1 sports due to the increased physical demands and the 

greater incidence of re-injury compared to Level 2 (Thomee, Kaplan et al. 2011, Grindem, 

Snyder-Mackler et al. 2016). Furthermore, many athletes return to high demand sports 

despite reporting ongoing pain, swelling and stiffness in the operated knee (Lentz, Tillman 
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et al. 2009, Dingenen and Gokeler 2017). The ability to return to previous performance 

levels over a sustained period after ACLR can be negatively influenced by the presence of 

ongoing symptoms in the operated knee despite having returned to their pre-injury level of 

sport. For the most complete analysis, factors that are different between those who make a 

pain free return to level 1 sports and those who return with ongoing knee symptoms or 

those who have not yet returned should be examined. 

 

Physical testing is part of most RTP processes but it has not yet been determined which test 

or battery of tests demonstrate when an athlete is ready to return after ACLR (Thomee, 

Kaplan et al. 2011, van Melick, van Cingel et al. 2016, Dingenen and Gokeler 2017).  

Although time from surgery has been used as a surrogate for graft healing, physical 

recovery has been suggested to be independent of post-surgical time (Myer, Martin et al. 

2012). Given the demands of returning to sports involving landing and pivoting - strength, 

jump and CoD tests have been recommended for use in RTP test batteries (Barber-Westin 

and Noyes 2011, Narducci, Waltz et al. 2011, Abrams, Harris et al. 2014, Grindem, 

Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). Isokinetic dynamometry is 

commonly used in this cohort to assess the strength of the quadriceps and hamstring 

muscle groups after surgery (Undheim, Cosgrave et al. 2015). In addition SLDJ and 

SLCMJ are common measures of lower limb plyometric ability and explosiveness 

(Mohammadi, Salavati et al. 2013, Laudner, Evans et al. 2015). The reporting of absolute 

values, LSI and success rates (achievement of predefined level of LSI) are recommended 

when reporting individual or group recovery after ACLR (Thomee, Kaplan et al. 2011) 

with LSI of 90% -100% in isokinetic, jump and CoD tests suggested as appropriate for 

return to level 1 sports (Thomee, Kaplan et al. 2011, Herbst, Hoser et al. 2015, Gokeler, 

Welling et al. 2016, Ebert, Edwards et al. 2017, Nawasreh, Logerstedt et al. 2018). 

Achievement of pre-defined levels of performance symmetry have been demonstrated to 
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reduce knee injury risk on RTP (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 

2016) and positively influence RTP rates at longer term follow up (Nawasreh, Logerstedt 

et al. 2018). Despite this it has been suggested that commonly used muscle function tests 

are not demanding or sensitive enough to identify when an athlete is ready to RTP and that 

more demanding criteria are required (Thomee, Kaplan et al. 2011).  

 

Although 3D biomechanical analysis is commonly used in movement analysis, previous 

literature in RTP testing has not used biomechanical variables in conjunction with 

performance outcomes in RTP decision making (Grindem, Snyder-Mackler et al. 2016, 

Kyritsis, Bahr et al. 2016, Nawasreh, Logerstedt et al. 2018). Biomechanical variables have 

been reported to predict primary and secondary ACL injury (Hewett, Myer et al. 2005, 

Paterno, Schmitt et al. 2010) and biomechanical differences throughout the kinetic chain 

during jump and CoD testing have been demonstrated between limbs 9 months after ACLR 

in Chapters 4 and 5. Differences in biomechanical asymmetry between ACLR subjects and 

matched healthy cohort have also been demonstrated during the same tests in Chapter 6. 

However, the influence of these differences or deficits at 9 months on outcomes relating to 

RTP have not been explored. Biomechanical deficits have been demonstrated in GRF, 

ankle, knee and hip variables in athletes who have already RTP (Schmitt, Paterno et al. 

2015, Butler, Dai et al. 2016, Ithurburn, Paterno et al. 2017) and are reported as risk factors 

for knee pain in non-ACLR cohorts (Boling, Padua et al. 2009). Therefore, using 

biomechanical analysis during commonly used jump and CoD tests in RTP decision 

making may identify differences between those who make a pain free RTP and those who 

RTP with ongoing knee symptoms or do not RTP because of operated knee.  

 

Other measures currently used to aid RTP decision making by clinicians include 

orthopaedic tests, time from surgery and PRO (Barber-Westin and Noyes 2011, Barber-
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Westin and Noyes 2011). Orthopaedic tests have demonstrated no relationship with RTP 

and knee laxity measures have no relationship with function (Mayer, Queen et al. 2015, 

McGrath, Waddington et al. 2016). Time from surgery is the most commonly used criteria 

used for RTP (Barber-Westin and Noyes 2011) given the need to allow sufficient time for 

graft healing and maturation and most athletes are cleared to return between 6 and 12 

months post-surgery (Harris, Abrams et al. 2014). Early return has been linked with 

increased re-injury risk with its relationship between time from surgery and re-injury 

suggested to diminish from 9 months post-surgery (Grindem, Snyder-Mackler et al. 2016). 

PRO relating to self-reported function and psychological factors are a marker of successful 

outcome after ACLR (Lynch, Logerstedt et al. 2015) and have been associated with RTP 

after ACLR. The IKDC questionnaire (a self-reported measure of knee function)(Irrgang, 

Ho et al. 1998), the ACL-RSI questionnaire (a self-reported measure of emotion, 

confidence and risk appraisal relating to return to sport)(Langford, Webster et al. 2009) and 

Marx activity score (a self-reported measure of activity level and frequency)(Marx, Stump 

et al. 2001) have all previously reported to be associated with RTP outcomes(Ardern, 

Taylor et al. 2013, Czuppon, Racette et al. 2014). However, PRO do not assess physical 

function, potentially making them a poor indicator of when an athlete is physically ready to 

RTP and it has been recommended they are not used in isolation, but in combination with 

physical testing when making RTP decisions (Dingenen and Gokeler 2017). Many athletes 

choose or are cleared to RTP after ACLR with ongoing strength and power deficits 

(Herbst, Hoser et al. 2015, Gokeler, Welling et al. 2016, Grindem, Snyder-Mackler et al. 

2016, Kyritsis, Bahr et al. 2016, Nawasreh, Logerstedt et al. 2018). Despite widespread use 

of physical testing batteries during RTP decision making, there may be little physical 

difference between those who RTP and those who do not. It is therefore possible the 

decision to return is related to the athlete’s self-perceived readiness to do so. When 

identifying factors which are different between those who RTP and those who do not at a 
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set time point (i.e. 9 months), it is essential to include PRO as well as physical testing 

measures (including biomechanics), so these differences can targeted during rehabilitation 

and benchmarked during RTP decision making.  

 

The first aim of this study was to identify differences in PRO, strength, jump and CoD 

performance and biomechanical variables between those who made a pain free RTP 

(PFRTP) at 9 months post ACLR and those who reported not returning (NRTP) because of 

their operated knee. It was hypothesized that there would be no difference in physical 

measures between groups, with both demonstrating rehabilitation deficits, but there would 

be differences for PRO (IKDC, ACL-RSI and Marx activity score) with lower scores in the 

NRTP group. The second aim of this study was to identify differences in PRO, strength, 

jump and CoD performance and biomechanical variables between the PFRTP group and 

those who returned with ongoing symptoms in their operated knee (RTPP) at the same time 

point. The hypothesis was there would be differences and strength and jump performance 

and biomechanical variables during the more demanding (CoD) tests as well as PROs 

between the groups with lower scores in the RTPP group. 

 
 
7.2 Methods 

Three hundred and nine male subjects consecutively recruited into this cohort study. The 

recruitment process is outlined in Chapter 3. Only subjects who, underwent primary ACLR 

and were tested approximately nine months after surgery (8-10 months inclusive) were 

included in the study. Prior to testing all subjects filled out the IKDC, ACL-RSI and Marx 

Activity Score questionnaires and reported in the RTP questionnaire if they had returned to 

sport, the level they had returned to, reasons for not returning to sport if appropriate 

(operated knee/other reasons) and whether or not they had ongoing pain in their ACLR 
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knee (yes/no). Those who had returned to sport with no knee symptoms were included in 

the PFRTP group with those who reported not returning to play for reasons relating to their 

ACLR knee (due to symptoms, function, perceived readiness to return) included in the 

NRTP group. Subjects who had RTP but reported ongoing symptoms in their ACLR knee 

were included in the RTPP group. Those who reported not returning for reasons other than 

their operated knee were not included in the analysis. The laboratory set up, marker set, 

variables calculated and testing protocol are outlined in Chapter 3. In this study the 

isokinetic strength testing of the quadriceps and hamstrings, SLCMJ, DLDJ, SLDJ and 

planned and unplanned 90° CoD testing were included with jump height only recorded for 

the SLCMJ as measure of explosiveness with full biomechanical analysis carried out in all 

the other tests. Three valid attempts (maximal effort and full foot contact on force plate) 

were recorded for each limb. LSI for strength and jump height scores was calculated 

((ACL side/Non-ACL side) x 100). Success rates (i.e. the percentage of each group that 

achieved >90% LSI) for the jump and strength tests were also calculated. 

 

Statistical analysis between the PFRTP - NRTP and PFRTP - RTPP groups was carried out 

separately and independently of each other to reflect the hypothesised distinct differences 

between groups. The differences in anthropometric and PRO scores between PFRTP and 

RTPP and NRTP groups were examined using SPM (0d, unpaired t-test; non-parametric 

option for the Marx Activity Scale and parametric for IKDC and ACL-RSI)(Pataky, 

Vanrenterghem et al. 2015). The difference between PFRTP and NRTP and RTPP groups 

in LSI and on the ACLR side for peak torque as a percentage of body mass for the 

quadriceps and hamstrings, jump height for the SLCMJ and SLDJ, and planned and 

unplanned CoD times was examined using SPM (0d, parametric unpaired t-test). Effect 

sizes for the differences between groups for each variable was calculated using Cohen’s D 

(0.2 – 0.49 = small; 0.5-0.79 = medium; ³0.8 = strong)(Cohen 1988). Success rates 
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(percentage of group who achieved the outcome) of those attaining ≥ 90% LSI for 

quadriceps and hamstring strength and SLCMJ and SLDJ jump were calculated for all 

groups. The difference in success rates between PFRTP and NRTP and RTPP groups was 

examined using chi squared test of homogeneity.  The odds ratio (OR) of PFRTP 

compared to the other two groups when >90% LSI for quadriceps, hamstring strength, 

SLCMJ and SLDJ jump height were calculated as well as the OR for achieving ≥ 90%, ≥ 

85% and ≥ 80% LSI for all 4 tests collectively. Finally, the difference in kinetic and 

kinematic variables between the between PFRTP and both NRTP and RTPP groups on the 

ACLR side as well as in the difference between limbs with each group was examined using 

SPM(1d unpaired t test). The mean effect size across phases identified with significant 

differences was reported, with phases with Cohen’s D smaller than 0.5 not included. The 

time points and the mean effect size between which there was a significant difference 

between two groups, and mean values for each group groups across that phase were 

reported. Graphs for the biomechanical variables with differences are displayed in 

Appendix I. 

 
7.3 Results 

The breakdown of subjects in each group is reported in Figure 7.1 - 51% of subjects having 

RTP at the time of 9 month testing and 41% of those who had RTP reporting some 

ongoing symptoms in the operated knee. Those subjects who reported not returning to play 

for reasons other than their operated knee (n=32) were not included in the analysis. There 

was no difference mean subject age (23.7 ± 4; 24.2 ± 4.5; 24 ± 4.2), mass (81.6kg ± 10.2; 

82.2kg ± 13.4;  83.6kg ± 10.1) or height (179cm ± 6.4; 178cm ± 13.1; 177.8cm ± 12.2) 

between the relevant groups. The mean time from surgery to testing of 9.5 months (± 0.6).  
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Figure 7.1 Flowchart of subjects in each group 
	

Pain Free Return to Play vs No Return to Play due to Operated Knee 

Patient Reported Outcomes 

The IKDC, ACL-RSI and Marx scores are reported in Table 7.1. There were significant 

differences in all 3 questionnaires between PFRTP and NRTP groups with lower scores in 

the NRTP with large effect size differences for IKDC (1.04) and ACL RSI (1.06) and Marx 

Activity Score (1.00) indicating lower self-reported function, self-reported readiness to 

return and activity levels in the NRTP group.  

 

Table 7.1 Differences in Patient Reported Outcome Measures between pain free return to 

play and no return to play at 9 months.  

 

PRO – Patient Reported Outcome Measure; PFRTP – Pain Free Return to Play; NRTP – No Return to Play due to Operated Knee; IRQ – 

interquartile range; SD – standard deviation; IKDC – international knee documentation committee; ACL RSI – Anterior Cruciate 

Ligament Return to Sport after Injury. 

PFRTP NRTP

p-value Effect	Size
89	(6) 77.3	(11.6) <0.001 1.04

84.1	(11.8) 63.7	(19.2) <0.001 1.06

12	(12	-	16) 10	(7.3	-	12) <0.010 1.00

PRO

IKDC

ACL	RSI

Marx

Mean	(±SD)

Median	(IRQ)

PFRTP	vs	NRTP
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Differences on ACLR Side 

Isokinetic Strength, Jump Performance and Change of Direction times 

Isokinetic strength and jump performance values are reported in Table 7.2. There was a 

significant difference with small effect size for the SLDJ height (0.31) on the ACLR side 

with no difference in quadriceps and hamstring strength or SLCMJ height between the 

PFRTP and NRTP groups. There was a small effect size difference in planned CoD time 

between groups (0.30) with faster times in the PFRTP group (1.4 sec ± 0.1 vs 1.45 sec ± 

0.1; p = 0.042) with no difference in the unplanned CoD (1.52 sec ± 0.13 vs 1.52 sec ± 

0.11; p = 0.72). 

 

Table 7.2 Strength and jump performance measures (mean ± SD) and ≥ 90% LSI success 

rates for pain free return to play and no return to play at 9 months.  

 

LSI – Limb Symmetry Index; SD – standard deviation; N – newton; kg – kilograms; cm – centimetres; PFRTP – Pain free return to play; 

NRTP – No return to play due to operated knee; * denotes p < 0.05 

 

 

Test
95%	CI	 95%	CI	 p-value Effect	Size

Quadriceps	(N/Kg) 232	(49) 221	to	242 225	(53) 214	to	234 0.317 0.13
LSI	(%) 86.8	(16) 83.5	to	90.1 83.7	(16.6) 80.7	to	86.7 0.165 0.19

>90%	LSI	success	rates 43% 38% 0.440

Hamstring	(N/Kg) 160	(32) 154	to	167 152	(34) 146	to	158 0.063 0.25
LSI	(%) 99	(14) 96	to	102 97	(14) 94	to	99 0.223 0.168

>90%	LSI	success	rates 75% 67% 0.055

SLCMJ	(cm) 12.5	(2.9) 11.9	to	13.1 11.6	(3.5) 10.9	to	12.2 0.052 0.28
LSI	(%) 85.5	(15.6) 82.2	to	88.7 81.9	(17.7) 78.6	to	85.2 0.129 0.21

>90%	LSI	success	rates 35% 30% 0.420

SLDJ	(cm) 12.3	(3.7) 11.6	to	13.1 11.1	(3.9) 10.4	to	11.9 0.025* 0.31
LSI	(%) 82.4	(17.4) 78.9	to	86 76.2	(19.2) 72.6	to	79.7 0.014* 0.34

>90%	LSI	success	rates 37% 18% 0.001*

>90%	LSI	success	rates	for	all	4	tests 10% 3% 0.026*

PFRTP NRTP PFRTP	vs	NRTP
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Biomechanical Analysis 

The biomechanical differences between PFRTP and NRTP groups on the ACLR side are 

reported in Table 7.3. There were no biomechanical differences between PFRTP and 

NRTP on the ACLR side for the DLDJ and SLDJ for any variable. In the planned and 

unplanned CoD there were medium effect size differences in hip internal rotation angle for 

both tests (16-31% and 45-64%, 0.51; 25-78%, 0.56 respectively) with greater internal hip 

rotation on the NRTP group. In the unplanned CoD there was a medium effect size 

difference for foot rotation angle to pelvis (18-97%, 0.56) with greater internal foot 

rotation relative to the pelvis in the NRTP group. 

Table 7.3 Biomechanical differences on the ACLR side between pain free return to play 

and no return to play at 9 months. 

The table reports variables that were different on the ACL side between the PFRTP group and NRTP group with an effect size d>0.5 

from the SPM. CoD – Change of Direction; PFRTP – Pain Free Return to Play; NRTP – No Return to Play due to Operated Knee; 

ACLR – anterior cruciate ligament reconstruction; SD – standard deviation; CI – confidence interval;   

 

Difference Between Limbs Between Groups 

Isokinetic Strength and Jump Performance and Change of Direction times 

The LSI for quadriceps and hamstring strength and SLCMJ and SLDJ jump height are 

reported in Table 7.2 along with group success rates (the % of subjects who achieved ≥ 

90% LSI) for each variable and the 4 tests combined. There was no significant difference 

between the PFRTP and NRTP groups for quadriceps and hamstring and SLCMJ LSI. 

There was a significant difference with a small effect size for the SLDJ (0.34). There was 

no difference between groups in success rates ≥ 90% LSI for quadriceps (38-43%), 

Variable Start End PFRTP	ACLR	side	(±	SD) 95%	CI NRTP	ACLR	side	(±	SD) 95%	CI p	-	value Effect	Size
16 31 5.5	(9.7) 5.3	to	5.8 10.3	(9.1) 9.8	to	10.9 0.010 0.51
45 64 0.9	(10.1) 0.1	to	1.8 5.9	(10.2) 4.9	to	6.8 0.003 0.51

Foot	Rotation	to	Pelvis	Angle	(º)	 18 97 21.4	(9.3) 19.3	to	23.5 15.5	(10.6) 13.5	to	17.5 <0.001 0.56
Hip	Rotation	Angle	(º) 25 78 1.6	(9.7) 0.3	to	2.9 6.6	(9.4) 5.3	to	8 <0.001 0.56

	Difference	Between	PFRTP	and	NRTP	on	ACLR	side	-	Planned	CoD

	Difference	Between	PFRTP	and	NRTP	on	ACLR	side	-	Unplanned	CoD

Hip	Internal	Rotation	Angle	(º)
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hamstring (67-75%), and SLCMJ (30-35%). The SLDJ (18-37%) had a significant 

difference in success rates between the groups (p=0.001). Only 3% of those who were 

NRTP compared to 10% of those who were PFRTP achieved ≥ 90% LSI in all 4 tests 

(p=0.001). There was no difference in CoD time between limbs between groups for both 

planned (0.02 sec ± 0.06 vs 0.01 sec ± 0.09; p=0.470) and unplanned (0.03 sec ± 0.11 vs 

0.01 sec ± 0.07; p=0.110) CoD tests.  

The odds ratios of PFRTP to NRTP for ≥ 90% LSI for each of the 4 tests individually and 

collectively are reported in Table 7.4. The odds ratio of PFRTP was 1.2 for quadriceps, 1.5 

for hamstrings, 1.2 for SLCMJ and 2.7 for SLDJ when LSI > 90% for each of the tests 

individually. The odds of PFRTP were 4.1 times greater than NRTP if ≥ 90% LSI was 

achieved for all 4 tests (with this dropping to 2.7 for LSI ≥ 85% and 2.6 for LSI ≥ 80%). 

 

Table 7.4 Odds Ratio for pain free return to play compared to no return to play at 9 

months when ≥ 90% LSI. 

 

PFRTP – Pain Free Return to Play; NRTP – No Return to Play due to Operated Knee; LSI – limb symmetry index; SLCMJ – single leg 

counter movement jump; SLDJ – single leg drop jump.  

 

 

Quadriceps	>	90%	LSI 1.2

Hamstring	>	90%	LSI 1.5

SLCMJ	>	90%	LSI 1.2

SLDJ	>	90%	LSI 2.7

All	4	tests	>	90%	LSI 4.1
All	4	tests	>	85%	LSI 2.7
All	4	tests	>	80%	LSI 2.6

Odds	Ratio
Odds	Ratio	PFRTP	vs	NRTP
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Biomechanical Analysis 

There were no differences between limbs between groups for the DLDJ, SLDJ, planned 

and unplanned CoD tests. 

 

Pain Free Return to Play vs Return to Play with Knee Pain 

Patient Reported Outcomes 

There were significant differences between PFRTP and RTPP groups for IKDC with large 

effect size (1.00) and ACL-RSI with small effect size (0.44) with lower scores in the RTPP 

group. There was no difference between groups for the Marx activity score (p=0.720) 

(Table 7.5).  

 

Table 7.5 Differences in Patient Reported Outcome Measures between pain free return to 

play and return to play with pain at 9 months.  

 

PRO – Patient Reported Outcome Measure; PFRTP – Pain Free Return to Play; RTPP– Return to Play with knee pain;  IRQ – 

interquartile range; SD – standard deviation; IKDC – international knee documentation committee; ACL RSI – Anterior Cruciate 

Ligament Return to Sport after Injury. 

 

 

 

 

 

 

PFRTP RTPP

p-value Effect	Size
89	(6) 80.8	(8.5) <0.001 1

84.1	(11.8) 78.5	(13.9) 0.006 0.44

12	(12	-	16) 12	(12	-	15) 0.72 0.1Marx

Mean	(±SD)

Median	(IRQ)

PRO

IKDC

ACL	RSI

PFRTP	vs	RTPP
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Differences on ACLR side 

Isokinetic Strength and Jump Performance and CoD times 

There was a significant difference in quadriceps strength and SLDJ jump height with small 

effect sizes between the PFRTP and RTPP (0.42 & 0.3 respectively) with the quadriceps 

and jump height lower on the ACLR side in the RTPP group (Table 7.6). There was no 

difference in hamstring strength or SLCMJ jump height on the ACLR side between the two 

groups. There was no difference in CoD time for the planned (1.41 ± 0.08 sec vs 1.4 ± 0.11 

sec; p=0.29) and unplanned (1.5 ± 0.11 sec vs 1.52 ± 0.13 p=0.84) tests between groups.  

 

Table 7.6 Strength and jump performance measures (mean ± SD) and ≥ 90% LSI success 

rates for pain free return to play and return to play with pain at 9 months.  

 

LSI – Limb Symmetry Index; SD – standard deviation; N – newton; kg – kilograms; cm – centimetres; CI - confidence interval; PFRTP 

– Pain Free Return to Play; RTPP – Return to Play with Knee pain; * denotes p < 0.05 

 

Biomechanical Analysis 

There were no biomechanical differences on the ACLR side between the PFRTP and 

RTPP groups for the DLDJ and SLDJ. There was a medium effect size difference in the 

Test

95%	CI	 95%	CI	 p-value Effect	Size

Quadriceps	(N/Kg) 232	(49) 221	to	242 210	(48) 198	to	223 0.009* 0.42

LSI	(%) 86.8	(16) 83.5	to	90.1 79.7	(14.4) 76	to	83.3 0.005* 0.45

>90%	LSI	success	rates 43% 22% 0.006*

Hamstring	(N/Kg) 160	(32) 154	to	167 152	(32) 143	to	160 0.087 0.28

LSI	(%) 99	(14) 96	to	102 95	(14) 92	to	99 0.087 0.28

>90%	LSI	success	rates 75% 59% 0.201

SLCMJ	(cm) 12.5	(2.9) 11.9	to	13.1 12	(3) 11.2	to	12.7 0.280 0.17

LSI	(%) 85.5	(15.6) 82.2	to	88.7 83	(14.3) 79.5	to	86.6 0.330 0.16

>90%	LSI	success	rates 35% 36% 0.950

SLDJ	(cm) 12.3	(3.7) 11.6	to	13.1 11.3	(3.5) 10.4	to	12.1 0.048* 0.30

LSI	(%) 82.4	(17.4) 78.9	to	86 76.2	(15.4) 72.4	to	80.1 0.023* 0.37

>90%	LSI	success	rates 37% 14% 0.001*

>90%	LSI	success	rates	for	all	4	tests 10% 2% 0.041*

PFRTP RTPP PFRTP	vs	RTPP
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foot rotation angle to pelvis for both the planned and unplanned CoD (18-35%, 0.50 and 

15-93%, 0.61 respectively) with greater foot external rotation relative to the pelvis in the 

PFRTP group (Table 7.7). There were also differences in the unplanned CoD in knee 

extension moment (0.56), with higher moments in the PFRTP during the eccentric phase of 

the unplanned CoD (23-33%) as well as hip internal rotation angle (0.52), with hip external 

rotation in the PFRTP group (as opposed to internal rotation in the RTPP group) during the 

concentric phase of the unplanned CoD (63-72%). 

 

Table 7.7 Biomechanical differences between limbs between pain free return to play and 

return to play with pain groups. 

 

The table reports variables that were different on the ACL side between the PFRTP group and RTPP group with an effect size 

d>0.5 from the SPM. CoD – change of direction; PFRTP – pain free return to play; RTPP – return to play with knee pain; ACLR – 

anterior cruciate ligament reconstruction; SD – standard deviation; CI – confidence interval; ° - degree; N– newton; kg – kilogram mm/s 

– millimetres per second 

 

Difference Between Limbs Between Groups 

Isokinetic Strength, Jump Performance and CoD times 

There were significant differences in quadriceps strength and SLDJ jump height LSI 

between PFRTP and RTPP with small effect sizes (0.45 & 0.37 respectively) with lower 

values in the RTPP group (Table 7.6). There was no difference between groups for 

hamstring strength and SLCMJ height LSI. Significant differences in success rates (i.e. 

achieving >90% LSI) were found for quadriceps strength (p=0.006; RTPNP 43% vs RTPP 

22%) and SLDJ (p=0.001; RTPNP 37% vs RTPP 14%) with no difference for hamstring 

strength and SLCMJ success rates between groups. A significant difference was also found 

Variable Start End PFRTP	ACLR	side	(±	SD) 95%	CI RTPP	ACLR	side	(±	SD) 95%	CI p	-	value Effect	Size
Foot	Rotation	to	Pelvis	Angle	(º)	 18 35 14.6	(8.5) 14.3	to	14.9 10.6	(8) 10.3	to	10.9 0.030 0.50

Foot	Rotation	to	Pelvis	Angle	(º)	 15 93 19.7	(9.2) 17.9	to	21.5 14.4	(9.7) 12.7	to	16.2 <0.001 0.61

Knee	Extension	Moment	(N/Kg) 23 33 25.2	(8.5) 24.8	to	25.6 20.6	(7.2) 20.2	to	21 0.007 0.56

Hip	Rotation	Angle	(º) 63 72 -3.4	(9.3) -2.3	to	-4.6 1.5	(8.6) 0.3	to	2.7 0.020 0.52

	Difference	Between	PFRTP	and	RTPP	on	ACLR	side	-	Planned	CoD

	Difference	Between	PFRTP	and	RTPP	on	ACLR	side	-	Unplanned	CoD
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for the percentage of subjects who passed all 4 tests (p=0.041) with only 2% of RTPP 

group compared to 10% of RTPNP group. There was no difference in CoD time between 

limbs between groups for the planned (0.01 ± 0.05 sec vs 0.01 ± 0.11 sec; p=0.75) or 

unplanned (0.01 ± 0.07 sec vs 0.01 ± 0.08 sec; p=0.63) tests.  

 

The odds of PFRTP compared to RTPP for LSI ≥ 90% was highest for SLDJ at 3.5, 2.7 for 

quadriceps, 2.1 for hamstrings and 1 for SLCMJ (Table 7.8). Subjects were 6.8 times more 

likely to RTP pain free if they achieved ≥ 90% LSI for all 4 tests. This decreased to 3.4 for 

≥ 85% and 2.6 for ≥ 80% LSI. 

 

Table 7.8 Odds Ratio for pain free return to play compared to return to play with pain at 9 

months when ≥ 90% LSI. 

 

PFRTP – Pain Free Return to Play; RTPP – Return to Play with Knee pain; LSI – limb symmetry index; SLCMJ – single leg counter 

movement jump; SLDJ – single leg drop jump.  

 
Biomechanical Analysis 

There was no difference in biomechanical variables between limbs between the PFRTP 

and RTPP groups for the DLDJ and SLDJ. There were differences in the planned CoD in 

Quadriceps	>	90%	LSI 2.7

Hamstring	>	90%	LSI 2.1

SLCMJ	>	90%	LSI 1

SLDJ	>	90%	LSI 3.5

All	4	tests	>	90%	LSI 6.8
All	4	tests	>	85%	LSI 3.4
All	4	tests	>	80%	LSI 2.6

Odds	Ratio
Odds	Ratio	PFRTP	vs	RTPP
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vertical GRF (25-28%, 0.58) and posterior GRF (27-28%, 0.55) between groups with 

greater asymmetry in the RTPP group for both variables (Table 7.9). In addition there was 

a difference in COM velocity at initial impact between limbs between groups (0.50) in the 

RTPP group due to slower speeds on the ACLR side. In the unplanned CoD there was a 

medium effect size difference in knee extension moment (22-28%, 0.54) as a result of 

greater asymmetry in the RTPP group with lower knee extension moment on ACLR side. 

There was medium effect size differences in foot to pelvis rotation angle (76-89%, 0.53) 

and hip rotation angle (66-71%, 0.51) with greater asymmetry in the RTPP group due to 

greater external foot rotation to pelvis and hip internal rotation on the ACLR side. 

 

Table 7.9 The biomechanical differences between limbs between pain free return to play 

and return to play with pain groups. 

 

The table reports variables that had differences in asymmetry between the PFRTP group and NRTP group with an effect size 

d>0.5 from the SPM. CoD – change of direction; PFRTP – pain free return to play; RTPP – return to play with knee pain; ACLR – 

anterior cruciate ligament reconstruction; SD – standard deviation; CI – confidence interval; ° - degree; N - Newton; Nm – newton-metre; 

kg – kilogram mm/s – millimetres per second 

 

7.4 Discussion 

This study examined the differences in PRO, strength and jump performance measures and 

biomechanics of jump and CoD tests at 9 months post ACLR between those who had made 

a pain free RTP to level 1 sports and those who had returned with knee pain or those who 

had not returned because of their operated knee to identify tests and variables that could be 

targeted during rehabilitation and RTP testing to improve RTP outcomes. Between the 

Variable Start End PFRTP	ACLR	side	(±	SD) 95%	CI RTPP	ACLR	side	(±	SD) 95%	CI p	-	value Effect	Size
Vertical	GRF	(N/Kg) 25 28 -0.78	(3.1) -0.6	to	-0.8 -2.6	(3.1) -2.5	to	-2.6 0.03 0.58
Posterior	GRF	(N/Kg) 27 28 0.92	(1.6) 0.8	to	1 1.92	(1.96) 1.6	to	2.2 0.04 0.55

COM	Impact	Velocity	(mm/s) -77	(238) -24	to	-129 -196	(258) -123	to	-268 0.07 0.50

Knee	Extension	Moment	(Nm/Kg) 22 28 -3.5	(10.7) -3.5	to	-3.6 -9.2	(8.8) -8.6	to	-9.7 0.03 0.54
Foot	to	Pelvis	Rotation	Angle	(º) 76 89 2.64	(11.1) 2.6	to	2.7 -3.1	(12.7) -2.9	to	-3.1 0.04 0.53

Hip	Rotation	Angle	(º) 66 71 -1.3	(9.4) -1	to	-1.4 3.7	(8.3) 3.6	to	3.7 0.03 0.51

	Difference	Between	Limbs	between	Groups	-	Unplanned	Cut

	Difference	Between	Limbs	between	Groups	-	Planned	CoD

n/a
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PFRTP and NRTP groups, the study found large differences in PRO despite little 

difference in individual physical measures. Both groups indicated ongoing strength and 

power deficits between limbs compared to normal values but only the SLDJ was different 

between groups. Differences in biomechanical variables were on the ACL side and not in 

asymmetry between groups implying differences between groups may be due to a lack of 

exposure to CoD tasks as opposed to deficits on the ACLR side in the NRTP group . The 

results suggest that self-perceived knee function and readiness to return to sport, may have 

a larger impact than physical measures in identifying whether an athlete has decided to 

RTP at 9 months implying the focus on physical measures alone may not improve RTP 

rates at that time point and PRO should be included as part of ongoing assessment of 

rehabilitation status after ACLR.   

 

Between PFRTP and RTPP, the study found differences in quadriceps and SLDJ values on 

the ACLR side in LSI and success rates. Achieving >90% LSI had odds ratio of pain free 

return of 2.4 for quadriceps and 3.4 for SLDJ. These results suggest that quadriceps 

strength and single leg plyometric exercises should be targeted during rehabilitation to 

increase the ability to make a pain-free RTP.  In addition differences were found in 

biomechanics on the ACLR side and between limbs in the variables during CoD testing: 

foot progress angle, knee extension moment and hip internal rotation angle during 

unplanned CoD tests. Higher demand CoD activities such as unplanned CoD should be 

included in RTP testing as they demonstrated biomechanical differences between those 

who made a pain free RTP and those who returned with ongoing knee symptoms that were 

not evident during jump testing. Subjects returned despite lower IKDC and ACL-RSI 

scores in the RTPP group suggesting some athletes return regardless of the PRO score, 

perhaps due to time of the season, external pressure from third parties (i.e. coaches) or 

previous experiences of RTP after ACL within social and playing group and suggesting 
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that PRO alone is not a suitable measure of who is ready to RTP. These results can be used 

to influence rehabilitation strategies and RTP testing to improve the rate of pain free return 

to level 1 sports after ACLR.   

 

Pain Free Return to Play vs No Return to Play due to Operated Knee 

The RTP rate reported at 9 months post-surgery (50%) is comparable with previous 

literature (Lentz, Tillman et al. 2009, Ardern, Taylor et al. 2014, Lefevre, Klouche et al. 

2017) as is the breakdown of those who had not RTP for reasons relating to their operated 

knee and other reasons (Lentz, Tillman et al. 2009, Ardern, Webster et al. 2011). There 

were large differences in self-reported knee function (IKDC) and self-perceived readiness 

to return (ACL-RSI) between the PFRTP and NRTP groups. The PFRTP group had normal 

values for the IKDC and ACL-RSI questionnaires while those in the NRTP group reported 

lower scores than normative data (Anderson, Irrgang et al. 2006, Ardern, Taylor et al. 

2013). Fear of re-injury and issues relating to the operated knee have been reported as the 

two strongest reasons for not returning to sport after ACLR (Anderson, Browning et al. 

2016) and those with lower IKDC and ACL-RSI scores early in rehabilitation have been 

demonstrated to have lower scores and poorer outcomes at later stages in rehabilitation 

(Ardern, Taylor et al. 2013, Nawasreh, Logerstedt et al. 2018). The results of this study 

highlight the large differences between the two groups in how subjects felt their knee was 

functioning and how ready they were for return and supports previous research 

demonstrating the relationship between these factors and RTP rates (Ardern, Taylor et al. 

2013, Czuppon, Racette et al. 2014). The large differences in Marx activity score would 

have been expected given that one group had returned to level 1 sports and the other had 

not.  
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Although there were large differences in PRO scores between groups there were few 

differences in strength, power and biomechanical measures between the groups. Both 

groups demonstrated ongoing asymmetries and low 90% LSI success rates suggesting 

incomplete rehabilitation in both groups 9 months post-surgery. The achievement of 90% 

LSI has been generally accepted as a threshold for readiness to RTP and is based on 

normal data prior to RTP based on normative values and has been demonstrated to reduce 

the risk of further knee injury after RTP (Grindem, Snyder-Mackler et al. 2016, Kyritsis, 

Bahr et al. 2016). In addition, the reporting of success rates (i.e. % of subjects who reach a 

certain level of function) is more appropriate than examining group means after ACLR as 

it better reflects how many of the group achieved the targeted outcome which is hidden in 

group averages (Thomee, Kaplan et al. 2011). Both groups had quadriceps strength deficits 

on the ACLR side as well as deficits in LSI for hamstring, SLCMJ and SLDJ LSI reflected 

in group means and success rates compared to normal (Richter, O'Malley et al. 2018). The 

SLDJ was the only test that demonstrated small effect size differences between groups on 

the ACL side, LSI and success rates. This was further demonstrated in the odds ratio 

analysis where the odds of RTPNP was 2.7 times higher than NRTP when SLDJ >90% 

LSI. SLDJ is a demanding test and a measure of plyometric ability and is often included in 

the latter stages of rehabilitation. The difference between groups may therefore be due a 

more demanding test differentiating between groups or result from the lack of exposure to 

plyometric activity in the NRTP group at 9 months post-surgery. Combining success rates 

across tests demonstrated greater differences between groups than the individual tests. 

There was a difference in success rates when all 4 tests were combined which resulted in 

an odds ratio of 4.1 of RTPNP when >90% LSI was achieved for all 4 tests. This is in 

keeping with previous research that suggests a battery of tests may be more robust than a 

single test for assessment of rehabilitation status after ACLR (Narducci, Waltz et al. 2011, 

Thomee, Kaplan et al. 2011). These results suggest that athletes are returning to play 
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without restoring normal function in strength and power measures and concurs with 

previous research reporting ongoing deficits at the time of RTP and clearance to RTP 

(Lepley 2015, Nawasreh, Logerstedt et al. 2018). Although the PFRTP group were able to 

make a pain free return at 9 months despite ongoing deficits, it is unknown if they were 

able to maintain their pain free status over time as their training and playing load increased 

or if those deficits continued to persist over time increasing the risk of second ACL injury. 

 

There were no biomechanical differences between groups on the ACLR side or between 

limbs for the jump tests (SLDJ and DLDJ). Biomechanical differences during jump tests 

have been demonstrated between ACLR and non-ACLR limbs 9 months after ACLR 

(Chapter 4) and in greater biomechanical asymmetry between ACLR subjects and normal 

healthy athletes (Chapter 6). The lack of difference between PFRTP and NRTP groups in 

this study would suggest that the PFRTP group could have returned despite these ongoing 

differences. There were differences on the ACLR side between groups in foot rotation 

angle to pelvis and hip internal rotation angle on the planned and unplanned CoD. As these 

differences were evident on the ACLR side but not between limbs it may reflect a lack of 

exposure to CoD activity in the NRTP group given they had not yet returned to 

multidirectional sport. This is further supported by differences between groups in CoD 

time during the planned CoD on the ACLR side but not when comparing differences in 

CoD time between limbs between groups. Progression from jump through to graduated 

exposure in CoD drills may resolve these differences and also improve the subject’ self-

perceived function and readiness to return to sport having successfully completed high 

demand tasks they will be returning to in their sport.  

 

These results suggest that the decision to RTP or not at 9 months is influenced more by the 

subjects’ perceptions of knee function and readiness to return than physical measures. It 
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also suggests that subjects RTP despite ongoing deficits in strength, power and 

biomechanical measures. Therefore regular assessment during rehabilitation, identifying 

appropriate physical standards for RTP and feeding back to the athlete on the progress 

being made should improve physical outcomes prior to RTP. The ongoing monitoring of 

PRO throughout rehabilitation can help to facilitate this process by identifying those with 

lower IKDC and ACL-RSI scores early in rehabilitation who can be targeted for additional 

intervention to improve RTP rates at 9 months.  

 

Pain Free Return to Play No vs Return to Play with Knee Pain 

It was hypothesised that there would be differences in PRO between those who made a 

pain free return to level 1 sports and those who returned with ongoing knee symptoms but 

that subjects would return in spite of these differences with their knee symptoms stemming 

from strength, power and biomechanical differences between the groups. There were 

differences in strength and power measures between the PFRTP and RTPP groups, with 

consistent differences in quadriceps strength and SLDJ height between groups when 

comparing with the ACLR side, LSI and success rates. No such differences in hamstring 

strength and SLCMJ between groups were evident. Quadriceps strength deficits have been 

demonstrated after ACLR and at RTP (Thomee, Neeter et al. 2012, Lepley 2015, 

Nawasreh, Logerstedt et al. 2018) and are associated with poorer outcomes relating to 

IKDC scores, knee symptoms and swelling and altered knee biomechanics (Wilk, 

Romaniello et al. 1994, Petschnig, Baron et al. 1998, Schmitt, Paterno et al. 2012, 

Pietrosimone, Lepley et al. 2016). The differences in the SLDJ may in part be due to the 

quadriceps deficits but also due to the demanding nature of the test. Other commonly used 

hop tests such as the SLCMJ and SLHD may allow for the hip muscle in particular to 

compensate for quadriceps and knee extension moment deficits reflecting thus 

demonstrating smaller differences in LSI and between groups and over-estimating the 
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rehabilitation status of the subject (Schmitt, Paterno et al. 2012, Pietrosimone, Lepley et al. 

2016, Richter, O'Malley et al. 2018). This larger difference in SLDJ but not in SLHD jump 

performance was already demonstrated in Chapter 4 in subjects 9 months post ACLR. The 

importance of SLDJ and quadriceps strength performance is demonstrated in the odds ratio 

with subjects 3.4 and 2.7 times more likely to make a pain free RTP by achieving >90% 

LSI respectively. When all 4 jump and strength tests were combined subjects are 6.8 times 

more likely to RTP pain free if they achieve >90% LSI. The importance of regaining 

normal (LSI > 90%) strength and power in making a pain free RTP is reflected in that the 

odd ratio drops to 3.4 when set at >85% LSI and 2.6 when set at >80% LSI for all 4 tests.  

 

There was no difference in biomechanical variables between groups for the DLDJ and 

SLDJ tests suggesting they may not demanding enough to expose differences between 

athletes who make a pain free RTP at 9 months and those who return with ongoing knee 

symptoms. When the ability to pivot was assessed through the CoD task, differences were 

evident when rotating about the longitudinal axis resulted in hip and foot rotation angles 

that were different on the ACLR side and between limbs between groups. On the ACLR 

side there was differences in the foot progress rotation angle to pelvis for the planned CoD 

and unplanned CoD as well as hip internal rotation angle for the unplanned CoD. These 

differences suggest three potential reasons for these changes which may be inter-related: 

ongoing deficits in rotational control at the hip, a movement strategy selected due to 

ongoing knee symptoms or a movement strategy due to ongoing quadriceps strength 

deficits. The ICC for foot rotation ankle to pelvis (Chapter 3, Table 3.1) for both CoD tests 

was reported as 0.52 to 0.63 in the intra test reliability but given that the differences were 

identified in both tests, on the ACLR side as well as in symmetry and that the inter-test 

ICC for the average of 3 trials was 0.77 to 0.84 it is likely the differences are present 

between groups and not due to measurement error. In addition there was medium effect 
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size difference in knee extension moment during the eccentric phase of the unplanned 

CoD. Quadriceps strength deficits have been shown to be related to knee extension 

moment deficits in running and jumping and may similarly contribute to the differences 

identified during CoD (Lewek, Rudolph et al. 2002, Schmitt, Paterno et al. 2012). That the 

differences between groups were not evident during the planned CoD tests may be due to 

the self-selected reduction in COM velocity prior to and at initial ground contact. This 

difference in COM velocity between limbs after ACLR during planned CoD but not 

unplanned CoD has been demonstrated previously after ACLR (Chapter 5) and may reflect 

a conscious effort for greater deceleration in the penultimate step to CoD to reduce the 

demands on the ACLR side. The desire to alter the load through the ACLR side during 

planned CoD in the RTPP group is also evident in the greater difference in posterior and 

vertical GRF between limbs with lower values on the ACLR side. The unplanned CoD 

does not allow as much time for developing the same adaptive strategies and therefore 

biomechanical differences between groups are more evident. The differences in 

biomechanical variables were evident in spite of no difference in CoD times on the ACLR 

side or between limbs for both tests between groups suggesting the importance of 

biomechanical measures over performance times when comparing these cohorts as 

previously in Chapter 5. These results suggest that strength, power and biomechanical 

measures can differentiate between those who will RTP pain free and those who will return 

with ongoing symptoms 9 months after ACLR. In particular quadriceps strength and single 

drop jump height should be assessed and targeted during rehabilitation and testing. In 

addition CoD testing demonstrated biomechanical differences between groups despite no 

differences in jump tests suggesting different tasks are required during rehabilitation and 

when assessing rehabilitation status after ACLR. Specifically, differences relating to hip 

and foot rotation and knee extension moment were evident during CoD between groups. 

The difference in IKDC scores reflects the difference in ongoing symptoms between 
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groups but there were only small difference in perceived readiness to return in ACL-RSI 

despite these symptoms.  Physical measures can differentiate between those who RTP pain 

free and those who return with ongoing symptoms 9 month after ACLR with those 

achieving >90% LSI for strength and jump height tests almost 7 times more likely to return 

pain free.  

 

 

 

Limitations 

Although all subjects went through a standard RTP assessment and feedback at 6 and 9 

months post-surgery, they did not undergo standardised rehabilitation which may have 

contributed to a difference in outcomes. Given the number of variables included in the 

analysis there was an increased risk of Type 1 error. However, as all variables selected had 

been demonstrated previously as deficits after ACLR and only medium effect size 

differences were included for biomechanical variables, the ability to highlight only relevant 

differences is increased. In addition the 9 month time point may still be early in 

rehabilitation and the differences between groups may be different between groups at 12 

and 18 months post-surgery. Further research is required to analyse the influence of these 

differences between groups on later outcomes such as ongoing participation in sport and 

second ACL injury. Future research should also focus the influence of these physical 

measures on the ability to maintain RTP after initial return and the ability of targeted 

interventions to improve PRO scores and consequentially RTP rates at 9 months.  
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7.5 Conclusion 

This study has demonstrated that there is little difference in physical assessment between 

subjects who make a pain free RTP and those who do not RTP at 9 months post-surgery 

with both groups demonstrating ongoing strength and power deficits. There were however 

large differences in self perceived knee function and readiness to RTP suggesting they may 

play a bigger role in whether an athlete has decided to RTP or not at 9 months. The study 

also demonstrated there were differences in quadriceps strength and SLDJ height between 

those who made a pain free RTP and those who returned while reporting ongoing 

symptoms in the operated knee. In addition during CoD tasks, there were differences in 

foot progress angle, hip internal rotation and knee extension moment in those who had 

returned with ongoing symptoms despite no difference in CoD times. This study 

demonstrates the ability of strength, power and biomechanical measures to differentiate 

between those who RTP pain free and those who return with ongoing symptoms and allow 

for targeted rehabilitation and focused assessment during the RTP testing process to 

optimise outcomes.  It is unknown if these tests and variables have any influence or 

relationship with other important outcomes after ACLR, most especially the occurrence of 

second ACL injury to either the operated or previously healthy un-operated limb. This is 

explored in Chapter 8.  
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Chapter 8 Strength, Performance and Biomechanical differences 

between those who suffer second ACL injury and those who do 

not 

 

8.1 Introduction 

The ability to make a pain free RTP is one of the key initial goals after ACLR (Grindem, 

Eitzen et al. 2014) and the physical factors influencing that outcome have been explored in 

Chapter 7. However reducing the risk of second ACL injury is probably the most important 

outcome to surgeon, athlete and physiotherapist after reconstruction (Lynch, Logerstedt et 

al. 2015, Kyritsis, Bahr et al. 2016). The risk of re-injury of the reconstructed graft 

(Salmon, Russell et al. 2005, Pinczewski, Lyman et al. 2007) or injury to the native ACL 

on the contralateral limb (Sward, Kostogiannis et al. 2010) is considerably higher than risk 

of ACL injury in previously un-injured healthy subjects (Salmon, Russell et al. 2005, 

Walden, Hagglund et al. 2011, Paterno, Rauh et al. 2012, Wiggins, Grandhi et al. 2016). A 

review by Wright et al. on 5 year second ACL injury rates reported a pooled incidence of 

5.8% for injury to the ipsilateral operated limb and 11.8% for the contralateral non-

operated limb (Wright, Magnussen et al. 2011). ACL injury can have a devastating effect 

on athletic performance (Carey, Huffman et al. 2006, Busfield, Kharrazi et al. 2009), 

ability to return to and maintain prior levels of sporting participation (Busfield, Kharrazi et 

al. 2009, Walden, Hagglund et al. 2016), long term health of the injured knee (Culvenor, 

Cook et al. 2013, Risberg, Oiestad et al. 2016), as well as quality of life (Oiestad, Holm et 

al. 2011, Filbay, Ackerman et al. 2014). In addition revision ACL injury can have poorer 

outcomes than primary reconstruction (Wright, Gill et al. 2012). Therefore the ability to 

identify and target risk factors for second ACL injury (to either the reconstructed knee or 
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the contralateral healthy knee) that can be addressed during rehabilitation is extremely 

important to short and long term outcomes.  

 

Physical testing of lower limb strength, jump height/length and CoD timed performance 

are commonly used to assess rehabilitation status prior to RTP and to identify factors 

which may influence second ACL injury risk (Grindem, Snyder-Mackler et al. 2016, 

Kyritsis, Bahr et al. 2016, Dingenen and Gokeler 2017). Insufficient recovery of symmetry 

of these measures in combination has been demonstrated to influence the risk of injury to 

the operated knee and re-injury of the re-constructed graft (Grindem, Snyder-Mackler et al. 

2016, Kyritsis, Bahr et al. 2016). Ongoing deficits in these measures have been 

demonstrated at RTP and those deficits are greater in those that report ongoing symptoms 

in the ACLR knee after RTP (Chapter 7). However the movement with which these tests 

were executed and the relationship of that movement to second ACL injury has not been 

explored. Biomechanical differences between limbs have been demonstrated during jump 

(Chapter 4) and COD (Chapter 5) testing despite symmetry of performance suggesting 

performance measures (i.e. jump length, timed CoD), in the absence of biomechanical 

analysis, may be insufficient when assessing rehabilitation status and identifying physical 

risk factors for ACL graft injury after ACLR. In addition, the influence of both strength 

and jump measures in combination with biomechanical variables on the injury risk of the 

contralateral healthy limb has not been previously investigated.   

Biomechanical variables have been suggested to predict primary and secondary ACL 

injury. Hewett et al. identified knee valgus angles and moments during DLDJ as predictors 

of ACL injury in female athletes (Hewett, Myer et al. 2005). This complements other 

research on mechanism of ACL injury which commonly identifies dynamic knee valgus 

during injury as well as cadaveric studies demonstrating the influence of knee valgus force 
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on ACL strain (Berns, Hull et al. 1992, Markolf, Burchfield et al. 1995, Krosshaug, 

Nakamae et al. 2007, Alentorn-Geli, Myer et al. 2009). However these findings were not 

reproduced by Krosshaug et al. who did not identify any risk factors for ACL injury during 

DLDJ in a similar cohort (Krosshaug, Steffen et al. 2016). This difference between studies 

may be due to methodological differences in the analysis carried out or the variables that 

were analysed but it creates confusion for the clinician as to what variables are important to 

screen for after ACLR. Paterno et al. identified a number of biomechanical factors 

predicting second ACL injury during DLDJ including un-involved limb hip rotation 

moment, asymmetry of knee extension moment at initial contact and knee valgus range of 

motion during landing (Paterno, Schmitt et al. 2010). However this study combined 

ipsilateral and contralateral second ACL injuries in the analysis and therefore is unable to 

identify risk factors specific to, or different between, injury to either limb. In addition, the 

Paterno paper included a mix of male and female subjects in their analysis. Female athletes 

have been demonstrated to have a higher ACL injury risk than their male counterparts 

(Montalvo, Schneider et al. 2018). In addition, females have been reported to demonstrate 

different lower body strength and landing patterns than male athletes raising the possibility 

that risk factors for second injury may be different between gender (Russell, Palmieri et al. 

2006, Sell, Ferris et al. 2006, Norcross, Lewek et al. 2013). The studies identifying primary 

and secondary risk factors outlined above have focused on biomechanics during a DLDJ. 

This is despite the fact that up to 50% of ACL injuries occur during CoD manoeuvres 

(Alentorn-Geli, Myer et al. 2009). Differences in biomechanical variables between limbs, 

biomechanical symmetry compared to healthy athletes and between those who made a pain 

free RTP and those who returned with knee symptoms have been identified throughout the 

kinetic chain during biomechanical analysis of planned and unplanned COD testing 
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(Chapters 4-7). Therefore it may be appropriate when identifying risk factors for second 

ACL injury to analyse both jump and CoD tests.   

 

There are a number of non-physical factors that may influence the risk of second ACL 

injury. Time from surgery has been suggested to be a surrogate for graft healing and time 

from surgery has been demonstrated to influence the risk of any injury to the operated knee 

(Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). While time from 

surgery may influence the risk of re-rupture due to graft healing, insufficient time from 

surgery may influence the risk of contralateral injury through incomplete rehabilitation 

after ACLR, increasing the risk of injury to the contralateral limb(Wright, Magnussen et al. 

2011). The highest risk of second ACL injury is reported to occur in the first two years 

after surgery (Narducci, Waltz et al. 2011). When comparing those who suffer second ACL 

injury with those who do not, identifying an injured cohort who still participating in sport 2 

years after surgery may be an appropriate time threshold. The two strongest risk factors for 

second injury are linked to each other - age and return to high demand sports involving 

landing and CoD. Numerous reviews have reported that younger athletes are at much 

higher risk of ACL injury to both the operated and non-operated limb after reconstruction 

(Sward, Kostogiannis et al. 2010, Wiggins, Grandhi et al. 2016). Younger athletes have 

higher RTP rates and poorer compliance with rehabilitation which may combine to 

increase their risk (Wiggins, Grandhi et al. 2016). In addition returning to level 1 sports 

involving landing, pivoting and CoD are associated with a much higher risk of second 

injury (Paterno, Schmitt et al. 2010, Sward, Kostogiannis et al. 2010, Grindem, Snyder-

Mackler et al. 2016, Wiggins, Grandhi et al. 2016). Therefore, when identifying risk 

factors for second injury it is essential assess how prepared the athletes are for the demands 
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of level 1 sports. In addition, it may also be important to look at a single cohort relating to 

age, gender and ipsilateral or contralateral second ACL injury.  

 

The aim of this study was to identify differences in strength, jump and CoD performance 

and biomechanics of jump and CoD testing in a group of male athletes returning to level 1 

sports between those who go on to ipsilateral or contralateral ACL injury and matched 

cohorts who did not have second injury after 2 years post op. The hypothesis was that there 

would be differences in biomechanical variables but not strength and jump measures 

between those who go on to second ACL injury and those who do not and those variables 

would be different in the ipsilateral and contralateral ACL injury analysis. 

 

8.2 Methods 

Subjects were recruited into this prospective case control study prior to ACLR at the Sports 

Surgery Clinic and this process is outlined in Chapter 3. Prior to surgery subjects 

completed a pre-operative questionnaire outlining their sport, mechanism of injury and 

level of desired return after surgery. Male subjects aged from 18-35 years, who played 

multidirectional field sports and intended to return to the same level of sport were included 

in the study. All subjects underwent primary ACLR using either a bone patellar tendon 

bone or hamstring (gracilis/semitendinosus) graft from the ipsilateral limb. Subjects who 

were undergoing second or subsequent ACLR, did not intend to return to level 1 sports, 

had meniscal or additional ligament repair at the time of surgery were excluded. After 

ACLR, subjects were enrolled in a physical testing protocol at approximately 9 months 

post-surgery. The elements of that testing protocol in this study included 3D biomechanical 

analysis of DLDJ, SLDJ, planned and unplanned 90° CoD as well as SLCMJ jump height, 

SLHD jump length and isokinetic testing of the quadriceps and hamstring muscle groups. 
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The same kinetic and kinematic variables were included that were analysed in Chapters 4 

and 5. In addition, given the differences in drop jump performance in Chapter 7 vertical 

COM stiffness was calculated as a measure of whole body stiffness during the tests. 

Stiffness was calculated as:   

	

where	impact	is	the	point	of	initial ground contact and contact endecc is when COM 

power = 0.  Three valid attempts (maximal effort and full foot contact on force plate) were 

recorded for each limb and the average of the 3 trials used in analysis. LSI for strength and 

jump height scores was calculated ([ACL side/Non-ACL side] x 100). The laboratory set 

up, marker-set and testing protocol are outlined in Chapter 3. Prior to testing subjects 

completed IKDC, Marx Activity Scale and ACL-RSI questionnaires (Appendix B). 	

 

Subjects were subsequently followed up via e-mail to identify second ACL injury (i.e. 

ACL injury to either the original ACLR knee or contralateral non-ACLR knee confirmed 

on MRI) at 1 year and 2 years post-surgery using the RTP Questionnaire (Appendix B) or 

were identified if they returned to their original surgeon with diagnosis of another ACL 

injury and then asked to complete a new pre-operative ACL questionnaire for the new 

injury (Appendix B). If subjects did not reply to the e-mail questionnaire, they received a 

follow up phone call to complete the questionnaires. For this study all subjects who had 

surgery and were identified to have suffered a second ACL injury were included. Those 

who reinjured their ACLR knee were placed in the ipsilateral injury group and those who 

injured their previously healthy non-ACLR limb were placed in the contralateral injury 

group. A cohort of subjects who had returned to multidirectional field sport after ACLR 
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and had not suffered a second ACL injury at 2 years follow up were matched to the 

ipsilateral and contralateral injury groups separately on age, height, weight, graft type, time 

to from surgery to RTP and time from surgery to 3D biomechanical testing to ensure 

appropriate comparison and minimise the potential influence of other risk factors for 

second ACL injury. 

 

The differences in anthropometric, PRO, isokinetic testing, SLDJ, SLCMJ and SLHD 

jump performance and planned and unplanned 90° CoD time between ipsilateral injury and 

matched cohort and contralateral injury and matched cohort for matched limbs and LSI 

were examined using SPM (0d, unpaired t-test; parametric)(Pataky, Vanrenterghem et al. 

2015). Effect sizes for the differences between groups for each variable were calculated 

using Cohen’s D (0.2 – 0.49 = small; 0.5-0.79 = medium; ³0.8 = strong)(Cohen 1988). 

Success rates (percentage of group who achieved the outcome) of those attaining ≥ 90% 

LSI for quadriceps and hamstring strength, SLCMJ and SLDJ jump height and SLHD 

jump length were calculated for all groups with differences in success rates examined using 

chi squared test of homogeneity.  The odds ratio of subjects being in the matched cohort 

compared to either the corresponding ipsilateral or contralateral injury group when >90% 

LSI for quadriceps, hamstring strength, SLCMJ and SLDJ jump height were calculated as 

well as the odds ratio when ≥ 90% LSI for all 5 tests collectively was achieved. SPM(1d, 

unpaired t-test; parametric) was used to examine differences in biomechanical variables 

between the ipsilateral injury and matched ipsilateral groups for ACLR vs ACLR limb and 

differences between limbs between groups(ACLR - Non-ACLR limb) for each of the 

biomechanical variables for the DLDJ, SLDJ, planned and unplanned 90° CoD during 

stance. Similar analysis was carried out between the contralateral injury and matched 

contralateral groups for non-ACLR vs non-ACLR as well as differences between limbs 
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between groups. The mean effect size across phases identified with significant differences 

(p < 0.05) was reported, with phases with Cohen’s D smaller than 0.5 not included. The 

time points and the mean effect size between which there was a significant difference 

between two groups, and mean values for each group groups across that phase were 

reported. Graphs for the biomechanical variables with differences are displayed in 

Appendix J. 

 

8.3 Results 

Second ACL injury was recorded in 107 subjects with 40 ipsilateral ACL injuries and 67 

contralateral ACL injuries. Of those subjects, 3D biomechanical analysis and PRO data 

was recorded on 31 ipsilateral injury subjects and 55 contralateral injury subjects. The 

comparison of demographics and anthropometrics is reported in Table 8.1. The mean time 

to ipsilateral injury was 19.8 months (±8.4) and contralateral injury was 23.3 months (±9.8) 

with no significant difference between time to ipsilateral or contralateral injury. 

 

 

Table 8.1 Differences in demographic and anthropometric data (mean ± SD) between 

ipsilateral and contralateral injury groups and their matched cohorts.   

 

BPTB - Bone Patellar Tendon Bone; HT - Hamstring Tendon; Kg - kilograms; cm - centimetres. 

 

Ipsilateral	 Ipsilateral	Matched	Cohort p-value Contralateral Contralateral	Matched	Cohort p-value
Subject	Numbers 31 57 55 60

Graft	Type	(BPTB/HT) 18/13 37/20 0.45 46/9 48/12 0.61
Age	(years) 21.7	(±	4.9) 22.9	(±4.1) 0.22 21.3	(±4.2) 21.9	(±4) 0.43
Mass	(Kg) 82.4	(±	9.5) 81.3	(±11.8) 0.65 80.7	(±10) 81.5	(±11.6) 0.69
Height	(cm) 180.3	(±6.4) 180.0	(±6) 0.82 179.4	(±6.3) 180.4	(±5.6) 0.36

Surgery	to	RTP	(months) 9.6	(±3.2) 9.9	(±	3) 0.66 10.3	(±4.3) 9.7	(±2.3) 0.35
Surgery	to	Testing	(months) 9.1	(±3.1) 9.3	(±	1.2) 0.66 9.0	(±3.1) 9.4	(±1.2) 0.32

Surgery	to	Second	Injury	(months) 19.8	(±8.4) 23.3	(±9.8) 0.09
RTP	to	Second	Injury	(months) 9.7	(±	8.9) 10.3	(±4.3) 0.67
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There was no difference in ACL-RSI or Marx Activity Scale scores between groups in 

either ipsilateral or contralateral analysis (Table 8.2). There was a significant difference 

with medium effect size (0.51) for IKDC in the comparison between the ipsilateral injury 

and matched cohorts but no difference in the contralateral analysis(p = 0.69).  

 

Table 8.2 Differences in Patient Reported Outcome Measures for ipsilateral and 

contralateral injury groups with matched cohorts.  

 

PRO – Patient Reported Outcome Measure; SD – standard deviation; IKDC – international knee documentation committee; ACL-RSI – 

Anterior Cruciate Ligament Return to Sport after Injury. 

 

Ipsilateral Injury Analysis 

Strength, Jump and Change of Direction Performance 

There was no difference between ACLR limbs, LSI or ≥ 90% LSI success rates between 

the ipsilateral injury group and the matched cohort across all strength and jump tests 

individually and combined (Table 8.3). The only exception to this was the ≥ 90% LSI 

success rates for the hamstring strength which had a lower success rate for the ipsilateral 

injury group (45%) than the matched cohort (69%) (p = 0.02). Both groups had very low 

success rates combined across all the tests (4% ipsilateral injury and 2% matched cohort). 

There was no difference in CoD performance time (sec ± SD) during the planned CoD 

between the ACLR limbs (1.43 ± 0.15sec  vs 1.42 ± 0.11sec p = 0.81) or the LSI (99.3 ± 

5.0% vs 99.3 ± 4.8%; p = 0.95) between both groups. Similarly there was no difference in 

Ipsilateral Ipsilateral	Matched Contralateral Contralateral	Matched
p-value Effect	Size p-value Effect	Size

78.8	(12.7) 84.2	(9.5) 0.02* 0.51 81.6	(11.6) 82.8	(10.8) 0.69 0.15

59.2	(23.6) 49.9	(24.3) 0.95 0.38 46.4	(27.9) 52.6	(25.1) 0.85 0.23

11.3	(5.3) 12.2	(4.1) 0.21 0.2 13.0	(3.2) 12.2	(4.1) 0.19 0.21

PRO

Marx

IKDC

ACL	RSI

Mean	(±SD)Mean	(±SD)
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the unplanned CoD performance time on the ACLR limbs (1.52 ± 0.12sec vs 1.52 ± 

0.09sec; p = 0.93) or LSI (98.7 ± 4.6% vs 98.7 ± 4.7%; p = 0.92) between both groups. 

 

Table 8.3 Comparison of mean (±SD) strength and jump performance measures and ≥ 

90% LSI success between those who suffered ipsilateral ACL injury and matched cohort  

 

SLCMJ - single leg countermovement jump; SLDJ - single leg drop jump; SLHD - single leg hop for distance; CI - confidence interval; 

LSI – limb symmetry Index; SD – standard deviation; N – newton; kg – kilograms; cm – centimetres;   * denotes p < 0.05 

 

The odds of being in the matched cohort when LSI > 90% were 0.92 for quadriceps, 3.1 for 

hamstrings, 1.23 for SLCMJ, 0.59 for SLDJ and 1.19 for SLHD (Table 8.4). For the 

combined analysis there was little difference between groups with achieving LSI > 90% in 

all 5 tests 8% more likely being in ipsilateral injury group. 

 

Test

95%	CI	 95%	CI	 p-value Effect	Size

Quadriceps	(N/Kg) 198	(43) 180	to	213 200	(39) 190	to	210 0.724 0.08

LSI	(%) 89.4	(11.9) 85	to	94 88.1	(13.1) 85	to	92 0.652 0.1

>90%	LSI	success	rates 52% 47% 0.644

Hamstring	(N/Kg) 122.6	(25.1) 113	to	132 127.1	(28.6) 120	to	134 0.488 0.16

LSI	(%) 93	(14.4) 88	to	99 96.5	(13.9) 93	to	100 0.2745 0.24

>90%	LSI	success	rates 45% 69% 0.022*

SLCMJ	(cm) 9.9	(2.8) 8.9	to	10.9 9.9	(2.6) 9.2	to	10.6 0.964 0.01

LSI	(%) 85.4	(16.2) 79	to	91 86	(15.8) 82	to	90 0.875 0.03

>90%	LSI	success	rates 41% 44% 0.821

SLDJ	(cm) 9.73	(2.8) 8.7	to	10.8 9.2	(2.7) 8.5	to	9.9 0.445 0.19

LSI	(%) 80.1	(17.9) 73.9	to	87.8 76.3	(15.5) 72.2	to	80.3 0.224 0.28

>90%	LSI	success	rates 25% 16% 0.287

SLHD	(cm) 148.8	(33.8) 135	to	162 142.2	(23.3) 137	to	149 0.388 0.21

LSI	(%) 95.6	(14.6) 89.5	to	100 95.7	(13.7) 92.1	to	99.4 0.961 0.01

>90%	LSI	success	rates 83% 68% 0.162

>90%	LSI	success	rates	for	all	4	tests 4% 2% 0.562

Ipsilateral	Injury Ipsilateral	Matched
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Table 8.4 Odds Ratio for matched cohort uninjured at 2 years post-surgery compared to 

ipsilateral injury for strength and jump measures 

 

LSI – limb symmetry index; SLCMJ – single leg counter movement jump; SLDJ – single leg drop jump, SLHD - single leg hop for 

distance. 

 

Biomechanical Analysis 

The biomechanical differences on the ACLR side between the ipsilateral injury group and 

matched cohort are reported in Table 8.5. In the DLDJ there were medium effect size 

differences for knee flexion angle (9-24%, 0.65), vertical distance from COM to ankle (9-

84%, 0.64) and knee (18-22%, 0.58) and ground contact time (0.55) with more knee 

flexion, lower COM to knee and ankle and longer ground contact times on the ACLR side 

in the ipsilateral injury group. There was no difference between the groups for the SLDJ. In 

the planned CoD the COM was less posterior to the knee in the ipsilateral injury group 

during early stance (2-12%, 0.64). In the unplanned CoD there was less anterior pelvic tilt 

in the ipsilateral injury group (43-88%, 0.62).  

 

 

 

Quadriceps	>	90%	LSI 0.92

Hamstring	>	90%	LSI 3.1

SLCMJ	>	90%	LSI 1.23

SLDJ	>	90%	LSI 0.59

SLHD>	90%	LSI 1.19

All	5	tests	>	90%	LSI 0.92

Odds	Ratio	Matched	Cohort	vs	
Ipsilateral	Injury
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Table 8.5 Biomechanical differences on the ACLR side between ipsilateral injury group and 

matched cohort 

 

ACLR - anterior cruciate ligament reconstruction; DLDJ - double leg drop jump; CI - confidence interval; IPSI - ipsilateral; SD - 

standard deviation; mm - millimetre; sec - seconds; CoD - change of direction 

 

The biomechanical differences between limbs between groups are reported in Table 8.6. 

There were no differences in the DLDJ. In the SLDJ there was greater asymmetry in the 

ipsilateral injury group (90-93%, 0.58) with more thorax ipsilateral side flexion on the 

ACLR side towards the end of stance phase. In the planned CoD there was greater 

asymmetry in the ipsilateral injury group with the COM more contralateral to the knee in 

the frontal plane on the ACLR side (19-26%, 0.58). Similarly in the unplanned CoD there 

was greater asymmetry in the ipsilateral injury group for COM to knee (17-29% and 70-

100%, 0.70 and 0.77) and ankle (30-98%, 0.64) with the COM more contralateral to the 

knee on the ACLR side. There was greater asymmetry of trunk on pelvis side flexion in the 

ipsilateral injury group (70-100%, 0.74) with greater side flexion in the ACLR side 

towards the end of stance phase. There was greater asymmetry in anterior pelvic tilt in the 

ipsilateral injury group (30-98%, 0.68) with less pelvic tilt on the ACLR side as well as 

greater asymmetry in pelvic drop in the ipsilateral injury group (8-37%, 0.62) with more 

pelvic drop during early stance on the ACLR side.  

 

 

Variable Start End IPSI	ACLR	side	(±	SD) 95%	CI IPSI	Matched	ACLR	side	(±	SD) 95%	CI p	-	value Effect	Size
Knee	Flexion	Angle	(º) 9 24 53.8	(10.2) 50.6	to	57.1 47.9	(7.7) 45.1	to	50.8 0.027 0.65

COM	to	Ankle	Vertical	(mm) 9 84 412	(34) 407	to	417 429	(19) 425	to	433 >0.001 0.64
COM	to	Knee	Vertical	(mm) 18 22 216	(23) 214	to	218 227	(13) 226	to	228 0.048 0.58
Ground	Contact	Time	(sec) 0.31	(0.09) 0.27	to	0.34 0.26	(0.05) 0.25	to	0.28 0.014 0.55

COM	to	Knee	Posterior	(mm) 2 12 56	(71) 49	to	63 10	(65)	 2	to	15 0.032 0.64

Anterior	Pelvic	Tilt	(º) 43 88 2.3	(7.0) 2.2	to	2.4 7.2	(7.7) 7.0	to	7.3 0.011 0.62

	Difference	Between	Ipsilateral	Injury	and	Ipsilateral	Matched	Cohort	on	ACLR	side	-	DLDJ

n/a

	Difference	Between	Ipsilateral	Injury	and	Ipsilateral	Matched	Cohort	on	ACLR	side	-	Planned	CoD

	Difference	Between	Ipsilateral	Injury	and	Ipsilateral	Matched	Cohort	on	ACLR	side	-	Unplanned	CoD
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Table 8.6 Biomechanical differences between limbs between ipsilateral injury group and 

matched cohort. 

 

ACLR - anterior cruciate ligament reconstruction; SLDJ - single leg drop jump; CI - confidence interval; IPSI - ipsilateral; SD - standard 

deviation; mm - millimetre; CoD - change of direction; COM - centre of mass. 

 

Contralateral Injury Analysis 

Strength, Jump and Change of Direction Performance 

There was a significant difference with small effect size in quadriceps strength on the non-

ACLR limb (0.39) with lower quadriceps strength in the contralateral injury group (Table 

8.7). No difference was found between groups for hamstring strength, SLCMJ and SLDJ 

height and SLHD distance on the non-ACLR side, LSI or success rates between groups. 

Similarly, no difference in CoD performance time between the non-ACLR limbs was 

identified (1.45 ± 0.12sec vs 1.42 ± 0.08 sec; p = 0.162) and LSI (98.9 ± 4.8% vs 98.9 ± 

4.7%; p = 0.982). Furthermore, there was no difference in COD performance time during 

the unplanned CoD between the non-ACLR limbs (1.56 ± 0.02sec vs 1.52 ± 0.09sec p = 

0.206) or LSI (98.5 ± 4.5% vs 98.3 ± 5.3%; p = 0.840). Both groups had low combined 

success rates for all the tests at 2% each. 

 

 

 

Variable Start End IPSI	ACLR	side	(±	SD) 95%	CI IPSI	Matched	ACLR	side	(±	SD) 95%	CI p	-	value Effect	Size
Thorax	to	Pelvis	Side	Flexion	(º) 90 93 -2.4	(4.9) -2.3	to	-2.5 0.9	(5.7) 0.8	to	0.9 0.049 0.58

COM	to	Ankle	Frontal	(mm) 19 26 30.8	(43.5) 29.5	to	21.1 3.6	(45) 2.1	to	5.0 0.045 0.58

17 29 25.4	(44) 25.0	to	25.7 -2.6	(35) -2.0	to	-3.3 0.027 0.70
70 100 22.1	(44.3) 21.6	to	22.5 -9.8	(36) -9.9	to	-9.6 0.001 0.77

Trunk	to	Pelvis	Side	Flexion	(º) 70 100 -5.1	(10.9) -4.6	to	-5.5 2.7	(9.3) 2.3	to	3.0 0.026 0.74
Anterior	Pelvic	Tilt	(º) 30 98 -4.7	(9.5) -4.6	to	-4.8 0.8	(6.5) 0.75	to	0.81 0.001 0.68

COM	to	Ankle	Frontal	(mm) 12 22 36	(59) 35	to	38 1.5	(49) 0.06	to	3.1 0.043 0.64
Contralateral	Pelvic	Drop	(º) 8 37 6.8	(8.1) 6.7	to	6.9 2.3	(6.3) 2.2	to	2.3 0.026 0.62

	Difference	Between	Limbs	Between	Ipsilateral	Injury	and	Ipsilateral	Matched	Cohort	on	ACLR	side	-	SLDJ

	Difference	Between	Limbs	Between	Ipsilateral	Injury	and	Ipsilateral	Matched	Cohort	on	ACLR	side	-	Planned	CoD

	Difference	Between	Limbs	Between	Ipsilateral	Injury	and	Ipsilateral	Matched	Cohort	on	ACLR	side	-	Unplanned	CoD

COM	to	Knee	Frontal	(mm)
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Table 8.7 Comparison of mean (±SD) strength and jump performance measures and ≥ 

90% LSI success between those who suffered contralateral ACL injury and matched cohort  

 

SLCMJ - single leg countermovement jump; SLDJ - single leg drop jump; SLHD - single leg hop for distance; CI - confidence interval; 

LSI – Limb Symmetry Index; STD – standard deviation; N – newton; kg – kilograms; cm – centimetres; * denotes p < 0.05 

 

The odds of being in the matched cohort when LSI >90% was 0.83 for quadriceps, 1.05 for 

hamstrings, 1.17 for SLCMJ, 1.62 for SLDJ and 0.98 for SLHD (Table 8.8). For the 

combined analysis there was little difference in odds with subjects 14% more likely to be 

in the matched cohort if they achieved >90% LSI across all 5 tests.  

 

 

 

 

Test
95%	CI	 95%	CI	 p-value Effect	Size

Quadriceps	(N/Kg) 216.3	(38.8) 206	to	227 231.3	(36.3) 222	to	240 0.032* 0.39
LSI	(%) 80.9	(14.6) 76	to	85 84.2	(14.6) 80	to	88 0.235 0.22

>90%	LSI	success	rates 31% 36% 0.593

Hamstring	(N/Kg) 127.3	(24.9) 120	to	134 135.7	(23.4) 130	to	142 0.063 0.34
LSI	(%) 96.9	(14.5) 92.9	to	100 96.5	(10.6) 93	to	99 0.894 0.02

>90%	LSI	success	rates 73% 73% 0.982

SLCMJ	(cm) 12.1	(2.3) 11.5	to	12.8 11.9	(2.4) 11.2	to	12.5 0.561 0.11
LSI	(%) 85.8	(13.2) 82	to	90 84.4	(14.6) 81	to	88 0.627 0.09

>90%	LSI	success	rates 40% 38% 0.792

SLDJ	(cm) 12.1	(3.2) 11.2	to	13.0 12.4	(2.7) 11.7	to	13.1 0.564 0.11
LSI	(%) 78.1	(16.7) 73	to	83 74.1	(14.8) 70	to	78 0.186 0.25

>90%	LSI	success	rates 12% 18% 0.393

SLHD	(cm) 152.3	(27.0) 144	to	160 154.9	(19.9) 150	to	160 0.562 0.11
LSI	(%) 95.1	(15.5) 90	to	99 94.2	(12.4) 91	to	97 0.749 0.06

>90%	LSI	success	rates 61% 66% 0.645

>90%	LSI	success	rates	for	all	4	tests 2% 2% 0.921

Contralateral	Injury Contralateral	Matched
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Table 8.8 Odds Ratio for matched cohort uninjured at 2 years post-surgery compared to 

contralateral injury for strength and jump measures 

 

LSI – limb symmetry index; SLCMJ – single leg counter movement jump; SLDJ – single leg drop jump, SLHD - single leg hop for 

distance. 

 

Biomechanical Analysis 

The biomechanical differences between the non-ACLR sides for the contralateral injury 

and matched cohort are reported in Table 8.9. There were no biomechanical differences of 

the planned and unplanned CoD. For the DLDJ there were strong effect size differences for 

ground contact time (0.85), COM vertical stiffness (0.8) and COM distance vertically to 

the knee and ankle (both 0.81) with longer contact times, with less COM stiffness and 

lower COM in the contralateral injury group. There were medium effect size differences 

for vertical GRF (29-73% and 82-99%, 0.75 and 0.78) and reactive strength (0.62) with 

lower reactive strength in the contralateral injury group and lower vertical GRF through 

most of stance but higher toward the end of stance. There were a number of kinematic 

differences in the sagittal plane between groups including more hip flexion (14-95%, 0.77), 

knee flexion (14-94%, 0.72), ankle dorsiflexion (69-92%, 0.63), anterior pelvic tilt (41-

88%, 0.62), and thorax to pelvis flexion (23-100%, 0.6) in the contralateral injury group. In 

0.83 Quadriceps	>	90%	LSI 0.83

1.05 Hamstring	>	90%	LSI 1.05

1.17 SLCMJ	>	90%	LSI 1.17

1.62 SLDJ	>	90%	LSI 1.62

0.98 SLHD	>	90%	LSI 0.98

1.14 All	5	tests	>	90%	LSI 1.14

Odds	Ratio	Matched	Cohort	vs	
Contralateral	InjuryOdds	Ratio	Contralateral	vs	Matched
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addition there were a number of kinetic differences in the sagittal plane including lower, 

then greater hip extension moment (2-5% and 61-82%, 0.61 and 0.69), lower then greater 

ankle plantarflexion moment (24-67% and 84-93%, 0.65 and 0.66) and greater knee 

extension moment (5-6% and 82-93%, 0.58 and 0.72) on the non-ACLR side in the 

contralateral injury group. Outside of the sagittal plane there was greater hip external 

rotation moment (4-8% and 94-98%, 0.68 and 0.66), knee valgus moment (85-93%, 0.62) 

and smaller knee varus angle (96-100%, 0.52) on the non-ACLR side in the contralateral 

injury group. 

 

Between group differences in similar variables were found in the SLDJ (Table 8.9). There 

was less distance vertically from COM to knee (13-83%, 0.74) and ankle (12-88%, 0.7), 

longer ground contact times (0.73), less COM stiffness vertically (0.72) and lower reactive 

strength (0.5) on the non-ACLR side in the contralateral injury group. Furthermore there 

was higher, then lower, then higher vertical GRF in the contralateral injury group (3-11%, 

32-68%, 86-99%; 0.65, 0.71, 0.63;). In the sagittal plane there was increased hip flexion 

(14-88%, 0.61), increased knee flexion (18-24% and 62-92%, 0.52 and 0.58), increased 

ankle dorsiflexion (84-88%, 0.52), and increased trunk on pelvis flexion (23-43%, 0.50) in 

the contralateral injury group. In addition there was increased hip extension moment (74-

80%, 0.61), knee extension moment (14-18 % and 82-88%, 0.59 and 0.57) and reduced 

ankle plantarflexion moment (33-46%, 0.56) in the contralateral injury group. Outside of 

the sagittal plane there was greater knee valgus moment (11-15%, 0.57) and ipsilateral 

thorax on pelvis side flexion (51-72%, 0.52) in the contralateral injury group.  
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Table 8.9 Biomechanical differences on the ACLR side between contralateral injury group 

and matched cohort. 

 

ACLR - anterior cruciate ligament reconstruction; DLDJ - double leg drop jump; SLDJ - single leg drop jump; CI - confidence interval; 

Contra - contralateral; SD - standard deviation; mm - millimetre; sec - second; N - newton; kg - kilogram; cm - centimetre 

 

The biomechanical differences between limbs between groups are reported in Table 8.10. 

There was no difference between groups for the SLDJ or planned and unplanned CoD. 

There was greater asymmetry in the contralateral injury group for knee varus angle (90-

100%, 0.69) with less knee varus on the non-ACLR limb and COM distance to knee in the 

frontal plane (90-100%, 0.53) with the COM closer to the non-ACLR limb and at the end 

of stance in DLDJ. 

Variable Start End CONTRA	non-ACLR	side	(±	SD) 95%	CI CONTRA	Matched	non-ACLR	side	(±	SD) 95%	CI p	-	value Effect	Size
Contact	Time	(sec) 0.34	(0.10) 0.31	to	0.37 0.27	(0.05) 0.26	to	0.29 <	0.001 0.85

COM	Stiffness	((N/Kg)/mm) -0.09	(0.04) -0.10	to	-0.08 -0.13	(0.05) -0.15	to	-0.12 <	0.001 0.80
COM	to	Ankle	Vertical	(mm) 10 93 0.41	(0.02) 0.40	to	0.42 0.43	(0.02) 0.42	to	0.46 <	0.001 0.81
COM	to	Knee	Vertical	(mm) 11 92 0.22	(0.02) 0.21	to	0.22 0.23	(0.14) 0.23	to	0.24 <	0.001 0.81

29 73 18.1	(4.7) 17.6	to	18.5 21.6	(4) 20.8	to	22.3 <	0.001 0.75
82 99 4.4	(1.5) 2.7	to	6.1 3.3	(0.9) 1.8	to	4.9 <	0.001 0.78

Hip	Flexion	Angle	(º) 14 95 54.7	(12.7) 51.5	to	58.0 45.1	(10.4) 42.0	to	48.1 <	0.001 0.77
Knee	Flexion	Angle	(º) 14 94 63.8	(12.7) 59.7	to	67.8 55.2	(9.5) 51.2	to	59.1 <	0.001 0.72

5 6 0.8(6.2) -15.8	to	17.4 -2.3	(3.7) -15.1	to	10.6 0.022 0.58
82 93 0.2	(7.5) -3.1	to	3.4 -4.8	(5.5) -1.5	to	-8.1 0.027 0.72
2 5 6.3	(8.3) 2.2	to	10.5 10.8	(5.6) 8	to	13.6 0.016 0.61
61 82 8.7	(8.1) 6.8	to	10.6 2.3	(9.5) 0.4	to	4.1 <	0.001 0.69
4 8 0.3	(1.0) -0.1	to	0.7 -0.3	(0.7) -0.67	to	0.1 0.022 0.68
94 98 0.7	(3.1) -0.1	to	0.4 -0.3	(0.7) -0.5	to	-0.1 0.021 0.66
24 67 28.1	(10.1) 27.6	to	28.6 34.9	(9.5) 24.3	to	35.5 <	0.001 0.65
84 93 8.7	(3.4) 5.7	to	11.6 6.5	(2.8) 3.8	to	9.1 0.007 0.66

Ankle	Dorsiflexion	Angle	(º) 69 92 9.1	(8.6) 3.1	to	15.1 3.7	(7.5) -2.4	to	9.7 0.006 0.63
Reactive	Strength	(cm/sec) 0.76	(0.23) 0.69	to	0.82 0.9	(0.2) 0.85	to	0.95 <	0.001 0.62

Anterior	Pelvic	Tilt	(º) 41 88 23.9	(6.1) 23.1	to	24.7 20.0	(5.9) 19.2	to	20.8 0.007 0.62
Thorax	to	Pelvis	Extension	(º) 23 100 5.6	(7.9) 4.7	to	6.5 10.1	(6.4) 9.3	to	10.9 0.007 0.60
Knee	Valgus	Moment	(N/Kg) 85 93 3.6	(3.1) 2.4	to	4.8 1.7	(2.8) 0.6	to	2.8 0.034 0.60

Knee	Varus	Angle	(º) 96 100 0.7	(3.1) 0.6	to	0.8 2.3	(2.7) 2.1	to	2.4 0.047 0.52

COM	to	Knee	Vertical	(mm) 13 83 0.21	(0.02) 0.24	to	0.25 0.25	(0.01) 0.25	to	0.26 <	0.001 0.74
Contact	Time	(sec) 0.39	(0.08) 0.36	to	0.41 0.33	(0.05) 0.32	to	0.35 <	0.001 0.73

COM	Stiffness	((N/Kg)/mm) -0.13	(0.05) -0.15	to	-0.12 -0.18	(0.05) -0.19	to	-0.16 <	0.001 0.72
3 11 9.8	(3.1) 6.7	to	12.9 8.2	(1.6) 5.5	to	10.9 0.002 0.65
32 68 24.9	(4.7) 24.6	to	25.2 28.3	(4.1) 27.7	to	28.9 <	0.001 0.71
86 99 4.4	(1.5) 2.3	to	6.5 3.5	(1.1) 1.7	to	5.4 <	0.001 0.63

COM	to	Ankle	Vertical	(mm) 12 88 0.44	(0.02) 0.42	to	0.45 0.46	(0.01) 0.45	to	0.46 <	0.001 0.7
Hip	Flexion	Angle	(º) 14 88 43.9	(9.5) 41.7	to	46.1 38.5	(7.3) 36.4	to	40.7 <	0.001 0.61

Hip	Extension	Moment	(N/Kg) 74 80 2.9	(9.4) 0.6	to	5.1 -2.3	(6.9) -4.3	to	-0.3 0.006 0.61
14 18 13.4	(10.9) 9.5	to	17.3 7.2	(8.8) 3.6	to	10.7 0.022 0.59
82 88 4.6	(6.3) 1.0	to	8.1 0.81	(6.1) -2.9	to	4.5 0.027 0.57
18 24 53.1	(9.2) 50.6	to	55.6 48.7	(7.3) 46.4	to	51.0 0.042 0.52
63 92 41.5	(9.3) 35.8	to	47.2 36.3	(7.9) 30.5	to	42.0 0.003 0.58

Knee	Valgus	Moment	(N/Kg) 11 15 11.2	(5.5) 8.7	to	13.7 8.3	(4.2) 6.2	to	10.4 0.034 0.57
Ankle	Planarflexion	Moment	(N/Kg) 33 46 36.7	(10.4) 36.2	to	37.2 43.0	(11.1) 42.5	to	43.4 0.001 0.56

Ankle	Dorsiflexion	Angle	(º) 84 88 1.3	(7.4) -3.6	to	6.2 -2.6	(6.9) -7.5	to	2.3 0.045 0.52
Thorax	to	Pelvis	Side	Flexion	(º) 51 72 1.6	(5.1) 0.2	to	3.0 -1.0	(4.7) -2.4	to	0.4 0.025 0.52
Thorax	to	Pelvis	Extension	(º) 23 43 -2.5	(9.2) -3.2	to	-1.8 2.1	(8.3) 1.4	to	2.8 0.038 0.5
Reactive	Strength	(cm/sec) 0.32	(0.12) 0.29	to	0.35 0.37	(0.09) 0.35	to	0.40 0.011 0.5

	Difference	Between	Contralateral	Injury	and	Contralateral	Matched	Cohort	on	ACLR	side	-	SLDJ

Vertical	GRF	(N/Kg)

Knee	Extension	Moment	(N/Kg)

Knee	Flexion	Angle	(º)

	Difference	Between	Contralateral	Injury	and	Contralateral	Matched	Cohort	on	ACLR	side	-	DLDJ

Vertical	GRF	(N/Kg)

Hip	Extension	Moment	(N/Kg)

Hip	External	Rotation	Moment	(N/Kg)

Ankle	Planarflexion	Moment	(N/Kg)

Knee	Extension	Moment	(N/Kg)
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Table 8.10 Biomechanical differences between limbs between contralateral injury group 

and matched cohort. 

 

ACLR - anterior cruciate ligament reconstruction; DLDJ - double leg drop jump; CI - confidence interval; Contra - contralateral; SD - 

standard deviation; mm - millimetre;  

 

8.4 Discussion 

This study has the largest cohort of ipsilateral and contralateral ACL injuries looking at 

differences in physical measures between those who suffer second ACL injury and those 

who do not. The study identified biomechanical differences in both the ipsilateral and 

contralateral analyses between those who suffered second injury and those who did not. 

This was despite little or no difference between groups in the commonly used strength, 

jump and CoD timed performance measures previously used in the literature. There were 

biomechanical variables that were unique to the two sets of analyses suggesting potential 

physical risk factors may different for ipsilateral and contralateral injury and the two 

injured cohorts should be considered separately when assessing for and trying to predict 

ACL injury risk. 

 

Ipsilateral Injury 

In the ipsilateral injury analysis there was no difference between the ACLR limbs or in LSI 

for isokinetic testing of the quadriceps or hamstring as well as the jump and CoD tests 

individually or collectively. Similarly there was no difference in >90% LSI success rates 

for all variables. The exception to this was hamstring strength testing (p = 0.022). Those 

subjects who had > 90% LSI hamstring strength were 3.1 times more likely not to suffer 

ipsilateral ACL injury at 2 years. This difference in hamstring strength was not evident 

Variable Start End CONTRA	ACLR	side	(±	SD) 95%	CI CONTRA	Matched	ACLR	side	(±	SD) 95%	CI p	-	value Effect	Size
Knee	Varus	Angle	(º) 90 100 1.2	(3.0) 1.1	to	1.3 -0.7	(2.2) -0.9	to	-0.6 0.028 0.69

COM	to	Knee	Frontal	(mm) 90 100 14.6	(18.2) 14.4	to	14.7 5.3	(15.5) 5.0	to	5.6 0.036 0.53

	Difference	Between	Limbs	Between	Contralateral	Injury	and	Contralateral	Matched	Cohort	on	ACLR	side	-	DLDJ
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when looking at the group means and highlights how potentially important results may be 

hidden in group averages (Thomee, Kaplan et al. 2011). The hamstring muscle group have 

been suggested to reduce anterior tibial translation and reduced ACL load (Herzog and 

Read 1993, Pandy and Shelburne 1997). However this mechanism has been questioned as 

ACL injury occurs most commonly in the first 40ms of ground contact during which time 

it is not possible to actively contract the muscle group (Hewett, Myer et al. 2006, Koga, 

Nakamae et al. 2010). Any protection may be from muscle stiffness or pre-activation prior 

to ground contact (Pandy and Shelburne 1997) which would not be measured with 

isokinetic testing.  

 

When combining the success rates of all the tests however, this difference was no longer 

apparent with little difference in odds of suffering ipsilateral ACL injury whether >90% 

LSI was achieved across tests or not. This differs from the previous findings of Kyritsis et 

al who reported a 4 fold increase in re-injury risk after ACLR in those not achieving > 90% 

LSI across strength, jump and CoD tests (Kyritsis, Bahr et al. 2016). Both the ipsilateral 

injury and matched control group demonstrated ongoing deficits in LSI compared to 

normative values at the time of testing, in keeping with previous studies demonstrating 

ongoing strength and jump deficits after ACLR at RTP (Mohammadi, Salavati et al. 2013, 

Xergia, Pappas et al. 2013, Schmitt, Paterno et al. 2015, Richter, O'Malley et al. 2018). 

These results would suggest that the groups rates of > 90% LSI hamstring strength may be 

a consideration in reducing re-injury but that previously combined strength and jump test 

results alone may not be different between those who re-rupture their reconstructed ACL 

and those who do not and other factors may need to be considered during RTP assessment 

or decision making.  
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There were a number of biomechanical differences both between the ACLR limbs and in 

differences between limbs between groups when comparing those who suffered ipsilateral 

injury and those who did not. In the DLDJ there was increased knee flexion, lower vertical 

COM height to the knee and ankle and longer ground contact times on the ACLR side in 

those who went on to ipsilateral injury. This would suggest the ipsilateral injury group 

required longer on the ground and more flexion/lowering COM to absorb the force of 

landing and then jump again. This reduced capacity to absorb load or longer time to absorb 

load may have influenced knee loading on RTP resulting in higher knee and ACL load in 

sports specific scenarios and increased risk of ACL injury (Cerulli, Benoit et al. 2003, Yu 

and Garrett 2007, Lin, Gross et al. 2009, Mohammadi, Salavati et al. 2013, Xergia, Pappas 

et al. 2013, Schmitt, Paterno et al. 2015). However significant differences in COM stiffness 

and RSI were not found and there were no differences in the SLDJ test between groups, 

potentially due to a specific deficit at the knee in the sagittal plane with the rest of the 

kinetic chain compensating. There was little difference in the biomechanics of planned and 

unplanned COD on the ACLR side between groups with only the COM less posterior to 

the knee and less anterior pelvic tilt in the ipsilateral injury group. A less posterior position 

of the COM relative to the knee has been suggested to be a method of reducing the knee 

extension moment required during landing and deceleration (Oberlander, Bruggemann et 

al. 2012, Oberlander, Bruggemann et al. 2013) and knee valgus moment during CoD 

(Donnelly, Lloyd et al. 2012) and was evident between limbs and compared to normal 

asymmetry in Chapters 4 and 6. Combined with the findings in the DLDJ in this study, it 

may reflect a difference in the ability to absorb load in the sagittal plane in those who go 

on to suffer ipsilateral ACL injury.  
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Regarding symmetry measures, differences were found in the CoD tests between groups. 

In the planned CoD there was greater asymmetry in COM position to the ankle in the 

frontal plane in the ipsilateral injury group with this distance greater on the ACLR side. 

Greater step width has been suggested to be a potential mechanism for ACL injury and 

increased knee loading and the greater difference in strategy between limbs may increase 

the re-injury risk in the ipsilateral injury cohort (Dempsey, Lloyd et al. 2009, 

Kristianslund, Faul et al. 2014). The COM distance to the knee and ankle was also 

identified as a larger asymmetry in the ipsilateral injury group in the unplanned CoD as 

well. Although COM to knee and ankle has an intra test ICC of 0.43 to 0.46 for the CoD 

tests, the inter-test ICC when averaging the 3 trials is 0.81 to 0.83 and given the sample 

size this likely represents a true difference between groups but should be noted in 

interpretation. In addition there was greater asymmetry in frontal plane control in the 

ipsilateral injury group with greater asymmetry of ipsilateral trunk sway and pelvic drop on 

the ACLR side. Frontal plane control has been suggested to be an important risk factor for 

ACL injury and increased trunk sway has been demonstrated to increase knee loading and 

is commonly is a commonly reported mechanism during ACL injury (Alentorn-Geli, Myer 

et al. 2009, Dempsey, Lloyd et al. 2009, Boden, Sheehan et al. 2010). This difference in 

symmetry of trunk control in the frontal plane was also evident in the SLDJ results. It is 

noteworthy that a greater number and magnitude of differences were found in the 

unplanned CoD between limbs between groups highlighting the potential importance of its 

inclusion in physical testing prior to RTP when assessing re-injury risk. These results 

would suggest that biomechanical variables during both jump and CoD testing may play an 

important role in differentiating between those who will go on to suffer and ipsilateral 

ACL injury, and those who will not, on return to high demand multidirectional sports and 
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may offer more useful information than the commonly used strength and jump score tests 

previously used in isolation.  

 

 

Contralateral Injury 

The influence of strength and jump measures on only contralateral ACL injury (i.e. without 

including ipsilateral injuries in the analysis) has not been investigated previously. This 

study demonstrated no difference in LSI or success rates for quadriceps and hamstring 

strength, jump testing and time CoD performance. It has been suggested that insufficient 

recovery of strength and jump height after ACLR and ongoing asymmetries may increase 

the loading and therefore injury risk to the non-ACLR limb (Sward, Kostogiannis et al. 

2010). However the findings of this study would not support that hypothesis. Combining 

the strength and jump tests success rates had little influence on the odds of having a 

contralateral injury or not (14% less likely to have a contralateral injury if > 90% LSI in all 

5 tests). There was no difference in strength or jump performance when comparing the 

non-ACLR limbs between those who suffered contralateral injury and those who did not 

apart from a small effect size difference in quadriceps strength (ES 0.39).  

 

In the biomechanical analysis however, there were very clear differences on the non-ACLR 

sides between groups. The non-ACLR limb that went on to suffer second injury 

demonstrated differences in plyometric ability and whole body stiffness compared to those 

who did not as reflected in the reactive strength scores (but not in jump height). This was 

reflected in both the DLDJ and the SLDJ with longer ground contact times, lower COM 

stiffness and greater drop of the COM vertically relative to the knee and ankle in those who 

went on to contralateral injury. This was accompanied by increased flexion at the hip, knee 
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and ankle with increased extension at the thorax and differences in the kinetic variables in 

the sagittal plane with greater, then less, then greater vertical GRF (Figure 8.1), ankle 

plantar flexion moment and knee extension moment (Figure 8.2) as well as changes in hip 

extension moment in those who went on to contralateral injury. This combination of 

reduced ability to absorb and transfer load (reactive strength, ground contact times) 

resulting in higher vertical GRF and higher knee extension moments early in stance may be 

a major contributor to ACL strain and subsequent ACL injury (Hirokawa, Solomonow et 

al. 1992, Markolf, Burchfield et al. 1995, Fleming, Renstrom et al. 2001). These results 

would suggest that plyometric ability or whole body stiffness may be a very important risk 

factor for ACL injury in previously uninjured knees in male athletes.  

 

Figure 8.1 Difference in vertical ground reaction force on non-ACLR side between contralateral injury group and matched cohort during 

SLDJ. The top panel illustrates the mean and SD clouds for the contralateral injury group (black) and matched control group (blue). The 

second panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference between the two groups. The bottom 

panel illustrates the effect size as a function of time describing the magnitude of the effect. The shaded portions of the bottom panel 

indicate an average Cohen’s d>0.5 with orange indicating a medium effect size throughout those phases.  
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Figure 8.2 Difference in knee extension moment on non-ACLR side between contralateral injury group and matched cohort during 

SLDJ. The top panel illustrates the mean and SD clouds for the contralateral injury group (black) and matched control group (blue). The 

second panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference between the two groups. The bottom 

panel illustrates the effect size as a function of time describing the magnitude of the effect. The shaded portions of the bottom panel 

indicate an average Cohen’s d>0.5 with orange indicating a medium effect size throughout those phases.  

 

Differences were also seen in the frontal and transverse plane of both DLDJ and SLDJ. In 

the DLDJ there was greater hip external rotation moment at early and late stance as well as 

greater knee varus angle at the end of stance in the contralateral injury group. Hip rotation 

moment has been identified as an important risk factor for second ACL injury (Paterno, 

Schmitt et al. 2010). Given that the majority of subjects in that study suffered contralateral 

ACL injury (10 contralateral to 3 ipsilateral) it may be that this study replicates these 

findings in the contralateral cohort. Hip rotation plays an important role in the control of 

the knee in the frontal plane and may influence ACL injury risk. There was greater internal 

knee valgus moment in both tests (in earlier stance in the SLDJ and later stance in the 

DLDJ) in those who went on to suffer contralateral injury with the moment curve 

demonstrating the same pattern of higher moments earlier and later but lower moments in 

mid stance in the contralateral injury group (Figure 8.3). Although this is the opposite of 
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previous studies in female athletes where external knee valgus (as opposed to internal in 

this study) was identified as a risk factor for primary injury, there were lower maximum 

internal valgus moments in the contralateral injury cohort which may reflect a reduced 

ability to resist external valgus moments on return to more chaotic dynamic challenges on 

return to sport. Of note the magnitude of difference between the groups for knee valgus 

moment was smaller than the intra and inter test SEM for the DLDJ and inter test SEM for 

the SLDJ (Chapter 3, Tables 3.1 and 3.2) and it is therefore possible that the difference 

identified may be due to movement variability/error in measurement. In the SLDJ there 

was increased ipsilateral trunk sway over the non-ACLR limb in those who went on to 

contralateral injury which has also been reported as a common ACL injury mechanism 

(Alentorn-Geli, Myer et al. 2009) and demonstrated to influence knee frontal plane loading 

(Dempsey, Lloyd et al. 2009, Donnelly, Lloyd et al. 2012). There were no differences in 

CoD biomechanics between those who suffered contralateral ACL injury and those who 

did not. If plyometric ability or whole body stiffness is an important measure in 

contralateral ACL injury risk it is intuitive that this would be more evident in the drop 

jump tests rather than the CoD tests. Little difference in symmetry of variables between 

groups again suggests insufficient rehabilitation of the ACLR limb relative to the 

contralateral limb may not increase subsequent contralateral ACL injury risk. The only 

variables that were different between groups were greater asymmetry of knee varus angle 

and COM distance to knee in frontal plane in the DLDJ at the end of stance. 
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Figure 8.3 Difference in knee valgus moment on non-ACLR side between contralateral injury group and matched cohort during SLDJ. 

The top panel illustrates the mean and SD clouds for the contralateral injury group (black) and matched control group (blue). The 

second panel illustrates the SPM{t} – the t-statistic as a function of time describing the difference between the two groups. The bottom 

panel illustrates the effect size as a function of time describing the magnitude of the effect. The shaded portion of the bottom panel 

indicates an average Cohen’s d>0.50 with orange indicating a medium effect size throughout that phase.  

 

There were few variables that were common to both the ipsilateral and contralateral injury 

analysis suggesting that potential risk factors may be different for both groups and 

therefore both limbs should be focused on during rehabilitation and RTP assessment. Prior 

studies have often combined ipsilateral and contralateral injuries together during analysis 

which based on the results of this study may not be appropriate (Paterno, Schmitt et al. 

2010, Grindem, Snyder-Mackler et al. 2016, Paterno, Huang et al. 2017). Of note the 

longer ground contact time, lower COM relative to knee and ankle and increased knee 

flexion angle was evident in the DLDJ in both the ipsilateral and contralateral analyses 

which may reflect common risk factors for both ipsilateral and contralateral injury after 

ACLR. Although there was no difference in reactive strength and COM stiffness in the 

ipsilateral analysis, deficits on the ACLR side during drop jumps have been demonstrated 

in Chapter 4 and 6 and the influence of SLDJ height and reactive strength on making pain 
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free RTP has been demonstrated in Chapter 7 suggesting plyometric training may an 

important risk factor to consider in ipsilateral as well as contralateral ACL injury after 

ACLR. In both analyses, external knee valgus moment (reported as internal knee varus 

moment in this thesis) and knee valgus angle were not identified as variables that were 

different between cohorts despite this being widely reported as a risk factor in previous 

literature (Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010) and common mechanism 

of ACL injury (Alentorn-Geli, Myer et al. 2009, Koga, Nakamae et al. 2010). This may be 

because much of that previous analysis took place on female athletes rather than male 

athletes with females more likely to demonstrate dynamic knee valgus during 

landing(Russell, Palmieri et al. 2006, Norcross, Lewek et al. 2013) and during ACL injury 

mechanism (Krosshaug, Nakamae et al. 2007).  The findings suggest that physical risk 

factors for ACL injury may be different between genders and require separate analysis. 

Both the ipsilateral and contralateral analyses highlight the limitations of using only 

clinical measures of strength, jump and CoD performance without including biomechanical 

analysis and that the combination of both may be most effective when assessing 

rehabilitation status and future injury risk. Asymmetry of performance or biomechanics has 

been suggested to be an important risk factor for injury to both the ACLR and non-ACLR 

limbs (Paterno, Schmitt et al. 2010, Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et 

al. 2016). However, this was not supported in this study especially in the contralateral 

injury group where there were little or no differences in asymmetry of clinical or 

biomechanical measures. Prior analysis has focused mostly on jumping mechanics to 

identify risk factors for ACL injury (Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010, 

Krosshaug, Steffen et al. 2016) but this study demonstrated that combining clinical and 

biomechanical analysis of both jump and CoD testing may provide the most robust 
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assessment of rehabilitation status to minimise second ACL injury risk on RTP after 

ACLR.  

 

This study also examined differences in PRO in both the ipsilateral and contralateral injury 

analysis. There was no difference in Marx activity scale or ACL-RSI score between groups 

suggesting that activity levels at the time of testing or perceived readiness to RTP may not 

be factors in re-injury risk to either limb. There was no difference in IKDC score between 

groups in the contralateral injury analysis but there was a medium effect size difference in 

IKDC scores in the ipsilateral analysis with lower scores in those who went on to 

ipsilateral injury. This may have been due to the presence of ongoing knee symptoms in 

the ipsilateral injury group at the time of testing or reduced self-perceived function of the 

ACLR limb. IKDC scores clearly differentiated between those with and without knee 

symptoms at 9 months in those who had RTP in Chapter 7 and although conflicting results 

in this study regarding its utility in identifying those at a greater risk of suffering second 

ACL injury, it may have an important role in the RTP assessment and injury risk reduction.  

 

Limitations 

With the average time of testing 9-10 months for both the ipsilateral and contralateral 

injury cohorts, it is unknown how well testing at that time point represents their physical 

competency at the time of injury which was on average 19.8 and 23.3 months post-surgery 

for the ipsilateral and contralateral injury groups respectively. Future research should 

carryout similar analyses in female athletic populations to identify risk factors specific to 

that cohort and potential differences in risk factors for male and female athletes for second 

ACL injury after ACLR. In addition the variables and tests identified in this study can be 

used in isolation to assess the ability to predict second ACL injury or in combination with 
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anthropometric, surgical and radiological data to build a comprehensive model of factors 

influencing second ACL injury risk. Finally difference in physical testing at 9 months post 

ACLR and at later time points up to 2 years can be explored to track ongoing changes in 

movement after RTP and the relevance of movement assessment at 9 months on movement 

strategies at later time points after ACLR.  

 

8.5 Conclusion 

This is the first study to examine differences in both strength and jump measures but also 

biomechanical variables during jump and CoD testing to identify risk factors for second 

ACL injury and is the first study to examine the biomechanics of ipsilateral and 

contralateral injury separately. Findings demonstrated that there were greater differences in 

biomechanical variables than commonly used clinical measures in those who went on to 

both ipsilateral and contralateral second injury. Those differences were mostly in different 

variables and different tests for both ipsilateral and contralateral analyses. In particular 

plyometric ability was a major variable in contralateral injury with factors for ipsilateral 

injury potentially being more multifactorial but asymmetry during CoD being important. 

However ground contact time, knee flexion angle and vertical COM position to knee and 

ankle on the second injury side in the DLDJ were common to both the ipsilateral and 

contralateral analyses. This study highlights tests and variables that can be used in future 

analysis to try and predict second ACL injury and give tests to be used and targeted during 

rehabilitation and suggests movement analysis may play an important role in the reduction 

of ipsilateral and contralateral ACL injury after ACLR.  
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Chapter 9 Discussion 

 

Despite the high number of ACLR that are carried out annually across the globe there is 

still a lack of consensus around what standard of physical competency a rehabilitated 

athlete should achieve after ACLR to optimise outcomes (Dingenen and Gokeler 2017). 

This lack of clarity around physical recovery after ACLR may be contributing to the mixed 

outcomes relating to RTP despite the fact that it is the primary reason athletes have 

reconstruction(Ardern, Taylor et al. 2014). Even after RTP, athletes can report ongoing 

knee symptoms (Samitier, Marcano et al. 2015, Dingenen and Gokeler 2017) and are at a 

higher risk of second ACL injury to both the reconstructed ACLR knee but also the 

previously healthy non-ACLR knee compared to previously un-injured athletes (Grindem, 

Snyder-Mackler et al. 2016, Montalvo, Schneider et al. 2018). Previous research has 

focused primarily on strength and jump testing without biomechanical analysis of the 

movements executed (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016, 

Paterno, Huang et al. 2017). When biomechanics was used, it focused on a single test 

(most commonly the DLDJ) despite the fact that 50% of ACL injuries occur CoD (Hewett, 

Myer et al. 2005, Paterno, Schmitt et al. 2010, Krosshaug, Steffen et al. 2016). In addition, 

many of these studies have mixed subject groups relating to age and gender despite that 

both factors have been shown to influence ACL injury risk (Wiggins, Grandhi et al. 2016, 

Montalvo, Schneider et al. 2018). Previous research has focused on knee valgus as a key 

variable in predicting primary ACL injury and a target for rehabilitation(Hewett, Myer et 

al. 2005, Paterno, Schmitt et al. 2010). However only a small number of studies have 

reported its significance and these findings have not been able to be reproduced in similar 

studies(Krosshaug, Steffen et al. 2016). This has not stopped a huge volume of research 

subsequently examining factors that influence knee valgus during various tasks(Dempsey, 
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Lloyd et al. 2007, Dempsey, Lloyd et al. 2009, Donnelly, Lloyd et al. 2012, Kristianslund, 

Faul et al. 2014) rather than trying to explore additional/alternative variables that may be 

important to target during primary and secondary ACL prevention. As a result there has 

been little development in our understanding of what is biomechanically relevant when 

assessing an athlete after ACLR prior to clearing them to make a safe return to high 

demand sport.  

 

With this in mind, the aim of this thesis was to identify differences in physical variables 

relevant to outcomes after ACLR in a homogenous cohort of male athletes returning to 

multidirectional field sports using 3D biomechanics during jump and CoD testing. This 

was initially explored by comparing the ACLR limb to the non-ACLR limb during jump 

testing in Chapter 4 and CoD testing in Chapter 5 and comparing asymmetry during those 

tests with healthy, previously un-injured subjects in Chapter 6. These studies were then 

built on to combine these findings with strength and jump measures and PRO to identify 

differences between groups relating to RTP status (Chapter 7) and second ACL injury 

(Chapter 8). The hypothesis was that there would be physical differences, especially in 3D 

biomechanical variables, relating to normal movement, RTP status and second ACL injury, 

which could be targeted in future during rehabilitation and assessment in order to improve 

outcomes after ACLR. The thesis reported on one of the largest datasets collected relating 

to physical assessment after ACLR and enabled a prospective analysis of athletes who 

went on to suffer ipsilateral or contralateral ACL injury.  It has added to the research body 

in this area by identifying biomechanical differences compared to healthy limbs and 

athletes, between those who made a pain free RTP and those who did not and between 

those who went on to injure the ipsilateral knee or contralateral knee after RTP and those 

who did not. These analysis often highlighted different variables in different tests 
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depending on the outcome explored, demonstrating the importance of considering multiple 

outcomes when assessing rehabilitation status prior to RTP. In addition, findings 

demonstrated the benefits of including biomechanical analysis in combination with the 

commonly used strength and jump measures to generate a more holistic picture of physical 

competency when assessing rehabilitation status after ACLR. The incorporation of the 

findings of this thesis into clinical practice should improve outcomes for athletes, surgeons 

and those involved in the rehabilitation of this cohort after ACLR.  

 

3D Biomechanical Analysis and Performance Measures (Strength, Jump Height, 

timed Change of Direction) after ACLR 

Strength and jump and CoD performance measures and the level of symmetry achieved 

within these tests are commonly used to assess rehabilitation status and assess readiness to 

RTP after ACLR (Thomee, Kaplan et al. 2011, Grindem, Snyder-Mackler et al. 2016, 

Kyritsis, Bahr et al. 2016). This thesis examined 3D biomechanical analysis of these 

movements in combination with the performance measures. In Chapter 4 there were 

consistent biomechanical differences between limbs for all of the jump tests. This was 

despite the fact that the SLHD demonstrated restoration of normal jump symmetry (>90% 

LSI) but the SLDJ demonstrated marked ongoing deficits between limbs (78% LSI). This 

limitation of only assessing performance in SLHD was again evident in Chapter 6 given 

that greater asymmetry of biomechanical variables was found for the ACLR group 

compared to the healthy cohort but no difference in SLHD performance symmetry was 

found between groups. Biomechanical differences between limbs during the planned and 

unplanned CoD tests were also found despite no difference in CoD time between limbs for 

both tests. These results would suggest that achieving pre-defined levels of jump and CoD 

timed performance to reflect rehabilitation status (i.e. > 90% LSI) may not be sufficiently 
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robust, and that performance testing should be combined with 3D biomechanical analysis 

of these tests to identify potentially relevant deficits. Although the use of 10% asymmetry 

as a threshold for originates partly from previous research (O'Malley E. 2017) but also 

from widespread use in clinical practice, its appropriateness as a threshold could be 

questioned given that patients after ACLR are not normal, and the majority have had 

chondral or meniscal damage and therefore have potentially load sensitive knees. It could 

be argued that a higher threshold may be required for athletes after ACLR. Although the 

inclusion of physical testing criteria in RTP decision making, is an improvement to relying 

on time from surgery (Barber-Westin and Noyes 2011), this thesis demonstrated that 

restoration of symmetry of performance (jump height, CoD time) does not mean 

restoration of symmetry of joint mechanics after ACLR. As a result any future study 

should include both performance and biomechanical measures in any analysis before any 

definitive commentary can be made on the potential influence of physical recovery on 

outcomes after ACLR. 

 

Despite the fact that pain free RTP is one of the primary goals of ACL reconstruction, 

much of the previous research has focused on RTP rates regardless of whether they return 

with ongoing knee symptoms (Ardern, Taylor et al. 2014, Dingenen and Gokeler 2017). In 

addition, the focus is often on exploring the non-physical factors that influence RTP rates 

(Ardern, Taylor et al. 2013) rather than the definition of what an appropriate level of 

physical function is after ACLR and how defining and achieving that level of function can 

influence RTP rates. When identifying differences between those who made a pain free 

RTP at 9 months and those who returned with ongoing knee symptoms in Chapter 7 both 

biomechanical measures and strength and jump measures were different between groups.  

Those with knee pain had lower levels of quadriceps strength and plyometric ability (in 
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SLDJ) on their ACLR side and greater asymmetry between limbs than those who had made 

a pain free return. The ongoing presence of quadriceps weakness, regardless of graft type, 

has been consistently demonstrated across the literature (Thomee, Kaplan et al. 2011, 

Petersen, Taheri et al. 2014). Despite this, much of the focus around RTP is on time since 

surgery and what test or battery of tests jump and change of direction tests should be used 

even though the most basic strength deficits still remain. The influence of quadriceps 

strength deficits on knee symptoms has been shown previously and while much of the 

focus is on the incidence of re-injury after ACLR there are a much larger cohort who report 

ongoing symptoms and lower PROs relating to knee function (Eitzen, Holm et al. 2009, 

Logerstedt, Lynch et al. 2013). In addition, even though the majority of strength deficits 

are identified in the quadriceps and hamstring muscle groups, there is little analysis of 

other muscle groups proximal and distal to the knee (i.e. hip and calf) and their recovery 

after ACLR. Future research should focus on why these deficits remain, what other deficits 

in strength may be present proximal and distal to the knee and what role factors such as 

periodisation, exercise selection and execution and role of nutrition play in the re-

development of muscle bulk and strength, in particular in the quadriceps group, after 

ACLR. In addition, there were biomechanical differences on the ACLR side and in 

symmetry between limbs between groups during CoD testing. Quadriceps strength levels 

and symmetry has been demonstrated to influence jump performance (Wilk, Romaniello et 

al. 1994, Petschnig, Baron et al. 1998) and biomechanics (Ernst, Saliba et al. 2000, 

Schmitt, Paterno et al. 2015) as well as knee injury risk after ACLR (Grindem, Snyder-

Mackler et al. 2016). Conversely in Chapter 8 there were biomechanical differences 

between groups in the ipsilateral and contralateral injury analysis despite no difference 

when combining commonly used assessments of symmetry across strength, jump and 

timed CoD tests Building upon the findings in Chapters 4-6 where differences in 
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asymmetry of performance were not present despite difference in asymmetry of 

biomechanical variables, Chapter 8 suggests that commonly used performance measures 

were not different between those who went on to second injury (either ipsilateral or 

contralateral) and those that did not. This would not concur with the findings of previous 

studies and would query the reproducibility of those results and the appropriateness of 

using performance measures alone when assessing physical competence to make a safe 

return after ACLR (Grindem, Snyder-Mackler et al. 2016, Kyritsis, Bahr et al. 2016). 

Based on the findings above this thesis would support the ongoing use of strength and 

jump measures, in particular identifying quadriceps strength and SLDJ jump height as 

important variables, in combination with 3D biomechanical analysis to optimise 

assessment of rehabilitation status after ACLR.  

 

 

Biomechanical Variables of Interest after ACLR 

This thesis identified variables of interest across the kinetic chain in both jump and CoD 

tests and through the eccentric and concentric phase of stance highlighting the importance 

of analysis whole body biomechanics of different movement tests throughout stance after 

ACLR. That nearly all of the differences in biomechanical variables were greater than 

SEM for the tests that were analysed suggests that the medium effect size threshold 

selected (i.e. differences greater than ES 0.5) was appropriate when trying to identify 

differences in variables between groups across the studies of a sufficient magnitude.  In 

Chapter 4 biomechanical differences between limbs were examined during jump testing 

identifying consistent deficits on the ACLR side across tests in knee valgus moment, knee 

internal rotation angle and ankle external rotation moment. These variables were also 

highlighted during CoD testing in Chapter 5 and would suggest insufficient restoration of 
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control in the frontal/transverse plane between limbs at 9 months post-surgery. Deficits in 

the sagittal plane on the ACLR side were also evident in the jump tests with difference in 

position of the COM posterior to the knee in the single leg tests along with asymmetry of 

vertical GRF and knee extension moments in the DLDJ. Similarly, differences in knee 

extension moment and knee flexion angle were reported during CoD testing in Chapter 5 

reflecting ongoing deficits in the sagittal plane. These findings were further supported in 

Chapter 6 where most of the asymmetries identified during jump testing in Chapter 4 were 

greater than those in healthy previously uninjured athletes. The greater asymmetries in 

CoD were less consistent in variables reported in Chapter 5 but still reflected deficits in the 

sagittal plane greater asymmetry in GRF and knee flexion angles. Much of the research on 

rehabilitation after ACLR focuses on time led progression through rehabilitation protocols 

and the execution of prescribed exercises(Myer, Paterno et al. 2006, Dingenen and Gokeler 

2017). Despite this biomechanical deficits between limbs are consistently demonstrated. 

Greater focus may not be required on the duration or frequency of the rehabilitation 

programme or the exercises that are included within that programme but more specifically 

on whether these deficits are progressively resolving throughout rehabilitation and that the 

athlete and those responsible for their rehabilitation are accountable to the changes made as 

opposed to the effort or intensity of the programme. This suggests that multiplanar control 

deficits are evident at 9 months post ACLR across jump and CoD tests and offer variables 

that can be targeted during rehabilitation to restore levels of movement and symmetry seen 

in uninjured limbs and athletes.  

 

When analysing specific outcomes after ACLR difference biomechanical variables in 

different tests were identified. In Chapter 7 no differences were identified during the DLDJ 

and SLDJ between those who had made a pain free RTP at 9 months and those who had 
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returned with ongoing knee symptoms. It was the more demanding CoD tests in which 

biomechanical differences, especially in the transverse plane, were identified on the ACLR 

side and between limbs in foot rotation angle to pelvis and hip internal rotation angle 

between groups. In addition, deficits in the ability to absorb load in the RTP pain group 

were evident with reduced knee moments and greater asymmetry of COM velocity at 

initial contact and GRF. In Chapter 8 when examining differences in those who suffered 

ipsilateral injury and those who did not, the variables which indicated the greatest 

differences between groups were on the ACLR side during DLDJ and symmetry of 

variables during the unplanned CoD tests. Sagittal plane variables were highlighted in the 

DLDJ with longer ground contact times, greater knee flexion and lower COM position 

vertically to ankle and knee in those limbs that went on to re-injure. In the unplanned CoD 

the frontal plane dominated with differences in symmetry of COM position to knee and 

ankle as well as trunk and pelvis side flexion/drop. Findings suggest that assessing multiple 

planes across the two most common mechanisms of ACL injury (i.e. jump and CoD) may 

identify important deficits after ACLR. Interestingly knee valgus moment and angle were 

not identified as different between groups despite its highlighted importance in the 

previous research(Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010) suggesting these 

variables may not the be the sole or major risk factor for re-injury after ACLR or that it is 

not of primary importance within this specific cohort. It also demonstrates that different 

variables were highlighted in the jump and CoD tests and both should be considered and 

assessed when trying to influence re-injury rate after ACLR. In the contralateral injury 

analysis however, it was only the jump tests that demonstrated differences between limbs, 

most notably in variables in the sagittal plane on the non-ACLR side.  There were longer 

ground contact times, lower reactive strength and vertical COM stiffness during both the 

DLDJ and SLDJ on the non-ACLR side in those who went on to contralateral ACL injury. 
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This was combined with differences in hip, knee and ankle flexion angles and extension 

moments on the non-ACLR side suggesting a reduced ability to absorb and transfer load in 

the sagittal plane in those who went on to injure that limb. Some of these variables in the 

DLDJ, increased knee flexion, longer ground contact and lower COM to the knee and 

ankle were consistent with the ipsilateral analysis and may suggest common risk factors to 

injury of both limbs. There were variables identified in both jump tests in the contralateral 

injury analysis outside of the sagittal plane including hip external rotation moment and 

knee valgus moment which have both been suggested to influence primary and secondary 

ACL injury risk (Hewett, Myer et al. 2005, Paterno, Schmitt et al. 2010). However knee 

valgus moments were not identified in the ipsilateral analysis and much larger deficits in 

the sagittal plane were identified in the contralateral analysis suggesting that valgus forces 

may not be the most important biomechanical variable after ACLR in this cohort. This may 

be due to the focus on the biomechanics of female athletes when assessing biomechanical 

factors influencing primary and secondary ACL injury risk (Hewett, Myer et al. 2005, 

Paterno, Schmitt et al. 2010, Krosshaug, Steffen et al. 2016). In addition there was no 

difference in measures of asymmetry of performance or biomechanical variables that 

differentiated between those that went on to second injury and those that did not despite the 

commonly held belief that insufficient physical rehabilitation of the ACLR limb influences 

the injury risk of the contralateral non-ACLR limb after RTP. The differences identified in 

reactive strength and whole body (COM) stiffness in jump testing and the absence of 

variables in the CoD test would suggest the biomechanics of the sagittal plane are 

important in the analysis of injury risk of previously healthy limbs after ACLR.  

 

It is noteworthy that physical testing (both strength and jump measures as well as 

biomechanical variables) did not differentiate for all outcomes after ACLR. There were 
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large effect size differences in patient reported knee function (IKDC) and perceived 

readiness to return to sport (ACL-RSI) between those who RTP and those who had not 

RTP at 9 months. This was despite few physical difference between groups with both 

groups having ongoing functional deficits suggesting that non-physical factors, especially 

PRO, can influence outcomes after ACLR and should be included along with 

biomechanical analysis when assessing rehabilitation status after ACLR.   

 

This thesis builds on previous literature by exploring the use of 3D biomechanics, in 

addition to strength and jump performance measures, in a specific cohort of athletes to look 

at three important outcomes after ACLR - restoration of normal movement, RTP status and 

second ACL injury. The studies in this thesis demonstrated that biomechanical variables 

identified differences between groups for each of the analyses, often in the absence of 

differences in performance measures, suggesting biomechanical analysis should be 

included in assessment of rehabilitation status after ACLR to optimise outcomes. In 

addition, different tests and different variables were specific to each of the three outcomes 

emphasising the need to take a holistic look at movement across jump and CoD tests after 

ACLR in relation to. It also highlighted the importance of analysing the entire stance phase 

rather than discrete points in either the concentric or eccentric phase when assessment 

biomechanics after ACLR.  
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Chapter 10 Conclusions and Future Directions 

 

This thesis examined the utility of 3D biomechanical analysis of jump and CoD tests after 

ACLR in relation to restoring normal physical function, pain free RTP and second ACL 

injury in male multidirectional field sport athletes. It has expanded the research base in this 

area by: 

• Identifying that biomechanical differences exist at 9 months post-surgery between 

limbs across jump and CoD tests throughout the kinetic chain, often despite no 

difference between limbs in jump or timed CoD performance.  

• Identifying that differences in biomechanical asymmetry exist at 9 months after 

ACLR compared to healthy previously un-injured athletes and that these 

biomechanical differences are often present despite no difference in asymmetry of 

jump or timed CoD performance.  

• Identifying that there was little difference physically between those who had RTP 

at 9 months after ACLR and those who had not despite large differences in patient 

reported knee function and readiness to return to sport suggesting patient 

perceptions may play a bigger role than physical function in RTP status as that 

time point. 

• Identifying differences in quadriceps strength and single leg plyometric ability 

along with biomechanical variables during jump and CoD testing between those 

who returned to play pain free and those who returned with ongoing knee 

symptoms. 

• Identifying different biomechanical variables in both the ipsilateral and 

contralateral injury analysis, despite no difference in commonly used strength and 

jump symmetry test battery scores, demonstrating the importance of biomechanical 
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analysis when assessing second ACL injury risk and that different physical factors 

may influence contralateral and ipsilateral ACL injury risk. 

 

This thesis has demonstrated that 3D biomechanical analysis can identify greater 

differences than commonly used strength and jump measures specifically related to 

restoration of normal movement, RTP status and second ACL injury.  The results suggest 

that 3D biomechanical analysis should form part of any assessment of rehabilitation status 

or research exploring risk factors relating to RTP and second ACL injury outcomes after 

ACLR.  

 

Future Research 

As with all research there are many additional and exciting areas of further research 

emanating from this thesis. To minimise the influence of other risk factors affecting RTP 

and second injury outcomes this thesis focused on a male cohort returning to 

multidirectional field sports. There is a dearth of similar information on physical outcomes 

after ACLR in female athletes and youth athletes returning to the same level of sporting 

participation. It is not known if different physical variables are key to outcomes after 

ACLR for each group or should all group aspire to the same set of standards to optimise 

outcomes.  

 

The thesis demonstrated the utility of biomechanical measures assessed at 9 months after 

surgery in outcomes after ACLR. However, it is not known how movement continues to 

change over time, especially after ACLR and whether assessing movement around the time 

of RTP is a valid method of identifying how they will move and injury risk factors when 

second injury occurs, very often over a year after testing. Longitudinally tracking changes 
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in movement will quantify how patterns continue to change after RTP. In addition, only 

variables relating to joint angles, segment positions and joint moments were included in the 

analysis. Analysis of other biomechanical variables such as joint power, work, angular 

velocities and stiffness may identify further or larger differences relating to each of the 

outcomes that could be targeted more specifically in rehabilitation or assessment. In 

addition only the ground contact of the limb that was tested was analysed. There may be 

relevant data in assessing the second landing from the drop jumps as well as the 

penultimate step in the CoD tests for relevant compensations that may not be evident in the 

current analysis.  

 

More complex analysis of the biomechanical data can be carried out using principle 

component analysis to identify key variables relating to the different outcomes or various 

machine learning techniques that combine biomechanical variables to better stratify 

athletes after ACLR and facilitate more targeted intervention. In addition non-

biomechanical data also be added to this process relating to graft type, surgical technique, 

anthropometrics and radiological data to provide enhanced analysis of all the factors that 

may influence outcomes and to enable better risk stratification and prognosis setting for 

surgeons and rehabilitators alike. Finally an intervention study to investigate the ability to 

change the differences and variables identified across the studies in this thesis and the 

influence these changes on the outcomes discussed would have huge benefit to clinical 

practice enhancing the rehabilitation of these athletes.  
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Appendix A  Ethics 

  
The research for this project was submitted for ethics consideration under the reference 

LSC 15/122 in the Department of Life Sciences and was approved under the procedures of 

the University of Roehampton’s Ethics Committee on 25th March 2015. 
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3D Biomechanics Assessment Consent Form 

 
For 3D assessment and collection and use of data and video 

during ACL Rehabilitation 
 
Full Name:     Date of Birth: 
Date of assessment: 
 

Please initial box 
 

Assessment: I consent to carry out physical testing in the 
movement testing laboratory and have read the attached 
information sheet.   

Assessment 
 

 
Collection: I give my permission for video and 3D data to 
be taken of me at the 3D Movement Analysis Lab, Sports 
Surgery Clinic, as part of my assessment today 

Collection 
 

   
Further Use:  I give my permission for the data collected 
and video taken of me today at the 3D Biomechanics 
Assessment Lab, Sports Surgery Clinic, to be used: 

 

 
 
1. For teaching purposes 
 

Teaching 
 

   
2. In articles written by staff from the Sports Surgery 

Clinic for publication in Professional or Scientific 
journals or books, and conference or Laboratory 
posters 

Publication 

 

   

For the further uses I have agreed to the above, I do OR do 
not require my face to be hidden (anonymised) 

Anonymised 
 
 

Not anonymised 

 

OR 
 

 
 
Patient Signature:       Date: 
 
 
 
 

 
Countersigned for Laboratory:      Date: 
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     3D Biomechanical testing 
 

What is the purpose of the study? 
The aim of this study will be to compare the movement of healthy individuals to that of 
individuals that had ACL reconstruction surgery. It is envisaged that the results from this 
study will improve our understanding of ACL injuries and improve current practice in the 
rehabilitation following ACL reconstruction. 
 
What is involved? 
We will ask you to perform a  countermovement jump, step down hop, hurdle hop, hop for 
distance and cutting manoeuvres, all designed to stress the body in sport specific manner. 
You will have the test demonstrated to you and be allowed to practice the test prior to testing. 
If you have any questions or concerns please raise them before completing the test. We repeat 
the tests 3 times on each leg to provide comparison and maximize accuracy. Following the 
3D protocol, you will also be asked to do an isokinetic test to analyse the strength and power 
of the muscles around the knee joint. 
 
What are the risks? 
In any testing programme there is a risk of injury. Care has been taken in the design of the 
tests to apply no more load than required or encountered in normal training. If you feel pain, 
or cannot complete the testing, please tell your biomechanist who will cease the testing. 
There is always the risk in any training exercise of acute or injury. While we minimize these 
risks as much as possible you should understand that injury can occur. 
 
Do I have to take part? 
No. It is up to you to decide whether or not to take part. You are still free to withdraw at any 
time and without giving a reason. A decision to withdraw will not affect your rights/any 
future treatment/service you receive. 
 
Will my taking part in the study be kept confidential? 
 
Data collection  

• All data collected from you is identified by a code – you cannot be identified by 
simply reading the code.  

 
Data storage  

• Information linking you to the participant code is stored in a password protected 
file, which is only accessible by the researchers.  
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Visual Recordings at the Sports Surgery Clinic 

Information 
 
The Sports Surgery Clinic has adopted a policy that gives you the right to control the use of 
visual recordings taken of you. Please read the information below before completing the 
consent form and ask questions if you are unsure of anything. You may at any time during 
or after the recording withdraw your consent for any use other than that relating to your 
medical care.  
 
Who will see my recordings? 
Healthcare staff involved in your care may have access to the recordings. This may include 
staff at the Sports Surgery Clinic, Dublin and any other centre where you receive treatment 
or consultation.  
 

Sometimes staff may wish to use the recordings for teaching or in publications. You can 
choose whether or not this happens. All recordings will be treated as confidential and only 
made available to people unrelated to your medical care with your consent.  
 
If I consent, how may my recordings be used for teaching?  
Recordings are useful for teaching staff, clinicians and students about injury and about how 
to do movement assessments and understand the results. They may be used in presentations 
both on-screen and on paper. 
 

Please be aware that if you withdraw your consent for this use later on it may not be possible 
to withdraw all of the recordings, or copies of, from use. For example, if hand-outs are 
provided.  
 
If I consent, how may my recordings be used in Professional or Scientific Publications? 
Occasionally staff at the Sports Surgery Clinic may wish to use all or part of a recording in 
articles, books, talks and poster presentations. These are normally of interest to other 
healthcare providers and scientists but the information may be accessible to the public. 
Again, please be aware that if you withdraw your consent for this use later  
 
on it may not be possible to withdraw all of the recordings, or copies of, from use. 
 
Will they be able to tell if it is me? 
You can choose to have your face hidden in any photographs or videos used for teaching 
purposes or in publications. Please be aware that it still may be possible to identify you by 
your clothing.  
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Can I see my recordings? 
Yes. You may ask to see your recordings if the opportunity does not arise during the session. 
 
Can I get a copy of my recordings? 
You may request a copy of your videos for you to keep. This will not include any clinical 
report.  

 
 

 
Investigator Contact Details: 
 
Name: Enda King 
Department: Dept of Life Sciences 
University Address: Erasmus House, Roehampton Lane, London 
Postcode: SW15 5PU 
Email: kinge2@roehampton.ac.uk 
Telephone: +35315262030 
 
Please note: if you have a concern about any aspect of your participation or any other 
queries please raise this with the investigator (or if the researcher is a student you can also 
contact the Director of Studies.) However, if you would like to contact an independent 
party please contact the Head of Department.  
 
Director of Studies Contact Details:  
Name  Siobhan Strike     
University Address: Whitelands College, Roehampton Lane, London  
Email : s.strike@roehampton.ac.uk      
Telephone: +44 (0)20 8392 3546     

 
Head of Department Contact Details: 
Name: Dr. Caroline Ross 
University Address: Whitelands College, Roehampton Lane, London 
Email: c.ross@roehampton.ac.uk 
Telephone: +44 (0)20 8392 3529 
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Appendix B - Patient Reported Questionnaires and Pre/Intra 

Operative Forms 
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Appendix C   3D Biomechanics Testing Manual 

A number of staff are involved in the data collection and processing in the clinic. This 

allows for the development of a large database but may result in errors in the data set as a 

result of inter-operator variability. To minimise the effect, all staff are trained by the 

laboratory manager using the following manual. This manual was developed 

collaboratively with the laboratory manager to ensure that the appropriate data is collected 

for analysis in this PhD. Regular audits are conducted by the laboratory manager to ensure 

that the staff comply with the manual. 

 

 

3D Biomechanics Laboratory Manual 

When the patient is first brought into the lab find out whether they have done 3D testing 

here before and give them a brief overview of the full process. If whilst preparing the 

patient you are in any doubt as to whether the testing is safe or appropriate for them for any 

reason (or if the patient discloses that they are pregnant) contact a Senior Biomechanist for 

advice. 

1.1 Patient information collection 

• Take height (mm) and weight (kg) with participant in socks and T-shirt/shorts. To 

measure height, ensure the patient is standing with their heels against the back 

board of the height stick looking straight ahead. Ask them to take a breath in and 

then out: measure height on the out-breath. 

• Ask participant to read plain language statement, initial (NOT tick) relevant boxes, 

sign/date consent form and fill out email and telephone.  
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• Ensure you obtain a guardian signature for any patient under the age of 18 on the 

day of testing. This must be someone with responsibility for the patient so a parent 

or official guardian not a brother/sister/friend/etc. Consult a Senior Biomechanist if 

any issues. 

• Ask the patient the questions on the data collection sheet and record the responses. 

These questions differ slightly between protocols. Most are self-evident but some 

relevant notes are given here: 

o ‘Dominant leg’ is defined as the leg the patient would use to kick a ball as 

far as possible 

o ‘Preferred jumping leg’ is defined as the leg the patient would take off from 

to jump as high as possible (e.g. to head a ball) 

o When asking the patient whether they have had a previous ACL 

reconstruction, word the question in full as “Have you ever had a previous 

ACL reconstruction on either side?”. The question is asking about 

previous ACL RECONSTRUCTIONS not previous ACL/knee damage. If 

the answer is “yes”, ask them when and record the year and which leg on 

the data collection sheet. 

o If the patient tells you any other relevant medical history record this on the 

testing sheet with a date (approximate) if possible. Examples (for an ACL 

patient) would be previous partial rupture of any knee ligament, any 

previous knee surgery, current acute musculoskeletal injury. If you are 

unsure whether something is relevant, write it down! 
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o Current level of participation – “Gym, Running, Turning, Training, 

Competition”  - circle whichever statement applies to the patient. If patient 

answers “training” ask whether it is full contact or non-contact If the 

patient has done no running prior to the date of the test, Indecision 

Cuts ARE NOT to be performed during the 3D testing.  

o ‘Participation level’ on the groin data collection sheet refers to 

recreational/club/county/international/professional. 

o ‘Had surgery?’ on the groin data collection sheet refers to any lower 

extremity surgery, both related and unrelated to the current groin issues.  

Record details and dates. 

o ‘Any other injuries/conditions that might affect testing’ These will be any 

current injuries (apart from the current ACLR) or medical conditions like 

Asthma, diabetes or Epilepsy.  If patient discloses a condition that may 

result in risks during testing, contact senior biomechanist or supervisor and 

ask for advice.  

o Any persistent pain or swelling after training? If patient answers ‘yes’ a 

chartered physiotherapist must assess the patient prior to testing. The 

physio will determine if the patient is able to complete all exercises.  

1.2 Marker placement 

The SSC Biomechanics lab uses a modified ‘Vicon PlugIn Gait’ model which itself is a modified form 

of the classical Helen Hayes conventional gait model. It is a hierarchical biomechanical model in 

which markers are placed on joints to define the two adjacent segments. Since body segments are 

not tracked independently, this may allow errors to propagate ‘downstream’, cascading from the 
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pelvis through the thigh, shank and foot segments. A consistent and accurate method for marker 

placement and data acquisition is essential to ensure that data can be compared between patients 

and with normal values. The accurate placement of kinematic markers is essential if accurate results 

are to be obtained. 

Be ready in the lab before the time a patient is booked in to ensure markers are prepared, 

testing sheets are ready, etc. When a patient arrives early, marker them early if it is feasible 

to do so. 

1.3 General notes  

• Ensure you have the correct patient by (discreetly) asking them to confirm their 

date of birth when you first call them through into the lab. 

• Give the patient a brief overview of the full process if this is their first time doing 

3D testing at the SSC. 

• Get the patient to change into shorts and remove jewellery before you begin. 

• Socks should be below ankles so as not to obstruct the ankle markers. Patients may 

need to remove long or thick socks that cannot be folded down. 

• Use zinc oxide tape or masking tape to cover reflective material on runners/clothing 

if necessary. 

• The lab has spare runners, shorts and sleeveless tops available for patients who 

arrive without appropriate clothing. Ensure these are returned and washed 

afterwards (you may need to remind the patient to bring the clothing back after they 

have seen the physio). If markers need to be placed over loose clothing, e.g. on 

females who have not brought in a sports bra to wear, make a note of this on the 

testing sheet as the patient will be excluded from the research cohort. 
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• To help the motion capture system distinguish between the markers on the left 

side and the right side of the body, place markers on the tibias slightly 

asymmetrically. As shown in the picture below, markers on the left side are placed 

more distally. 

• Take all subject measurements before placing markers on otherwise the markers 

may get in the way of this process.  

• When finished, the marker positions should move as little as possible and should 

not be obscured by clothing. 

• Make note of the shoe heel to toe drop (‘sole delta’ on the data collection sheet; see 

image below). If the patient is wearing raised insoles this should also be recorded. 

• Be conscious of patient dignity. Explain what you are doing to the patient before 

you touch them and get the patient to adjust their own clothing if necessary (e.g. 

moving their waistband down) rather than doing it for them. 

• Be aware of how the previous test is progressing in the lab. If the previous patient 

is running late you should give your patient questionnaires to complete before they 

remove their clothing or marker more slowly than usual so the patient is not left 

waiting around after you finish preparing them for testing. 

• If the patient is aged under 18 ensure there are two people present at all times 

during markering.  

• Remember your patient is in a potentially vulnerable position and behave with the 

utmost professionalism. Some patients may be more comfortable being markered 

by a biomechanist of the same gender.  
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Heel to toe drop = heel height (mm) – toe height (mm) 
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1.4 Marker locations 

1.4.1.1 Upper Body 

C7 7th Cervical 

Vertebra. Spinous 

process of 7th cervical 

vertebrae. 

The C7 bone is located 

along the spinal column 

right where the back of 

the neck ends. Have the 

subject bend his or her 

head down and back up.  

(small bone jutting out 

will indicate this).   

 

 

C10 10th Thoracic 

Vertebra. Spinous 

process of 10th thoracic 

vertebrae. 

The T10 is also located 

along the spinal column.  

Count 10 vertebrae 

down from C7. T10 is 

usually found in line  
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with the inferior angle of 

the spine of the scapula. 

CLAV The Clavicle is placed 

in between the two 

collar bones and 

below the base of the 

neck above the jugular 

notch where the 

clavicle meets the 

sternum. The marker 

should be placed on 

the bone and not in 

the jugular notch 

itself. 
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STRN Xiphoid process of the 

Sternum. This marker 

must be placed on the 

bone just above the 

Xiphoid process. Put the 

marker on the base of 

the middle of the 

ribcage.  For women, the 

marker is placed below 

the breast. 

 

LSHO/ 

RSHO 

Shoulder markers 

Placed on the acromio-

clavicular (AC) joint. 

See figure above 

1.4.1.2 Pelvis 

LASI/ 

RASI 

Anterior Superior Iliac 

Spine.  Placed on bony 

prominence of ASIS. 

Find the area of the 

pelvis bone that juts 

out the most and 

place the marker at 

the point where the 
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hip flexor tendons 

meet the bone. 

 

LPSI/ 

RPSI 

Posterior Superior Iliac 

Spine.  

Put the marker on the 

bony prominence that 

can be felt below the 

dimples at the point 

where the spine joins 

the pelvis. If a 

participant is difficult to 

palpate simply ask them 

to bend forward (but 

place the markers on the 

body in an upright 

position). 

 

 

LPEL/ 

RPEL 

Iliac Crest. Place 

markers bilaterally 

level and in line with 

the greater 

trochanter. 
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1.4.1.3 Lower body 

LTHI/ 

RTHI 

Mid-thigh Marker. Identify and 

mark the most prominent aspect of 

the greater trochanter. Mark this 

and place the marker midway 

between greater trochanter and 

knee mark. 

Greater trochanter can be identified 

by getting participant to internally/ 

externally rotate thigh. 

(to wiggle the foot) 

 

LKNE/

RKNE 

Knee joint marker. Located on 

the lateral epicondyle of the 

knee. 

Marker is placed 1.5cm above 

the midpoint of the joint line. 
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LTIB/ 

RTIB 

Tibia marker should be  

placed on the lateral tibia, in 

alignment with the knee marker 

and the midpoint of lateral 

malleolus of ankle.  

Left tibia marker is placed lower 

(more distally) than right. 

 

LANK/

RANK 

Ankle  marker.  

Placed on the middle of the 

lateral malleolus. 

Make sure marker is protruding 

laterally rather than anteriorly/ 

posteriorly. 

 

LTOE/

RTOE 

Toe marker.  

Located on the base of the 2nd 

metatarsal head. Placed on shoe, 

feel for the base of the 2nd 

metatarsal head. Ask the 

participant to flex their toes to 

the ceiling to determine this 

point. 
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LHEE/

RHEE 

Heel marker.  

Placed on shoe, on the calcaneus 

at the same height as toe 

marker. 

 

1.4.2 The marker placement process 

1.4.2.1 What you need 

• 28 x 14 mm retro-reflective markers on double-sided tape  

• Anthropometric callipers 

• Wooden rule 

• Small ruler/set square 

• Pre-tape spray 

• Paper towel 

• Zinc oxide tape and masking tape 

• Patient data collection sheets and consent form 

1.4.2.2 The Markering Area 

Check that the area is tidy and you have everything you need before calling the patient into 

the lab. Ensure the space is left ready for the next patient (markers and tape prepared, your 

patient’s possessions cleared away) when you are done. 
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1.4.2.3 Before you start 

See also section 4. 

• Ask participant to sign consent form 

• Take height (mm) and weight (kg)  

• Make note of the shoe heel to toe drop (sole data)  

• Put strips of zinc oxide tape on the shoes where you will later place the markers 

• Ask the participant all questions on the collection sheet and record responses 

1.4.2.4 Palpation and marker placement process 

1. Get the participant to sit down with feet on the step up box whilst marking the lateral 

and medial malleoli. 

Take ankle width with the anthropometric calipers. 

You are measuring the distance across the skeleton 

from medial to lateral malleolus. Record ankle width for each side on the data collection 

sheet. 

2. Ask patient to step on the second step up box and lean against the wall, shift all the weight on 

the inside leg and a slight bend in the outside knee to mark it. 

What you are looking for:  

• Anteriorly: the gap between tibia and femur in the joint line on top of the tibial 

plateau 
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• Posteriorly: the last bony prominence of the knee joint (not the tendon) at the 

same superior-inferior position as the anterior mark. 

Mark those two points and draw a line between them with the knee fully-extended. 

Take the middle of the line, measure 1.5 cm proximal from this point with the patient’s knee full-

extended and mark the location. This should be the axis of rotation of the knee and where you 

stick your marker. 

How you can check this: Get participant to flex and extend knee (bring the heel up to the bum). 

Your identified landmark should not move during the movement. As an alternative, ask the 

participant to go down into a squat and up again. There will inevitably be some movement of the 

skin over the joint but the marked position should not be visibly offset from the centre of rotation 

of the joint. 

3. Measure knee width, with the participant sitting down and the knee flexed at 

approximately 90°. The caliper ends should be placed laterally on your knee marker and 

medially so as to define the flexion-extension axis of rotation of the 

knee. Ensure you apply sufficient pressure to measure the width of 

the underlying structure rather than soft tissue around the knee. 

Record knee width for each side on the data collection sheet. 

4. Marking the greater trochanter (GT): participant can step down from the box so that you can 

tape up the shorts (see picture above). Ask the patient to roll the hem of their shorts up to the 

waistband and pull the waistband out so you can wrap the leg of the shorts in masking tape. 
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Get participant to stand with their feet shoulder-width apart and their toes pointing straight 

forward, facing 12 o'clock. It is important that the feet are perfectly parallel on the ground, 

otherwise your mark will be off. Now you can start palpating the 

thighs for the GT. Move the palm of your hand over the thigh 

from anterior to posterior, superior too inferior and vice versa to 

get a feeling for where the most prominent part of the GT is. If the GT is challenging to locate, ask 

the participant to internally and externally rotate the foot with the heel on the ground. You 

should feel the prominence of the GT pop out under your hand. The GT slopes posterior-laterally 

so ensure your mark is on the lateral prominence. 

5. The next step is to find LASI/RASI. Ask the patient to remove their top (confirm they have their 

sports bra on first if female). In order to palpate the anterior superior iliac spine (ASIS), first put 

your thumb on the hip flexor tendons on the anterior aspect of the pelvis and palpate superiorly 

until you reach the bony prominence of the ASIS, where the hip flexor tendons insert onto the 

pelvis. If you are struggling to locate the correct point, ask the participant to take the weight off 

the ipsilateral leg to reduce tension in the tendons. Do not mark your point until you have located 

it with the patient standing evenly. 

6. Measure the leg length from the ASIS to the ipsilateral medial malleolus. The tape 

measure should be taught and should pass as directly as possible between the two points. 

Repeat the measurement at least twice on each side to ensure you are consistent. Record 

leg length for each side on the data collection sheet. 

7. The next step is to mark lines on the participant’s legs between the GT and the knee and 

between the knee and lateral malleolus. Get down to the level of the line and ensure you 

are looking at the leg from a directly-lateral position to avoid errors caused by parallax. 
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Mark the midway point between GT and knee on each line. Mark a point on the line 

between the knee and ankle, selecting a more distal point on the left leg than the right. 

Mark the anterior thigh and tibia marker positions (exact location not important but must 

be marked to facilitate the accurate replacement of any markers that fall off during testing). 

8. Locate RPSI/LPSI at the back of the pelvis. These are bilateral prominences that can be palpated 

around the inferior-lateral corner of the dimples in the lower back. Ask the participant to bend 

forward to make the prominences more pronounced if they are difficult to find but always mark 

the point in a standing position. 

9. To mark the shoulders, get participant to stand upright with arms relaxed by their sides. Feel 

for the plateau behind the bony prominence of the AC joint at the shoulder.  

10. The C7 vertebra is located along the spinal column at the base of the neck. The spinous 

process can be located by getting the subject to flex and extend the cervical spine (“chin down to 

chest and then back up again”). C7 will remain prominent and will not change orientation when 

the neck flexes (unlike all other cervical vertebrae). C6, immediately superior to the target 

vertebra, will disappear when the neck extends and reappear when it is flexed. 

11. The T10 vertebra is also located along the spinal column. To approximate the position of T10, 

get the participant to bring their arm behind the back to make the lower aspect of the scapula 

protrude. T10 will be at approximately the same level as the inferior aspect of the scapula. You 

can also count ten vertebrae down from C7 (ask participant to round their back with outstretched 

arms braced against the wall to open up the spine). 

11. To mark the sternum, palpate for the base of the middle of the ribcage. For females the 

marker will be placed below the breasts, often on the band of the sports bra.  
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12. To mark the clavicle, feel for where the two collar bones meet below the base of the 

neck. The marker should be placed on bone at the base of the jugular notch. 

13. Use pre tape spray on all lower limb and pelvis markers (also the chest or back if a 

participant is particularly hairy). Check with the participant that they have no known 

allergy to pre-tape spray or any other aerosol before applying. Use a sheet of paper towel 

to remove excess spray and prevent it running down onto clothing. 

14. Get the participant to replace shoes. 

15. Place markers on lower and upper body. Ensure the marker is exactly on the point you 

have marked. 

The markers on the back will be furthest from the cameras when 

the participant is standing on the force plate due to the camera 

configuration. The cleanest and shiniest markers should therefore 

be placed on L/RPSI, C7 and T10. 

Place shoe markers and secure with zinc oxide tape. 

Patient is now ready to begin the 3D motion capture testing. 

 

Data capture protocols 
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1.5 3D motion analysis: Vicon 

1.5.1 Before testing begins 

• Look at iMed the previous day for the day’s schedule. 

• Prepare data collection sheets and consent forms. Groin patients use de-

identification codes and therefore name and date of birth should ONLY be 

placed on consent forms and not on data collection sheets. 

• The lab should be clean and tidy. Ensure rubbish has been disposed of and the 

previous patient’s possessions have been removed from the lab. 

• 3D testing includes the use of a 30 cm box, a 20 cm step and a 15 cm hurdle. 

Make sure these are available before testing commences. Some testing 

protocols may require additional equipment which should also be checked 

before the patient is brought through into the testing area. 

• Ensure SmartSpeed timing gates, SmartSpeed Hub and calibration wand are 

charged prior to testing. 

 

 

 

1.5.2 Calibration 

This is the standard calibration procedure for the SSC Biomechanics Lab. It should be 

adapted appropriately when needed. The cameras should, when possible, be switched on 10 

minutes before the calibration is performed to give them time to warm up. 
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• Ensure curtains are closed and no surplus reflective items are in the lab. 

• Ensure PoE switch is switched on. 

• Open Vicon Nexus. 

• This screen will appear: 

 

 

 

• Right-click ‘Devices’ and select Add Digital Device à AMTI 

(first option) 

• Ensure that all the cameras and force plates are marked with a 

green icon in the Resources pane. If a camera/force plate is 

NOT highlighted green, ensure the device is connected, right-

click on the icon and select reboot. 

• Force synchronisation of the force plates and motion capture system by right-

clicking Local Vicon System and selecting Synchronise. 

• Switch on the calibration wand.  
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•  Select Live button: 

  

 

• Select all the cameras in the Resources pane.  

 

• In the top left hand corner of the “Live” screen you can 

change your viewing option to Camera. 

 

 

• Check that each camera is viewing only the 5 markers on the wand (5 trajectories). 

 

• Remove anything else the camera may be picking up (reflections from shiny surfaces, etc.) 
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• Screen each of the cameras individually. Ensure that it sees each of the 5 markers 

as depicted below. The images below show a marker as viewed by camera that is 

focused too far away (a), too near (b) and well-focused (c). If this is not the case, 

the camera may need to be adjusted.  

                   

 

    

 

• Whilst it is the lab default, check that ‘Active Wand v2’ is selected in the Tools 

pane (Calibrate Cameras à Show Advanced) and that the following parameters are 

selected: 

 

 

• Highlight all 10 cameras. Pick up the wand and turn the computer screen around to 

the calibration area. 

• Start the dynamic calibration by selecting Start under Calibrate Cameras in the 

Tools pane. 
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• Be sure to cover the entire volume where your subject will be during capture and 

wave the wand all the way down to the floor and up to the height of your subjects. 

• Check the coloured triangle in the lower right corner of each camera view. As more 

frames are captured by each camera the triangles will change from red to green. 

When calibration for that camera is complete the triangle will disappear. 

 

 

 

• Once enough data is captured Nexus will begin processing it automatically. The 

calibration is done in two passes, so the Camera calibration bar will progress from 0 

- 100% twice. 

• SSC Lab guidelines are that only an image error of less than 0.35 should be 

accepted. If this is not achieved the dynamic calibration should be repeated. 

• The purpose of this calibration is to define a reference frame for each camera 

relative to all the other cameras. The next stage is to set the origin and axis 
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orientation for the desired laboratory reference frame. Set the volume origin and 

axes by carefully placing the wand in between the two force plates ensuring it is 

level and that it is turned on. In the Tools pane select start and then Set Volume 

Origin. 

• Switch back to 3D perspective view and ensure that the origin is in the correct 

location with respect to the force plates.  

• Remove wand, switch off and replace on the wall, being careful not to knock or 

otherwise damage it. 

•  To calibrate the two AMTI force platforms press ‘zero’ on the AMTI amplifier 

boxes then right-click on the force plates and select “Zero Level” for each. 

1.5.3 Create subject and enter anthropometric data 

• To create a new subject press F2 to display the Data Management window.  

• Select the correct classification. This will normally be the current month (e.g. 

May2016) except for norms or special experimental populations. 

• Select new Subject (  ) and name using patient’s initials and SSC number (if 

not groin patient) or de-identification code (if groin patient). 

o When creating an ACL subject, it is important to note whether the 

patient is a 6 or 9 month test and whether they have had a previous ACL 

reconstruction. This information will have been recorded on the data 

collection sheet. If you are unsure how to name a patient’s data 

collection folder please ask a colleague – it is better to ensure it is 
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correct at the time than to have to go back and attempt to identify issues 

later on. 

o A 6 month patient (Test 1) who has never had a previous  ACL 

reconstruction on either side will just be named as ‘initials + SSC 

number’, e.g. AB 123456 

o A 9 month patient (Test 2) who has never had a previous  ACL 

reconstruction on either side will be named as ‘initials, SSC 

number, Retest’, e.g. AB 123456 Retest 

o ‘6 month’ and ‘9 month’ in this context refer to the review file on 

iMed, not the actual dates from surgery. For example, a patient 

who is booked in for Test 1 (6 month review) but had their 

surgery 9 months ago will still be named AB 123456, and a 

patient who is booked in for Test 2 (9 month review) but never 

attended their Test 1 will still be named AB 123456 Retest. 

o The initials entered should be the patient’s initials as per their 

iMed file. If the patient’s iMed file is under the name ‘Emily Jane 

Smith’, the initials you save the data under should be EJS. Do not 

use hyphens, fadas or any other punctuation in the file name. If 

the patient has ‘Og’ or ‘Ní’ as part of their name, treat it as you 

would any other initial (Fred Og Ryan = FOR; Ainé Ní Nullian = 

ANN). 

o There are two exception cases in which you would enter more 

than the first initial of each word in the name: Mac and Mc. In 
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order to help distinguish between patients, each of these is 

entered as the full prefix. David McFadden would therefore be 

named DMcF, and Sam Og McGovern would be named SOMcG. 

o The words ‘Revision’ and ‘Contra’ are used after the SSC number 

to indicate that the patient has a previous ACL reconstruction on 

the same side (Revision) or the other side (Contra). A 6-month 

ACL patient who has had a previous ACL reconstruction on the 

same leg will be named ‘AB 123456 Revision’.  A 6-month ACL 

patient who has had a previous ACL reconstruction on the 

contralateral side will be named ‘AB 123456 Contra’. If the 

patient has had both (i.e. this is their third reconstruction), they 

can be named ‘… Revision Contra’. ‘Retest’, if applicable, always 

goes at the end: ‘AB 123456 Revision Retest’. 

o Groin pain patients will have de-identification codes and will be named 

as such, e.g. “1234”. A groin patient returning for a retest will be named 

“1234 Retest”.  

• Fill in the required database information at Subject level – age, gender, 

dominant side, injured side and cohort, NFR/Ext, Taken for cleaning. 

• Double click the subject and create a new Session ( ) folder. 

• Make sure you are in the new session and then return to the capture screen  

• In the Resources pane create a new subject from a labelling skeleton and select 

SSC Function Ai from the drop-down menu: 
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• Click on the subject name (‘RK XXXXX’ in the 

example above) and enter the Subject 

anthropometric details. Nexus fills in default values 

for some of these parameters which you will need 

to replace with the correct values for your patient. 

InterAsisDistance will autocomplete later on so 

delete the default value from this box and leave it blank. Scroll down to do the 

same for the left leg. Upper body parameters are all left blank as these are not 

included in our model. 

1.5.4 Key information for patient 

When the patient is first brought out of the markering area into the motion capture space 

the following key information should be given before testing continues:  

• The patient should be introduced to the testing space if they haven’t been in the 

lab before – “you can see the cameras all around with the red rings of light – that 

light reflects off the markers and that’s how we track how you are moving through 
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the space” or similar. DO NOT point out the force plates: their presence should be 

de-emphasised to avoid targeting during the cutting exercises. If the patient asks 

why they are required to do the exercises in a particular location tell them this is 

where the cameras are focused. 

• A brief overview should be given of the exercises to be undertaken – “Three set-

up trials to start with then some squats, some jumps and some running and 

cutting” so the patient is clear about what will be asked of them 

• It should be made clear that these are all performance tests and the patient will 

be asked to complete exercises to the best of their ability… 

• … but they must be told to notify the tester if they feel any pain or are 

uncomfortable with any of the exercises. It is not uncommon for ACL patients to 

experience some mild stiffness or soreness in their knee and initial groin patients 

are likely to have some discomfort in cutting exercises but this should be 

monitored and any unusual pain, acute pain or increase in pain may require the 

testing to be discontinued. If in any doubt, refer to a Senior Biomechanist. 

1.5.5 Set-up trials 

1.5.5.1 Static Trial 

The static trial enables the Plug-in Gait model (SSC Function Ai) to associate captured 

markers with known positions or labels and to calculate certain key parameters that are 

used during dynamic trials (marker placement should be screened visually by the tester 

as well as a double-check of greater trochanter markings). 
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• On the force plates, have the subject stand in a stationary pose (“looking 

straight ahead, standing very still with hands on bum”), to enable the Vicon 

system to determine the location of key markers. The patient should have 

feet placed shoulder-width apart, toes pointing straight forwards and toes 

level in the anterior-posterior direction. Check foot position and get the 

patient to adjust if necessary. Ensure all markers are visible in Nexus Live 

view and that there are no additional ‘ghost markers’ caused by reflections 

off clothing or shoes (cover with tape if required). 

• In the Tools pane select Capture (  ) and capture a static trial by typing in 

the trial name “StaticTrial” and pressing Start. Capture approximately 600 

frames (three seconds) and then press Stop. Repeat if the patient moves 

visibly during the trial. Tell the subject that he/she can relax their arms but to 

keep their feet where they are (in case you need to repeat the trial). 

 

• Press F2 to open up the Data Management window and double-click your 

static trial to open it. Reconstruct the marker positions (shortcut 1 below in 

the top toolbar) and check that all markers are visible in the reconstruction.   

 

• Run AutoInitialize (shortcut 2). This applies marker labels based on the selected 

template to the reconstructed marker positions. Check that all these labels are 
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correct and make corrections if necessary by selecting Label ( ) in the Tools 

pane and manually labelling the reconstructed markers. 

• Once complete, select Pipelines ( ) in the Tools pane and run Plug-in Gait 

Static. This will visually create segment volumes on the static trial. SAVE 

YOUR TRIAL. 

• You can now call the patient over and show them the image on the screen. 

Point out the different body parts and explain what the model allows us to 

see. 

 

  1.5.5.2 Range of Motion trial (ROM) 

The Range of Motion (ROM) trial facilitates movement tracking by associating trajectories 

with marker and hence joint positions and improving Nexus reconstruction and labelling 

performance. The ROM trial can also be used to compute functional joint centres rather 

than those defined by marker locations.  

• The patient should begin standing in neutral position (as for the static trial) but 

with their hands on their hips (ensure the hands are not covering up any markers) 

and should then perform the following sequence of actions: 

o Circumduction of the hip (both sides one after the other): “circle with your 

left/right leg” 

o Squat – “squat down and up” 

o Circular movement of the waist area – “circle with the hips” 
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o Flex the hip joints with both feet on the ground – “tip your upper body 

forwards” 

o Extend the hip joints and lumbar/thoracic spine – “tip your upper body 

backwards” 

o Return to the neutral starting position – “return to an upright position” 

• The trial should be named ‘ROM’. It doesn’t matter if the patient makes small 

adjustments to foot or arm position during this process as long as markers are not 

obscured. The process should be demonstrated to the patient before recording 

commences and they should be cued through the individual movement 

components during recording. 

• Press F2 to open the Data Management window as before and double-click the 

ROM trial to open it. Reconstruct and label the trial (shortcut 3 in toolbar image), 

check labelling and correct manually if necessary. Small gaps in marker trajectories 

are acceptable but any labelling errors/failure to identify a marker should be 

corrected.   

• Once complete, select Pipelines and run Calibrate Labelling Skeleton ROM. This 

can take a couple of minutes so the patient can be doing their warm-up in this 

time. SAVE YOUR TRIAL.z 

1.5.3.3 Walk Trial 

Collect a trial named ‘Walk1’ : 

• Patients starts standing on the force plates facing the back curtain, walks straight 

to the back curtain, touches it, turns around, walks straight back to the force 
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plates and stops. Try to get them to walk straight, then turn at the wall, then walk 

straight again - i.e. not gradually turning during the whole far-end region of the 

trial 

• Reconstruct+Label and run Calibrate Labelling Skeleton ROM as normal, save 

• Reconstruct+Label Walk1 then model the trial 

• With the Walk1 trial open, run CheckMarkers pipeline. 

• Open History tab in Communications toolbar and check that the CheckResults 

values have been written in. 

 

 

 

• The positions of the markers are used to apply a model to determine joint angles, 

etc. The MarkerCheck routine allows the model that has been applied to your 

markers to be checked. The markers that define the knee joint are most 

commonly misplaced – by screening knee angles before testing starts we are able 
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to identify and correct these errors. Two variables are extracted: knee internal 

rotation angle range and knee internal rotation angle inter-limb asymmetry. All 

values for the first should be less than 20 degrees and all for the second should be 

less than 10 degrees.  

• If your values fall outside the desired range, check your marker positions and lines 

(or get your teammate to do do), adjust as necessary and the Walk trial (save as 

‘Walk2’). 

• Collect a second static trial with the new marker positions (no need to repeat 

ROM). If the MarkerCheck test is not passed on the second attempt proceed with 

the testing but put a ‘1’ in the MarkerCheckFail column at Patient level in the 

Nexus database.  

1.5.6 Testing protocols 

Before commencing all testing protocols the patient should undertake a two-minute warm-

up jogging around the lab (unless different warm-up defined for a particular experimental 

protocol). 

 

 

 

 

  

1.5.6.1 ACL 

A demonstration and set verbal cues are given before each test. 
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Two sub-max practice trials are completed for each test followed by three recorded 

acceptable trials. Always test the un-injured leg first for each single leg test. 

 

Label Exercise Verbal cues 

Squat Squat. Five performed  one after the other with one 

recorded out of the middle. 

Pass criteria: Following cues, hands on hips. 

Hands on hips, sitting back 

into it, keeping an upright 

trunk and squatting down 

to maximum parallel.  

DLCMJ 

(1,2,3) 

Double-Leg Counter Movement Jump. 

Pass criteria: Landing on the force plates/ one 

fluid motion/ legs straight in the air. 

Same position with the 

hands, squatting down and 

jumping up in one fluid 

motion, trying to hit the 

top of your head off the 

ceiling. 
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SLCMJ 

(Left, Right, 

1,2,3) 

Single-Leg Counter Movement Jump. The 

participants will be asked to put their hands on 

their hips, and to bend their knee and do a maximal 

jump in one fluid motion. They will be instructed 

to try to hit their head off the ceiling. They will 

stand with one foot on the force plate, contralateral 

leg flexed behind, jump vertically and land with 

the same foot on the force plate. No instruction 

will be given on how to land, other than to stick 

and hold the landing until told to relax.  

Pass criteria: Keeping leg straight when in the air 

(e.g. no flicking heel behind, as height is calculated 

from flight time off the force plate). Sticking and 

holding the landing within the force plate. 

Starting on one leg, free 

leg behind, hands on hips, 

I want you to hit the top of 

your head off the ceiling. 

Stick and hold the landing 

until told to relax. 
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DLDJ (1,2,3) Double-Leg Drop Jump. The participant will start 

with both feet on the box (30cm), feet slightly over 

the edge. They will be instructed to drop off the 

box, land with both feet simultaneously and 

immediately upon landing perform a maximal 

jump. No instruction will be given on how to land. 

Pass criteria: Following cues and landing within 

the force plates. Legs straight when in the air. 

Your performance is based 

on your jump height and 

the minimum time spent 

on the ground. Start on top 

of the box, hands on hips, 

feet slightly over the edge. 

Drop off the box and, 

immediately upon landing, 

spending as little time as 

possible on the ground, 

jump as high as you can - 

try to bang the top of your 

head off the ceiling. 

SLDJ (Left, 

Right, 1,2,3) 

Single-Leg Drop Jump. The participant will start 

with one foot on the step (20cm), toe slightly over 

the edge and contralateral leg flexed behind them. 

They will be instructed to drop off the box and 

immediately upon landing perform a maximal 

jump. No instruction will be given on how to land. 

Pass criteria: Following cues and landing within 

the force plate. Take-off leg straight when in the 

air. 

Same as before but this 

time single legged. Hands 

on hips, foot slightly over 

the edge. Drop off the box 

and, immediately upon 

landing, spending as little 

time as possible on the 

ground, jump as high as 

you can - try to bang the 

top of your head off the 

ceiling. 
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HH (Left, 

Right, 1,2,3) 

Medial Hurdle Hop. The patient will be instructed 

to hop medially over 15cm hurdle hop, laterally 

back and then stick the landing. This will be 

performed as quickly as they can. 

Pass criteria: Following cues. The final landing 

should be stuck or nearly-stuck – a little shuffle is 

acceptable but do not accept the trial if the patient 

is not able to control their landing at all. 

Hands on hips, jumping 

over and back as quick as 

you can. Spending as little 

time on the ground as 

possible and stick and hold 

the landing at the end. 

SLHop (Left, 

Right, 1,2,3) 

Single-Leg Hop For Distance. Start on force plate, 

hands on hips, hop as far as possible and land on 

same foot. The participant will be instructed to 

imagine themselves jumping all the way to the 

wall. 

Two jumps will be performed to set the distance, 

and a cone will be placed where the patient landed. 

The patient will then be asked to start from the 

cone and jump back towards the force plate, 

maximal jump and hold the landing.  

Pass criteria: Following cues and being able stick 

and hold landing position until told to relax. 

Set the distance: Hands on 

hips, imagine yourself 

hopping all the way to the 

wall.  Stick and hold your 

landing position until told 

to relax. 

Recording: Starting from 

the cone, jump towards the 

force plate, again keeping 

the hands on the hips, 

maximal jump and holding 

the landing until told to 

relax. 



 
 

264 

Planned CoD 

(Left, Right, 

1,2,3) 

The participants are instructed to run as fast they 

can towards a dummy defender. They will be 

instructed to run all the way up to the defender and 

past the cones (to ensure that they land on the force 

plates) before cutting (90°) either left or right 

starting with their uninjured leg. The participants 

will be instructed to complete the task as quickly 

as possible running through the first gate all the 

way through the second gate as they are timed. 

Pass criteria: Running as fast as they can all the 

way past the second gate. If they start slowing 

down before, this will not count as a good trial. 

Patient needs to turn rather than perform a side 

step. 

Starting by the red cones, 

run as fast as you can 

toward the defender, run 

all the way up to the 

defender passing the 

yellow cones before you 

cut in the direction of the 

light. The time starts as 

you pass the first gate and 

ends when you pass the 

second gate, so run as 

quickly as you can from 

the first set of gates all the 

way through the second set 

of gates. 
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Unplanned 

CoD (Left, 

Right, 1,2,3) 

The set-up will be identical to the planned cutting 

task. The participants are instructed to run as fast 

they can towards a dummy defender. As soon as 

the participant passes through the first timing gate 

either the left of the right timing gate will be 

triggered and will flash. The participant will be 

instructed to run all the way up to the defender and 

past the cones (to ensure that they land on the force 

plates) before cutting (90°) either left or right 

depending on which light is triggered. The 

participants will be instructed to complete the task 

as quickly as possible. 

Pass criteria: Running as quickly as they can all 

the way through the second set of gates. If they 

start slowing down before, this will not count as a 

good trial. Patient needs to turn rather than perform 

a side step. 

Starting by the red cones, 

run as fast as you can 

toward the defender, as 

you pass the first set of 

gates it will trigger a light 

to the left or the right, run 

all the way up to the 

defender passing the 

yellow cones before you 

cut in the direction of the 

light. The time starts as 

you pass the first gate and 

ends when you pass the 

second gate, so run as 

quick as you can from the 

first set of gates all the 

way through the second set 

of gates. 

 

 

1.5.7 Information to record during testing 

The data collection sheets are used as a paper record of the testing session and are scanned 

and uploaded to iMed for future reference after testing is complete. The tester should 

record: 
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• The ‘best’ trial on each leg for the physio’s assessment, based on technique and 

height (jumps for height), speed (cuts) or distance (SLHop). Circle the selected trial 

number as you go along. 

• Any modifications made to tests, e.g. HH over cone, cuts performed at sub-

maximal speed, drop-jumps performed off a lower box. 

• Any modifications made to the protocol, e.g. a reduced number of trials collected 

on each side. 

• The height of the bar used for MTP exercises (number of holes from the bottom in 

the support frame). 

• Any other information relevant to the use of the data for clinical or research 

purposes. If in doubt, write it down! Examples include: 

o visible marker movement caused by excessive soft tissue 

o markers needing to be placed over clothing because the patient was not 

dressed appropriately for testing 

o a repeat calibration performed mid-test because a tripod was knocked or 

data quality deteriorated for another reason 

o patient reporting pain during a particular exercise 

o patient having difficulty with technique and hence needing to repeat an 

exercise multiple times to enable three acceptable trials to be collected 

o apparent fatigue 

o apparent low patient motivation 

o markers repeatedly falling off and needing to be replaced 
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1.5.8 Use of timing gates 

1.5.8.1 SmartSpeed 

• Switch on the three timing gates and hub. Then open up the app in the ipad 

• On the SmartHub click the on button located on the bottom of the device.   

• Ensure iPad is connected via Bluetooth to the SmartHub – the SmartHub appears 

as SS-SH00183 on Bluetooth.  

• Once connected launch SmartSpeed app on iPad.  

 

• Select “start new session” on the app home page.  

• In order to setup ACL and groin cut protocols, Advanced mode needs to be 

unlocked. 

 

• To unlock advanced mode tap “Drill Setup” 10 times.  
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• Select “Cuts Custom” from the Drills dropdown list.  

• One selected click “Ready” tab. This will bring you to the “Order” screen.  

 

• Break the beams of the three gates in order to set them up. Break them in the 

following order – 1st back curtain (farthest away from computer), 2nd right hand 

side of lab (treadmill side), 3rd left hand side of the lab (wall side).  
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• Once the screen above appears, click “Start” and the below screen will appear.  
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• On this screen set Level 1 to 1 (Start Gate), Level 2 to 2 Gates, Cut type to “Light 

and Buzzer” and Direction to “Fixed”. 

• Once correct options are selected click the tick in the top right corner of the 

screen.  

• The screen will then give you the option to select “1” or “2” for direction. “1” 

corresponds to the gate at the right hand side of the room, while “2” corresponds 

to the gate at the left of the room. Select the appropriate direction.  

• Gates are ready to record when the first gate lights up green.  

 

 

1.6 Isokinetic dynamometry 

1.6.1 Standard ACL protocol 

• Open HUMAC programme and perform Power-On test (follow instructions on 

screen). 

• Uninjured (non-involved) leg to be tested first. Adjust chair and dynamometer to 

right or left side. 

• Add a ‘new’ patient (or search an existing patient and select ‘edit’) and add their 

anthropometric information (height, weight, date of birth, involved leg, preferred 

leg etc.) and press ‘OK’. 

• Check that Standard Cybex Norm settings are in place: 

o Hip flexion: 85° 
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o Chair rotation: 40° 

o Dyna tilt: 0° 

o Dyna height: 8 

o Dyna rotation: 40° 

 

• Once the patient’s information is in the system, press ‘OK’. 

• A list of different testing protocols will appear. You will select the 1st ‘knee’ test for 

flexion/ extension then press ‘OK’. 

• Select test method: ‘60 ACL Rehab test’. This testing procedure should include 3 

sets of 5 reps with 60s break in between sets. Press ‘OK’. 

• On the next screen, you will choose which leg you are testing first and then click 

‘All Sets’. The next screen to pop up will be a reminder of standard Cybex Norm 

settings. 

• Ensure the patient is sitting right back in the chair 

• Adjust the chair back so that the patient’s back is upright against the back of the 

chair and the patient’s knee is about 3 cm off the edge of the seat to allow for free 

knee flexion. Both thighs should be parallel with knees pointing straight forwards.  

• Put on chest straps and adjust as necessary. 

• Adjust the monorail position as necessary so that the patient’s leg is aligned with 

the shank bar on the anti-shear device. Ask the patient to extent the leg and 
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ensure the shank bar is parallel to the tibia and that a virtual line extending 

beyond it would pass through the centre of the knee and hip joints. 

• Adjust the chair position forwards or backwards to visually align the centre of the 

knee joint (as marked during 3D) with the centre of the dynamometer axis. See 

image below for bird’s-eye view of patient correctly aligned for testing. 

 

•  Adjust the input arm length so that the lower pad is above the medial malleolus 

and the participant can fully dorsiflex and adjust the upper pad position so it is 

over the tibial tuberosity. 

• Attach test leg’s thigh and shank straps (straps should be firm but not 

uncomfortable). Leg not tested should be placed behind the leg block. 

• Start procedure by asking the patient to fully extend their leg SLOWLY and set as 

0°. 
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• Set ROM to extension: 0° and flexion: 100° (you will manually let the patients’ leg 

fall and stop once 100° ROM is achieved). Make sure mechanical end stops are set. 

• Set up for gravity correction, place the subject’s limb at 45° (same position that 

the weight was taken during the dynamic calibration) and press the lock button. 

Then press weigh to get a static weight of the limb. 

• Explain that the first set is a warm up and familiarisation set. Five repetitions of 

extension and flexion to be performed, starting at 60% of max and increasing by 

10% each repetition so last rep is max effort (increasing strength intensity each 

time by looking at the feedback on screen). Emphasise that the patient should not 

pause between efforts but to work continuously from rep to rep. 

• During the rest period, explain that the next 2 sets are maximal extension and 

flexion, pushing and pulling as hard and fast they can against the shin pad, holding 

on to the handle bars on the sides and keeping their back against the back rest. 

Give the patient verbal support during testing. 

• Two max sets of concentric flexion and extension with 60 sec rest in between. 

Turn the screen away from the patient during the testing – you should be focusing 

on watching them and they should be focusing on putting maximum effort into 

each rep. 

• Repeat procedure on involved leg. 

• Print out two copies of the report. This contains the peak torque and work values 

obtained in each set for flexors and extensors. All values are also reported as a 

percentage of body mass and ratios/deficits are also given.  
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• Select the set to be included in the main report according to the decision tree 

below. Put a star on the left hand side of the page next to the chosen set.  

• Give one copy to the patient to pass on to their physio/S&C  and keep one for our 

records. 

• Under normal circumstances, do not talk the patient through the results or 

express an opinion on their performance – tell them that the physio/S&C coach 

will go through the results with them. This is to avoid either repetition or conflict 

of information.  

• Export the data for all research patients: Database à Export data à Export 
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Appendix D - Audit of Marker Placement Accuracy 

The accuracy, reliability and repeatability of marker placement is key to the collection of 

valid data. Regular reviews are carried out by the Head of Biomechanics on the accuracy 

of marker placement by lab staff members to ensure the validity of data collection.  

 

Quantitative assessment of marker placement and anthropometric measurement 

repeatability is an essential component of clinical and research best practice in motion 

analysis. In a recent systematic review of kinematic gait measurement reliability, McGinley 

et al. (2009) collated reported inter-session and inter-assessor variability across gait 

laboratories(McGinley, Baker et al. 2009). Most studies providing estimates of data error 

(SD or SE) reported values of <5% with the exception of hip and knee rotation, which were 

generally associated with larger errors. The authors suggested that variability (SD) <2° is 

acceptable and probably too small to require consideration in data interpretation; 

variability 2°-5° considered reasonable but may require consideration in data 

interpretation and variability >5° should raise concern and may be large enough to 

mislead clinical interpretation. Regular data assessments are conducted on the reliability 

of kinematic measurements during walking gait to enable comparison to previous studies 

and published best-practice recommendations. The natural kinematic trial-to-trial 

variability of walk is low and has been reasonably well- characterized allowing for 

appropriate comparison. 

 

Markers are placed and measurements taken, by all SSC Biomechanics Laboratory team 

members currently passed as competent to marker patients for 3D testing (assessors), for 
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two healthy subjects (patients), one male and one female, on two separate occasions 

(sessions) separated by several weeks, performing three walk trials at their natural speed 

with arms unconstrained from one end of the 3D laboratory to the other. 

 

Walk trials are cleaned and screened for errors using standard processing software with 

all processing parameters identical to those used for patient data. One full stance phase 

from each trial is segmented by manually identifying foot landings and toe-off (<20N) then 

normalised to 100 time points. Custom software was written in MATLAB to apply the error 

estimation method of Schwartz et al. to the dataset (Schwartz, Trost et al. 2004). 

Algorithms were validated by manually calculating outcome variables for a single time 

point. Intra- and inter- operator performance is acceptable if the variability is below 5° for 

all extracted angle. 

Based on McGinley et al. (2009) systematic review the SSC Lab results are on a par with 

other gait laboratories and amongst the minority in having no standard deviation measure 

exceeding 5°. 
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Appendix E: Centre of Mass to Joint Measure 

In order to correctly describe the relationship between the COM (centre of mass) and a 

joint, the COM position relative to the joints orientation must be determined, 

accommodating the misalignments / rotations of the description (local and global axis) of 

the joint and COM. For example, if the ankle is plantarflexed and externally rotated, while 

the CoM is positioned away from that joint, the Y distance between the joint centre and 

CoM will return an incorrect anterior-posterior distance. This study adopted a CoM 

description that considers both the local joint rotation and the global horizontal axis to 

describe the distance between the joint and the COM. This description is computed in two-

steps: the creation of a “joint-global” system and the projection of the CoM into it. To the 

reader inexperienced to motion capture, a local system in a motion capture environment is 

described over time (t) by a 4x3 matrix that consists of a point of origin and the end points 

of each axis (Eq. 1 – fig. 1).  

seg = 	

⎣
⎢
⎢
⎢
⎡

origin5(t) origin8(t) origin9(t)
lateralEnd5(t) lateralEnd8(t) lateralEnd9(t)

anteriorEnd5(t) anteriorEnd8(t) anteriorEnd9(t)
proximalEnd5(t) proximalEnd8(t) proximalEnd9(t)⎦

⎥
⎥
⎥
⎤
 Eq.1 

Generation axis: We first subtracted the origin of the segment matrix from itself to 

translate the segment into the global origin. The same translation was applied to the CoM 

to maintain the relationship between segment and CoM (Figure 1 & 2). After the 

translation, the joint-global system was created as follows: the anterior-posterior axis of 

the joint-global system was computed by calculating the unit vector of the segment’s 

anterior axis into the horizontal axis (z = 0) of the global system (Eq. 2.1, 2.2 and 2.3). 

This process preserved the joint rotation in the horizontal plane of the global system. Eq 

2.1 extracts the information of the anterior axis of the joint into the variable AntAxis. Eq. 

2.2 calculates the unit vector of the segment (AntAxisIntoGlob) projecting the anterior axis 
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of the joint into the horizontal plane of the global system, while Eq. 2.3 creates the anterior 

axis (AntAxis’) of the joint-global system (Figure 3). 

 

AntAxis = 	 [segF,H(t) segF,I(t)] 
Eq. 2.1 

AntAxisIntoGlob = 	
AntAxis
‖AntAxis‖ Eq. 2.2 

AntAxis′(t) = 	 [AntAxisIntoGlob5 AntAxisIntoGlob8 0] Eq. 2.3 

 

Subsequently, the vertical axis of the joint-global system was generated (Figure 4). The 

vertical axis was defined as VerAxis′ = 	 [0 0 1], creating an orthogonal to the global 

horizontal plane. Lastly the lateral axis of the joint-global system was defined (LatAxis′) 

by calculation of the cross product of the just calculated anterior and vertical axes (Eq. 3.1; 

Figure 5).  

 

LatAxis′ = 	AntAxis	 × 	VerAxis Eq. 3.1 

 

To ensure that the direction of the segment’s lateral axis and joint-global system lateral 

axis point into the same direction, the distances between lateral axis end point of the 

segment and the end point of the joint-global system were calculated in both directions 

(clockwise and anticlockwise: axis multiplied by 1 and -1; Eq. 3.2). The solution with the 

smaller distance to the segment’s lateral axis was then defined as joint-global system 

lateral axis (Figure 6). 

 

disRST = UVLatAxis5 − 𝑠𝑒𝑔F,H[
I +		VLatAxis8 − segF,I[

I + VLatAxis9 − segF,F[
I 

Eq. 3.2 
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dis]^_ = UVLatAxis5 + segF,H[
I +		VLatAxis8 + segF,I[

I + VLatAxis9 + segF,F[
I 

LatAxis = 	LatAxis ∗ W
		if	disRST > dis]^_;W = +1
		if	disRST < dis]^_;W = −1		 Eq. 3.3 

 

With the generation of a joint-global system, the CoM was projected into every axis of the 

joint-global system as described in equations 4.1 to 4.4, where A is the end point of an 

axis, B the origin (B = 	 [0 0 0]), CoM the CoM position and CoM’ the projected CoM.  

Lastly, to generate an interaction measure the distance from CoM’ to origin was calculated 

(Eq. 4.5) and multiplied with -1 if the signs of the projected CoM and the end point of an 

axis did not match, to create an indication direction. 

CoM′ = 	A + t ∗ AB Eq.4.1 

A = 	 haxis^]i5 axis^]i8 axis^]i9j  Eq.4.2 

t =
(Ap × A)
(A × A)  Eq.4.3 

AP = (CoM − A) Eq.4.4 

length = UCoM5
l I + CoM8

l I + CoM9
l I ∗ W			if	axisCheck = 1;W = +1

		if	axisCheck = 0;W = −1		 Eq.4.5 
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Figure 1:  Illustration of the axis of the global system (black), the axis of a segment and a 

center of mass in a 3D space. 

 

Figure 2:  Illustration of the translation of the axis of the segment to the axis of the 

global system and matched translation of centre of mass. 

 

Untreated

Translated
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Figure 3:  Illustration of the generation of new anterior axis 

 

Figure 4:  Illustration of generation of new vertical axis 

 

Build	anterior	axis	(orange)

Build	vertical	axis	(purple)
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Figure 5:  Illustration of generation of new medial/lateral axis 

 

Figure 6:  Illustration of identification of appropriate direction of medial/lateral axis 

 

 

 

 

Build	medial/lateral	axis	(Green	and	yellow)

Project	COM	(orange)
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Appendix F - Waveforms of Reported Variables in Results Section 

Chapter 4 

Differences between limbs – Double Leg Drop Jump 
Knee Moment Frontal 

 

Knee Moment Transverse 

 

 

 

 



 
 

284 

 

Ankle Moment Transverse 

 

Knee Angle Transverse 

 

Hip Angle Frontal 
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Vertical Ground Reaction Force 
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Appendix G - Waveforms of Reported Variables in Results Section 

Chapter 5 

Differences between limbs  
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Differences between tests  
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Appendix H - Waveforms of Reported Variables in Results Section 

Chapter 6 

All graphs plot the magnitude of asymmetry of both groups in the middle graph and the 
operated and non-operated limb in the top graph as a reference to the actual waveforms for 

each variable. 
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Appendix I - Waveforms of Reported Variables in Results Section 

Chapter 7 

Pain Free Return to Play vs No Return to Play due to Operated Knee 
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Unplanned 90° Change of Direction 
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Difference Between Limbs Between Groups 
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Appendix J - Waveforms of Reported Variables in Results Section 

Chapter 8 

Ipsilateral Injury - ACLR Side 
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Contralateral Injury - Difference Between Limbs Between Groups 
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