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Abstract 

Anterior cruciate ligament (ACL) injury predominantly occurs in young people participating in 

jumping and pivoting sports. Despite surgical ACL reconstruction (ACLR), approximately 50% will 

develop post-traumatic knee osteoarthritis (OA) within 10 years. These ‘young people with old 

knees’ often live with persistent symptoms and poor quality of life (QoL). Magnetic resonance 

imaging (MRI) is sensitive to change in all joint features, providing a better alternative to assess 

early OA features and their changes over shorter follow-ups, than traditional radiographs. 

Evaluating changes in post-traumatic OA features on MRI and their association with patient-

reported and functional outcomes will enhance understanding of post-traumatic OA. Testing 

potential solutions for those with persistent symptoms following ACLR will provide new 

opportunities for research and clinical practice. 

This thesis aimed to evaluate: 

(i) changes in OA features on MRI, patient-reported and functional outcomes, between one

and five years post-ACLR and to identify factors associated with structural and symptomatic

changes; and

(ii) the feasibility of a randomised controlled trial (RCT) evaluating a physiotherapist-guided

intervention for individuals with persistent symptoms one-year post-ACLR.

A longitudinal prospective study, including four published papers, addressed the first aim and a

pilot RCT addressed the second aim.

Worsening of OA features was mostly evident in the patellofemoral compartment and in those 

with a high body mass index. Half of the participants had persistent symptoms, and only one-in-

five passed the functional performance test battery at the one-year assessment. Poor function at 

the one-year assessment was associated with higher risk of worsening patellofemoral OA features.  

The physiotherapist-guided intervention was feasible, with an acceptable eligibility rate (47%) and 

physiotherapy attendance (>85%). Potential worthwhile effects for knee-related symptoms, 

function, and QoL were observed, and a fully-powered trial is now needed. These findings are an 

important step towards reducing the burden of post-traumatic OA in young adults following ACLR. 
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1 Chapter One: Introduction  

1.1 Anterior cruciate ligament  

The anterior cruciate ligament (ACL) is one of four main ligaments that provide the knee with 

mechanical stability (Markatos et al., 2013). Primarly made up of collagen fibres, the ACL is an 

extrasynovial 3-4 cm long ligament that lies within the knee joint capsule (Welsh, 1980). The ACL 

is named for its wide distal attachment to the anterior aspect of the tibial intercondylar area, and 

it partly blends with the anterior portion of the lateral meniscus (Markatos et al., 2013). 

Proximally, the ACL attaches to the posteromedial aspect of the lateral femoral condyle, and as 

the ligament passes through the knee, it rotates, turning on itself before fanning into a broad 

femoral insertion (Markatos et al., 2013; Welsh, 1980). This rotation and the broad attachments 

result in variation in the length and orientation of the collagen fibres within the ACL, and have 

given rise to the idea that the ACL is made up of two separate fibre bundles (anteromedial and 

posterolateral, named according to their tibial insertion points) (Markatos et al., 2013; Welsh, 

1980). The posterolateral bundle is shorter and has a more oblique orientation than the 

anteromedial bundle, which is longer and more vertically orientated. The unique structure of the 

two bundles provides the required tension in the ACL throughout the full range of knee motion. 

The primary function of the ACL is to provide 90% of the static resistance to anterior translation 

of the tibia (relative to the femur) (Markatos et al., 2013). In addition to providing the knee with 

mechanical stability, the ACL has an important proprioceptive role (Relph et al., 2014). 

Mechanoreceptors within the ACL provide information to the central nervous system regarding 

the position and movement of the knee, facilitating appropriate muscular action to optimise 

dynamic knee stability during functional tasks (Riemann & Lephart, 2002).  

1.2 Anterior cruciate ligament injury  

Despite its inherent strength, rupture of the ACL occurs in active adolescents and young adults 

often involved in cutting, jumping, and pivoting sports such as football, basketball, and handball 

(Prodromos et al., 2007; Renstrom et al., 2008). The three common mechanisms responsible for 

ACL injuries are: (i) contact (direct external contact to the knee), (ii) non-contact (no bodily contact 

with another person), and (iii) indirect contact (contact with a part of the body other than the 

injured knee) (Della Villa et al., 2020). Seventy per cent of all ACL injuries are non-contact or 

indirect contact in nature and usually occur during a deceleration or change of direction 

manoeuvre, typically involving landing on one leg from a jump or pivoting with a planted foot 

(Della Villa et al., 2020; Renstrom et al., 2008). The exact position and movements of the knee 

(e.g., hyperextension, tibial rotation), hip (e.g., adduction, internal rotation), trunk (e.g., rotation, 
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lateral flexion), and foot (e.g., rotated and planted away from the body) that lead to increased ACL 

strain and rupture are frequently debated (Quatman et al., 2010). Regardless, it appears that a 

multiplanar ACL injury mechanism exists, whereby ACL injury occurs due to a combination of 

motions and forces across multiple joints and planes of movement (Quatman et al., 2010).  

 

Primary prevention programs can successfully reduce the incidence of ACL injuries (Crossley et al., 

2020; Webster & Hewett, 2018), yet injury rates worldwide remain stable or continue to rise (Mall 

et al., 2014; Renstrom et al., 2008; Sutherland et al., 2019; Zbrojkiewicz et al., 2018). The global 

annual incidence of ACL injury is approximately 30 per 100,000 persons (Moses et al., 2012), 

although countries such as the United States of America (USA) (69 per 100,000 persons) (Sanders 

et al., 2016) and Norway (80 per 100,000 persons) (Granan et al., 2008) have much higher annual 

incidences. While Australian population-based ACL injury incidence data is unavailable, the rate of 

ACL reconstruction (ACLR) in Australia, the predominant treatment for ACL injury, is the highest in 

the world (Janssen et al., 2012; Moses et al., 2012; Zbrojkiewicz et al., 2018). The Australian ACLR 

rate increased by 43% between 2000 and 2015, from 54 to 77 per 100,000 persons (Zbrojkiewicz 

et al., 2018). This rate is substantially higher than North America (range 20 to 33 per 100,000 

persons) (Csintalan et al., 2008; Lyman et al., 2009) and Scandinavia (range 32 to 38 per 100,000 

persons) (Granan et al., 2009). The higher ACLR rates in Australia may reflect greater exposure to 

high-risk sports on a year-round basis or greater healthcare accessibility for diagnosis and surgical 

management (Moses et al., 2012). Adolescents and young adults are most at risk of ACL injury, 

with an incidence of 200 per 100,000 people aged 15 to 24 years (Sanders et al., 2016). When 

accounting for exposure, the risk of sustaining an ACL injury is two-to-four times higher for women 

than men (Montalvo et al., 2018; Smith et al., 2012).  

1.3 Management options following ACL injury  

Following ACL injury, the two main management options are: (i) ACLR followed by a period of 

rehabilitation or (ii) rehabilitation alone (with the option of a delayed ACLR). An ACLR is performed 

to improve the mechanical stability of the knee, facilitate a return to cutting and pivoting sports, 

and minimise secondary injuries to the joint (i.e., menisci and articular cartilage) (Lebel et al., 2008; 

Sanders et al., 2016; Swirtun et al., 2006). An ACLR is also thought to reduce the high risk of 

osteoarthritis (OA) following ACL injury (Chen et al., 2019; Cinque et al., 2018; Lie et al., 2019). 

However, ACLR does not prevent OA development when compared to rehabilitation alone (Lien-

Iversen et al., 2020), in contrast to patient beliefs that ACLR will prevent OA (Bennell et al., 2016; 

Feucht et al., 2016). Several literature reviews conclude that there are few differences between 

ACLR and rehabilitation (with optional delayed ACLR) for sub-elite athletes with respect to 

symptoms, function, return-to-sport, and quality of life (QoL) (Chalmers et al., 2014; Filbay et al., 



  
 

4 
 

2015; Filbay & Grindem, 2019; Lien-Iversen et al., 2020; Smith et al., 2014). However, most reviews 

do not include randomised controlled trials (RCTs), and have a high risk of bias due to retrospective 

matched comparisons. For most (90%) Australians, ACLR remains the treatment of choice (Moses 

et al., 2012; Rooney, 2016).   

 

1.3.1 ACLR 

An ACLR involves arthroscopic surgery to replace the ruptured ACL with a graft. While graft choices 

typically include autografts (normally harvested from tendons in the ACL-injured individual), 

allografts (harvested from a cadaver or tissue donor), or those fabricated from synthetic material 

(Middleton et al., 2014), the most common grafts are hamstring-tendon and bone-patella-tendon-

bone autografts. Choice also exists in relation to tunnel placement (i.e., orientation or size) and 

graft fixation devices (i.e., types of screws or pins). Surgical technique does not appear to influence 

clinical outcomes (i.e., graft failure, symptoms, return-to-sport) (Ajrawat et al., 2019; Gabler et al., 

2016; Li et al., 2012; Li et al., 2011b; Li et al., 2014; Mouarbes et al., 2019; Mulford et al., 2013; 

Riboh et al., 2013; Shaerf et al., 2014) or longer-term burden (i.e., risk of OA) (Holm et al., 2010; 

Holm et al., 2012), as reported in most systematic reviews and large prospective cohort studies. 

 

A recent summary of systematic reviews on the topic of the ACL revealed that 97 of the 240 

reviews (40%) were related to surgical technique or graft choice and 18% were related to patient-

reported or clinical outcomes (Anderson et al., 2016). Only 7% and 2% were related to 

rehabilitation and longer-term burden (i.e., development of OA), respectively (Anderson et al., 

2016), highlighting the lack of research in these areas. Improved outcomes following ACLR may be 

more strongly related to post-operative factors such physical performance than intraoperative 

factors such as surgical technique (Culvenor & Barton, 2017; Ericsson et al., 2013; Grindem et al., 

2015b).  

1.3.2 Outcomes following ACLR 

Many individuals achieve an excellent outcome following ACLR and a period of rehabilitation, 

including being symptom-free and maintaining a high level of function and QoL (Spindler et al., 

2018). Yet, approximately 50% will develop radiographic OA within a decade following injury (Chen 

et al., 2019; Lie et al., 2019; Luc et al., 2014). On average, following ACLR, individuals have worse 

knee-related symptoms and QoL compared to their uninjured peers (Filbay et al., 2014). Following 

ACLR, 55% return to competitive sports participation (Ardern et al., 2014b). Of those who return 

to strenuous sports, only 23% are estimated to meet recommended physical strength and 

functional criteria prior to return (Webster & Hewett, 2019). While physical deficits can increase 
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the risk of subsequent ACL injury (Ashigbi et al., 2020), their relationships with OA development, 

knee-related symptoms, and QoL are unclear (Losciale et al., 2019). There is an urgent need to 

further understand the trajectory of structural (e.g., OA features), patient-reported (e.g., 

symptoms, function, QoL), and physical outcomes (e.g., functional performance) following ACLR, 

and to identify factors associated with poor outcomes. The remainder of Chapter 1 will outline the 

current evidence for these three specific domains – structural outcomes, patient-reported 

outcomes (PROs), and physical outcomes following ACLR (Figure 1.1). The course of these 

outcomes and their associations with individual characteristics, as well as peri-operative and post-

operative factors, will be summarised, highlighting the gaps within the literature. This will provide 

a rationale for this thesis.  

 

 
Figure 1.1 Outcomes following ACLR and associated factors outlined in the remainder of Chapter 
1. 

1.4 Structural outcomes following ACLR  

An ACL injury rarely occurs in isolation, with concomitant damage to other joint structures, intra-

articular bleeding, and inflammation common (Wang et al., 2020). This concomitant joint damage 

and inflammation, together with altered joint loading, may contribute to the development of OA 

following ACLR. Changes to the knee joint structure are typically assessed with X-ray or magnetic 

resonance imaging (MRI). 
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1.4.1 Pathogenesis of post-traumatic OA following ACLR 

Osteoarthritis is a chronic disease of the whole joint involving structural and compositional 

changes to the articular cartilage, subchondral bone, menisci, synovium, ligaments, tendons, and 

periarticular muscles (Hunter & Bierma-Zeinstra, 2019). In contrast to non-traumatic (primary) OA 

in the general population, which occurs in older adults with no specific inciting event, post-

traumatic OA typically occurs in younger adults following a joint injury (Thomas et al., 2017). To 

understand the pathogenesis of post-traumatic OA, the biomechanical and biochemical processes 

of the healthy knee joint should be considered.  

 

Healthy articular cartilage in the knee facilitates low-friction movement. It consists of a highly 

organised extracellular matrix of collagen fibrils and proteoglycans giving cartilage the ability to 

resist tension, shear, and deform under load (Buckwalter et al., 2005; Pollard et al., 2008) (Figure 

1.2). The matrix is controlled by chondrocytes, which synthesise new tissue and release cytokines 

– a normal inflammatory response in a healthy joint to remove damaged tissue. Healthy articular 

cartilage is avascular (no blood supply) and aneural (no sensory nerve fibres). Beneath cartilage, 

the highly vascularised, dense subchondral bone acts as an important structure to absorb forces 

placed upon the knee and consists of the bone plate (cortical bone) and the underlying trabecular 

bone and bone marrow (Madry et al., 2010). Osteoclast and osteoblast cells maintain an 

equilibrium of bone synthesis and breakdown (Goldring, 2008; Madry et al., 2010) (Figure 1.2). 

The lateral and medial menisci sit between the articular cartilage surfaces of the tibial plateau and 

femoral condyles, absorbing horizontal shear and compressive forces and providing lubrication 

and nutrition for articular cartilage (Makris et al., 2011). Unlike articular cartilage, the menisci have 

a vascularised and neural region in the outer edges (Makris et al., 2011). 

 

 
Figure 1.2 Normal joint structure and OA progression adapted from Pollard et al. (2008). 
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The pathogenic mechanisms that underpin the development and progression of post-traumatic 

OA following ACLR likely involve an interaction of mechanical, biological, and structural processes 

which lead to an imbalance between tissue synthesis and breakdown, and ultimately, structural 

degeneration (Andriacchi et al., 2020; Hunter & Bierma-Zeinstra, 2019; Punzi et al., 2016; Wang 

et al., 2020). At the time of ACL rupture, physical damage to the cartilage, bone, and/or menisci 

usually occurs, alongside considerable haemarthrosis (Hagino et al., 2015; Van Ginckel et al., 

2013). Concomitant meniscal damage appears to be an important driver of post-traumatic OA 

development (Jones & Spindler, 2017; van Meer et al., 2015). The process of reconstructing the 

ACL creates additional physical damage (e.g., tunnel drilling) and bleeding, facilitating 

inflammatory processes which can inhibit cartilage synthesis (Wang et al., 2020). Synovial 

inflammation may persist for months post-operatively, and this altered biochemical environment 

can lead to structural damage to the cartilage, bone, and menisci, just as altered structural 

integrity of joint tissue can increase inflammation (Ding et al., 2010; Punzi et al., 2016). As the 

disease progresses, features associated with OA become evident; bone oedema, cartilage and 

menisci fissuring and erosion, joint space narrowing, osteophyte formation, bony sclerosis, and 

cysts (Punzi et al., 2016) (Figure 1.2). The temporal sequence of changes in OA features associated 

with the development of post-traumatic OA is uncertain, highlighting the importance of 

longitudinal studies to monitor the trajectory of OA feature development and progression over 

time (Andriacchi et al., 2020).  

1.4.2 Diagnosis of radiographic knee OA following ACLR  

Knee OA is traditionally evaluated with radiography (X-ray) and is based on the severity of bony 

changes (i.e., osteophyte formation) and joint space narrowing (Glyn-Jones et al., 2015). The most 

common classification systems for radiographic OA are the Kellgren-Lawrence (Kellgren & 

Lawrence, 1957) and OsteoArthritis Research Society International (OARSI) scales (Altman & Gold, 

2007; Altman et al., 1995). The Kellgren-Lawrence system defines OA across five grades (from 

0=none to 4=severe), with ≥grade 2 (i.e., definite osteophytes with or without the presence of 

joint space narrowing) indicating the presence of radiographic OA (Culvenor et al., 2015b; Kellgren 

& Lawrence, 1957). The more recently developed OARSI system provides an atlas to semi-

quantitatively grade the severity of each OA feature (i.e., joint space narrowing, osteophytes) from 

0 (normal) to 3 (severe), and defines radiographic knee OA as present if any of the following 

criteria are met: (i) joint space narrowing of ≥grade 2, (ii) sum of osteophytes >2, or (iii) grade 1 

osteophytes in combination with grade 1 joint space narrowing (Altman & Gold, 2007; Altman et 

al., 1995).  
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1.4.3 Prevalence of radiographic knee OA following ACLR  

The reported prevalence of radiographic OA following ACL injury and ACLR varies considerably 

across systematic reviews. Figure 1.3 presents the mean post-traumatic radiographic OA 

prevalence up to 20 years following ACL injury or ACLR, as obtained from 11 systematic reviews 

(Ajuied et al., 2014; Belk et al., 2018; Chalmers et al., 2014; Chen et al., 2019; Cinque et al., 2018; 

Claes et al., 2013; Harris et al., 2017; Lie et al., 2019; Luc et al., 2014; Rothrauff et al., 2020; Spahn 

et al., 2016). A 2019 systematic review and meta-analysis reported a pooled mean prevalence of 

52% in any compartment (range 8% to 79%, 16 studies), 62% (range 34% to 87%, 4 studies) in the 

tibiofemoral compartment, and 47% (range 28% to 80%, 4 studies) in the patellofemoral 

compartment, 10 to 23 years following ACLR (Chen et al., 2019). From the studies rated as high-

quality in another 2019 review (Lie et al., 2019), the mean prevalence of radiographic OA was 25% 

in any compartment (5 studies), 30% in the tibiofemoral compartment (19 studies), and 20% in 

the patellofemoral compartment (8 studies), 10 to 24 years following ACL injury/ACLR. The 

different definitions of OA (e.g., OARSI, Kellgren-Lawrence) and confounding participant 

characteristics (e.g., surgical or non-surgical treatment, age, sex, concomitant injuries) in the 

studies included in each review likely contribute to the variability in the reported prevalence of 

radiographic OA (Chen et al., 2019; Lie et al., 2019). The Kellgren-Lawrence classification typically 

results in a lower prevalence than the OARSI classification (Culvenor et al., 2015b).  

 

In comparison, the prevalence of non-traumatic radiographic knee OA in the general (uninjured) 

population is <15% in those aged under 45 years (Cross et al., 2014), 20-30% in middle-aged adults 

(45 to 65 years) (Jordan et al., 2007; Pereira et al., 2011; van Saase et al., 1989), and 30-60% in 

older adults (>65 years) (Collins et al., 2014; Dillon et al., 2006; Felson et al., 1987; Peat et al., 

2006; Pereira et al., 2011; van Saase et al., 1989) (Figure 1.3). At 10 to 20 years following ACLR 

(i.e., individuals aged 30-40 years), the prevalence of OA is similar that of the general population 

aged >65 years (Figure 1.3), emphasising the concept of ‘young people with old knees’.  
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Figure 1.3 Prevalence of radiographic OA following ACLR from systematic reviews, compared to uninjured general population from cohort studies.   
 
ACL=anterior cruciate ligament; ACLR=anterior cruciate ligament reconstruction; OA=osteoarthritis. 
* Each dot represents the mean prevalence reported/calculated from systematic reviews of ACL-injured or ACLR cohorts. Details are provided below.  
**Each dot represents the mean prevalence reported/calculated from uninjured population-based cohorts. Details are provided below. 
~represents minimum age of participants in the study. 
ACL population: a 7% from 4 studies (Spahn et al., 2016); b 11% from 38 studies (Cinque et al., 2018); c 15% from 8 studies (Belk et al., 2019); d 32% from 14 studies (Luc 
et al., 2014); e 36% from 14 studies (Luc et al., 2014); f 21% from 7 studies (Cinque et al., 2018); g 28% from 16 studies (Claes et al., 2013); h 52% from 6 studies (Ajuied et 
al., 2014); i 52% from 7 studies (Belk et al., 2018); j 37% from 4 studies (Harris et al., 2017); k 44% from 21 studies (Luc et al., 2014); l 35% from 27 studies (Chalmers et al., 
2014); m 31% in tibiofemoral compartment from 19 studies rated as high quality (Lie et al., 2019); n 52% from 19 studies (Chen et al., 2019); o 51% from 38 studies (Cinque 
et al., 2018). 
Uninjured population: q estimated <10% from global burden of disease study (Cross et al., 2014); r review of population-based cohorts, male participants: 30% (>45 
years), 31% (>55 years), 34% (>65 years) (Pereira et al., 2011); r^ review of population-based cohorts, female participants: 31% (>45 years), 41% (>55 years), 45% (>65 
years) (Pereira et al., 2011); s Dutch cohort, male participants: 13% (>45 years), 29% (>55 years), 31% (>65 years) (van Saase et al., 1989); s^ Dutch cohort, female 
participants: 19% (>45 years), 29% (>55 years), 56% (>65 years) (van Saase et al., 1989); t 28% from Johnston County OA project (Jordan et al., 2007); u 27% (>65-70 years) 
and 44% (>75-80 years) Framingham Ostseoarthritis Study (Felson et al., 1987); v 52% from Osteoarthritis Initiative Study (Collins et al., 2014); w 37% from United States 
population data (Dillon et al., 2006); x 68% from United kingdom population data (Peat et al., 2006). 
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1.4.4 A shift to evaluating early OA features on MRI following ACLR  

Although radiography is the most common modality to assess OA, it cannot detect changes 

occurring in the early stages of OA disease or changes in all joint tissues (Pollard et al., 2008) 

(Figure 1.4). The use of MRI, which can visualise all joint tissues in multiple planes, provides a more 

sensitive measure to identify OA features early in the disease, when some features may be 

reversible (Chu et al., 2012; Quatman et al., 2011) (Figure 1.4). Early OA features on MRI can 

include: (i) changes in cartilage quality (e.g., volume, thickness, water or proteoglycan content), 

(ii) cartilage fibrillation and fissuring, (iii) bone marrow lesions (BMLs) (a marker of increased 

cellular activity, defined as areas of high signal), (iv) early osteophytes not visible on radiographs, 

(v) synovitis or effusion, or (vi) meniscal tears, maceration, or extrusion (Chu et al., 2012; Ding et 

al., 2010; Katsuragi et al., 2015). Early OA features that may be reversible include biochemical 

changes to cartilage, synovitis, effusion, cartilage fibrillation and fissuring, and BMLs (Pollard et 

al., 2008; Riordan et al., 2014).  

 

Early features of OA on MRI are assessed with a variety of semi-quantitative and quantitative 

scoring methods (Chu et al., 2012; Quatman et al., 2011). Semi-quantitative methods evaluate 

morphological features of OA (e.g., cartilage lesions, BMLs, meniscal lesions, osteophytes), while 

more advanced quantitative techniques evaluate cartilage quality (e.g., proteoglycan content, 

cartilage volume/thickness) (Chu et al., 2012). Semi-quantitative grading systems include the 

Whole-Organ Magnetic Resonance imaging Score (WORMS) (Peterfy et al., 2004), the Knee 

Osteoarthritis Scoring System (KOSS) (Kornaat et al., 2005), and the Boston Leeds Osteoarthritis 

Knee Score (BLOKS) (Hunter et al., 2008). The MRI OsteoArthritis Knee Score (MOAKS) was 

developed due to the limitations of the WORMS, KOSS, and BLOKS. The MOAKS removed 

redundant features (e.g., cartilage signal), added relevant features (e.g., meniscal maceration) and 

subregions (e.g., anterior, central, and posterior tibial regions), and renamed features (e.g., 

Hoffa’s synovitis) (Hunter et al., 2006a; Hunter et al., 2011a; Hunter et al., 2008). The improved 

inter-rater and intra-rater reliability of the MOAKS system compared to the WORMS, KOSS, and 

BLOKS is facilitated by the simplified and repeatable subregional scoring of all features and 

accompanying sample images (Hunter et al., 2011a).  

 

Quantitative MRI assessment can evaluate structural and biochemical changes in cartilage (Chu et 

al., 2012; Conaghan, 2006; Oei et al., 2014) that may precede the morphological changes scored 

with semi-quantitative methods (Figure 1.4). Quantitative MRI mapping can assess cartilage 

volume and thickness as well as cartilage quality (e.g., proteoglycan content) (Chu et al., 2012; 

Conaghan, 2006; Oei et al., 2014). While quantitative imaging techniques might offer advantages 
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(i.e., earlier detection of cartilage changes), they often require administration of an intravenous 

contrast agent (dGEMRIC), additional MRI sequences, and complex imaging analyses, and further 

work is needed to determine their validity as measures of OA (Chu et al., 2012; Oei et al., 2014).   

 

 
Figure 1.4 Sensitivity of MRI techniques and radiography for assessment of OA features, adapted 
from Pollard et al. (2008). 
 
MRI=magnetic resonance imaging; OA=osteoarthritis. 

 

Semi-quantitative assessment of MRI features is recommended by the OARSI guidelines as a 

sensitive measure of structural changes over shorter follow-ups (12 to 24 months), facilitating 

more feasible longitudinal studies of OA (Hunter et al., 2015). Early structural changes may identify 

individuals on a trajectory towards more severe radiographic post-traumatic OA. Changes to 

cartilage, bone, and menisci early in the disease process captured using semi-quantitative MRI are 

prognostic factors for incident radiographic OA in the general population (Katsuragi et al., 2015; 

Roemer et al., 2015; Sharma et al., 2016), can be strongly associated with pain (e.g., BMLs) 

(Stefanik et al., 2015; Wang et al., 2015; Yusuf et al., 2011), and increase the risk of persistent or 

incident symptoms (Javaid et al., 2010; Sharma et al., 2014; Sharma et al., 2016) and/or future 

total knee replacement (TKR) (Hunter et al., 2011b; Liu et al., 2017; Nagai et al., 2018) 

Characterising early OA on MRI following ACLR is vital to advancing understanding of post-

traumatic OA disease (Chu et al., 2012; Watt et al., 2019). 
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Early changes in cartilage and bone marrow are potentially modifiable, providing opportunity for 

implementation of interventions aimed at slowing or preventing OA progression (Chu et al., 2012; 

Ding et al., 2010; Pollard et al., 2008). In the early stages of cartilage degeneration, the integrity 

of the cellular matrix may still be intact (i.e., minimal proteoglycan loss), allowing the chondrocytes 

to maintain homeostasis, slowing down degradation or synthesising new cartilage (Pollard et al., 

2008). Early changes to cartilage and bone appear to be amenable to interventions such as 

exercise (Bricca et al., 2018; Roos & Dahlberg, 2005). Regular moderate-impact exercise in middle-

aged individuals following meniscectomy (Roos & Dahlberg, 2005) is associated with increased 

cartilage proteoglycan content, which is important for maintaining cartilage structural integrity. 

Other MRI studies in middle-aged women with no or mild knee OA also report that regular exercise 

is associated with a reduced rate of cartilage volume loss (Koli et al., 2015; Wijayaratne et al., 

2008), and high-impact exercise induces positive effects (increased bone density) on bone 

structure (Multanen et al., 2014).   

1.4.5 Prevalence of OA features on MRI following ACLR   

Features of early OA are frequently identified using MRI as early as 1-2 years post-operatively 

(Culvenor et al., 2015a; Frobell et al., 2009; Wang et al., 2017). A longitudinal cohort named the 

Knee Osteoarthritis Anterior cruciate ligament Longitudinal Assessment (KOALA) study reported 

prevalent cartilage lesions (68%), BMLs (45%), osteophytes (66%), and meniscal lesions (59%) one 

year following ACLR (Culvenor et al., 2015a). The mean prevalence of OA features on MRI from 

the KOALA cohort and other cohorts with MRI data (Frobell, 2011; van Meer et al., 2016; Whittaker 

et al., 2018) are summarised in Figure 1.5. These data are mostly from the first two years post-

ACL injury and reconstruction, from an RCT (Knee Anterior cruciate ligament NONsurgical versus 

Surgical; KANON) (Frobell, 2011) and longitudinal prospective cohorts (the KNee osteoArthritis 

anterior cruciate Ligament Lesion (KNALL; van Meer et al., 2016) and The Alberta Youth 

PRevention of Early Osteoarthritis (PrE-OA) studies). The KANON study predominantly reported 

quantitative measurements of cartilage thickness and BML volume, but also described 

morphological changes at the time of injury (i.e., presence of cartilage or meniscal lesions, BMLs, 

or osteophytes) (Filbay et al., 2017b) and at two-year follow-up (i.e., presence of BMLs) (Frobell, 

2011). The KNALL study reported morphological changes using the MOAKS from the time of ACL 

injury up to two years post-injury (65% treated with ACLR). The PrE-OA cohort reported the 

prevalence of cartilage lesions (59%), BMLs (26%), and meniscal lesions (48%) using the MOAKS in 

a cross-sectional evaluation 3 to 10 years following intra-articular knee injury (39 ACL injuries 

treated with ACLR) (Whittaker et al., 2018). Other semi-quantitative evaluations of all OA features 

on MRI beyond 2-3 years following ACLR are scarce. Wang et al. (2017) reported that the 

prevalence of cartilage lesions in any knee compartment was 69% 2.5 years post-ACLR and 10% in 
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age- and sex-matched healthy controls. The high rates of OA features on MRI following ACLR are 

in contrast to the general population rates without a history of knee injury, where the pooled 

prevalence of cartilage lesions (11%), BMLs (14%), osteophytes (8%), and meniscal lesions (4%) in 

young adults under 40 years of age is low (Culvenor et al., 2019b) (Figure 1.5). 

 

 

 



  
 

14 
 

 
Figure 1.5 Pooled mean prevalence of OA features on MRI following ACL injury/ACLR compared with uninjured healthy individuals.  
 

ACL=anterior cruciate ligament; ACLR=anterior cruciate ligament reconstruction; BMLs=bone marrow lesions; CI=confidence interval; PF=patellfemoral; TF=tibiofemoral. 
KANON=Knee Anterior Cruciate Ligament Nonsurgical versus Surgical study – cartilage lesion, osteophytes, meniscal lesion data from time of injury (n=118) (Filbay et 
al., 2017b), BML from 2-years post-ACL injury (n=61) (Frobell, 2011). 
KNALL=KNee osteoArthritis anterior cruciate Ligament Lesion study – cartilage lesion and osteophyte data from time of ACL injury (n=143), BML prevalence at 1-year 
post-ACL injury assessment, and meniscal lesion data any time up to 2 years post-ACL injury (n=143) (van Meer et al., 2016).  
KOALA=Knee Osteoarthritis Anterior cruciate ligament Longitudinal Assessment study – prevalence of all features from the 1-year post-ACLR assessment of the 
longitudinal cohort in this thesis (n=111) (Culvenor et al., 2015a).  
PrE-OA=The Alberta Youth Prevention of Early Osteoarthritis study – prevalence of all features from 3 to 10 years following sports-related knee injury (n=73, n=39 ACLR) 
(Whittaker et al., 2018).  
~ Pooled mean (95% CI) prevalence weighted by participant numbers for each respective cohort. Subscript numbers represent years since ACL injury/ACLR. 
* Pooled mean (95% CI) prevalence in any knee compartment in asymptomatic uninjured adults from a recent meta-analysis (Culvenor et al., 2019b).  
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1.4.6 Clinical relevance of OA features on MRI following ACLR   

Given that degenerative joint features on MRI are prevalent in asymptomatic uninjured adults 

(Culvenor et al., 2019b; Zanetti et al., 2003) (Figure 1.5), careful consideration of the clinical 

relevance (i.e., relationship with symptoms) following ACLR is needed. The relationships between 

cartilage lesions, BMLs, osteophytes, and meniscal lesions on MRI and patient-reported symptoms 

have rarely been studied in ACLR populations. This is important given that meniscal and cartilage 

lesions are considered responsible for persistent or new symptoms following ACLR, resulting in 

secondary surgery to repair or resect the lesion (Rochcongar et al., 2015). For knee OA in the 

general population, BMLs are the MRI feature most commonly associated with knee pain (Yusuf 

et al., 2011), particularly in the patellofemoral compartment (Stefanik et al., 2015; Wang et al., 

2015). Studies evaluating this relationship in post-traumatic OA populations have reported that 

tibiofemoral cartilage lesions and BMLs were not associated with knee symptoms cross-sectionally 

at 2 (Costa-Paz et al., 2001) and 12 years following ACLR (Hanypsiak et al., 2008). Evaluation of 

patellofemoral features on MRI is lacking following ACLR (i.e., only half of the studies in a review 

of cartilage changes following ACL injury evaluated patellofemoral cartilage on MRI) (Van Ginckel 

et al., 2013), despite radiographic patellofemoral disease being common and associated with 

greater symptom severity (Culvenor et al., 2013; Culvenor et al., 2014b).  

1.4.7 Longitudinal changes in OA features on MRI following ACLR   

Longitudinal changes in OA features may provide greater insight than cross-sectional prevalence 

studies and may help to identify individuals with degenerative changes on an accelerated 

trajectory towards post-traumatic OA. Structural changes may precede the onset of symptoms, 

and this can only be evaluated with a longitudinal study design. Assessing changes in individual 

OA features on MRI via a longitudinal study design overcomes many of the methodological 

challenges of cross-sectional investigations of OA features (Runhaar et al., 2014; Zhang et al., 

2010). For example, recording new or progressive lesions (termed “worsening” in this thesis) 

between two time-points enables identification of those who demonstrate structural 

deterioration regardless of their baseline status. Using this definition, lesions on MRI at baseline 

that may have occurred prior to, or during the ACL injury/ACLR are taken into account. 

 

Cartilage changes on MRI following ACLR 

A 2013 systematic review evaluated longitudinal changes in cartilage on MRI (semi-quantitative 

or quantitative) from 12 prospective studies, 2 to 11 years following ACL injury or ACLR (Van 

Ginckel et al., 2013). From the two high-quality studies in the review that used semi-quantitative 

methods (Li et al., 2011c; Potter et al., 2012), one reported no change in cartilage lesion size 
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between injury and one year post-ACLR (Li et al., 2011c), while the other reported that average 

cartilage lesion size doubled in the first year post-ACLR (Potter et al., 2012). Only one high-quality 

study from the review evaluated semi-quantitative cartilage changes beyond two years post-ACLR; 

this study reported that the most rapid increase in cartilage lesion size was between five and seven 

years following injury (Potter et al., 2012). Further evaluation of cartilage changes beyond one to 

two years post-operative is important as this represents a window following the resolution of 

traumatic lesions, and is when neuromuscular recovery has likely taken place. This provides an 

opportunity to possibly identify those individuals who may be at highest risk of progressing 

towards radiographic OA.  

 

The variation in grading systems, poor reporting of MRI grading reliability, and lack of adjustment 

for confounders combined with underpowered (<50 participants) and retrospectively recruited 

convenience samples poses considerable risks to the internal and external validity of the Van 

Ginckel et al. (2013) review. Since this 2013 systematic review, the KNALL cohort reported that 

34% of participants had cartilage lesion worsening; this study used the updated MOAKS scoring 

system in 143 individuals from the time of injury to two years post-injury (van Meer et al., 2016). 

The KANON study reported that tibiofemoral cartilage thinning continues to occur between two 

and five years post-injury (Eckstein et al., 2015). While evaluations of early structural changes 

following ACL injury have centred on tibiofemoral cartilage loss and defect progression, changes 

to other joint tissues such as BMLs, osteophytes, and meniscal lesions may initiate the post-

traumatic OA disease process. 

 

BML changes on MRI following ACLR 

Longitudinal data evaluating BMLs show that 80-90% of ACL-injured knees will have a BML 

associated with the initial trauma (typically in the posterolateral tibia or lateral femur) (Patel et 

al., 2014), with most of these resolving within the first 12 months (Li et al., 2011c; Su et al., 2013). 

However, new BMLs in other regions of the knee also frequently develop in the first two years 

following initial trauma, and these may be related to changes in biomechanics (e.g., contact forces) 

in adaptation to the initial bone bruise or other concomitant injuries (Li et al., 2011c; Su et al., 

2013). Compared to traumatic BMLs, persistent or new BMLs are more likely to display 

degenerative characteristics (i.e., more circumscribed, located directly subchondral to the 

associated with cartilage damage) (Roemer et al., 2014). While semi-quantitative scoring systems 

(i.e., MOAKS) can differentiate degenerative BMLs (from acute traumatic lesions) based on the 

presence of associated subchondral cysts (Xu et al., 2012), the longitudinal evaluation of change 

in BMLs beyond two to three years post-ACLR is scarce. Potter et al. (2012) reported a notable 

increase in tibiofemoral and patellofemoral BML size in the lateral femoral condyle, patella, and 
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trochlea between three and five years following ACLR. Conversely, a study evaluating changes in 

tibiofemoral BMLs (using the MOAKS) between 2.5 and 4.5 years following ACLR reported minimal 

changes, except for improvement in the medial tibia (Wang et al., 2019). Greater understanding 

of the trajectory of BMLs in all regions of the knee is required, given that BMLs are the first markers 

of early change to bone structure (representing increased metabolic activity) and may progress to 

irreversible bony deformation (Madry et al., 2010; Nakamae et al., 2006). Following ACLR, acute 

BMLs are often associated with degenerative changes in other features such as cartilage (Costa-

Paz et al., 2001; Roemer et al., 2009; Van Ginckel et al., 2013; van Meer et al., 2016). Similarly, 

worsening BMLs in older individuals increase the risk of future cartilage loss and radiographic OA 

(Hunter et al., 2006b; Sharma et al., 2016). While BMLs are a source of pain in general knee OA 

populations (Yusuf et al., 2011), particularly in the patellofemoral compartment (Stefanik et al., 

2015; Wang et al., 2015), no studies have evaluated their relationship with pain and symptoms 

over time following ACLR.  

 

Osteophytic changes on MRI following ACLR 

In terms of osteophytes, few studies have evaluated longitudinal post-traumatic changes on MRI 

following ACLR. While osteophytes are often considered an end-stage bone adaptation in OA 

disease, osteophytes on MRI can exist without the presence of radiographic osteophytes or 

“earlier” features of OA (i.e., BMLs or cartilage lesions) (Markhardt et al., 2018). Early bony 

deformation may cause load on other soft tissue structures and increase the risk of cartilage and 

menisci worsening (Zhu et al., 2017). The KNALL study is the only longitudinal cohort to evaluate 

worsening osteophytes after ACL injury (van Meer et al., 2016), occurring in 9% and 8% of 

participants in the tibiofemoral and patellofemoral compartment, respectively (van Meer et al., 

2016). Further studies with longer-term follow-ups will help to understand the trajectory and 

relevance of worsening osteophytes following ACLR.  

 

Meniscal changes on MRI following ACLR 

Meniscal lesions are frequently reported arthroscopically at the time of ACLR (50% to 80%) 

(Culvenor et al., 2015a; Hagino et al., 2015; Lee et al., 2013); however, no studies have reported 

changes on MRI in the proceeding years. Evaluation of worsening meniscal lesions on MRI over 

time via a longitudinal study design is needed to identify those with degenerative changes, 

regardless of whether they had a pre-existing meniscal lesion (i.e., prior to ACL injury or occurring 

at the time of injury). The strong link between meniscal pathology, secondary arthroscopic 

surgery, and radiographic OA indicates the importance of evaluating longitudinal meniscal health 

(Sharma et al., 2016; van Meer et al., 2015).   
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1.5 Patient-reported outcomes following ACLR 

There is discordance between the severity of radiological pathology and symptoms following ACLR 

(Oiestad et al., 2013; Oiestad et al., 2010b; Salmon et al., 2006). Of those with radiographic OA 10 

to 15 years following ACLR, approximately half have knee symptoms (Lie et al., 2019), consistent 

with the mismatch between symptoms and radiographic OA in non-traumatic knee OA 

populations (Bedson & Croft, 2008). Considering how individuals following ACLR perceive their 

knee symptoms, function, and QoL in relation to their other objective measures of health, such as 

imaging features and physical testing, is crucial to a well-rounded assessment after ACLR. Patient-

reported outcome measures used in ACL and OA research and clinical practice assess self-reported 

symptoms, function, health-related and knee-related QoL, participation in physical activity and 

sport, and psychological and emotional well-being. This section will summarise the current 

evidence regarding the course of patient-reported knee-related symptoms, function, and QoL 

following ACLR, as these domains are the focus of the studies in this thesis.  

1.5.1 Patient-reported knee-related symptoms, function, and QoL following ACLR  

The ease with which PROs can be assessed (i.e., via online questionnaires) has facilitated 

population-based ACLR studies, including national registries in Scandinavia (Ahldén et al., 2012; 

Granan et al., 2009) and the USA (Spindler et al., 2018). These registries include up to 30,000 

patients and evaluate PROs up to 10 years following ACLR. They consistently demonstrate that 

patient-reported symptoms, function, and QoL improve up to two years following ACLR and 

plateau beyond this point (Ahldén et al., 2012; Granan et al., 2009; Spindler et al., 2018). 

Importantly, PROs following ACLR appear to remain below the age-matched values of uninjured 

peers (Antosh et al., 2018; Cameron et al., 2013; Paradowski et al., 2006) (Figure 1.6). While many 

instruments are used to capture patient-reported symptoms, function, and QoL, the most 

commonly used questionnaire is the Knee injury and Osteoarthritis Outcome Score (KOOS). The 

KOOS, established in 1998 (Roos et al., 1998), consists of five subscales separately assessing knee-

related symptoms (KOOS-Symptoms), pain (KOOS-Pain), activities of daily living (ADL; KOOS-ADL), 

function in sport/recreation (KOOS-Sport), and QoL (KOOS-QoL). The best available summary of 

KOOS data up to 20 years following ACLR stems from combining data from the Scandinavian 

(Ahldén et al., 2012; Filbay et al., 2018b; Granan et al., 2009; Grindem et al., 2015a; Lind et al., 

2009) and USA registries (Spindler et al., 2018) with established high-quality longitudinal cohorts 

(Barenius et al., 2014; Moller et al., 2009; Oiestad et al., 2011; Risberg et al., 2016b) (Figure 1.6). 

These large datasets generally show consistent mean group patient-reported scores at different 

time-points following ACLR. Figure 1.6 presents the average KOOS-Symptoms, KOOS-Sport, and 

KOOS-QoL subscale scores at each post-operative time-period (up to 1 year, 1 to 2 years, 2 to 10 

years, 10 to 20 years, >20 years), compared to previously published normative values from 
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uninjured adults (Antosh et al., 2018; Cameron et al., 2013; Paradowski et al., 2006). These three 

subscales are typically the most impaired following ACLR compared to normative data (Filbay et 

al., 2014; Frobell et al., 2015). At 10 to 20 years after ACLR (i.e., individuals in their 30s and 40s), 

KOOS-Symptoms, KOOS-Sport, and KOOS-QoL scores are below the respective subscale scores 

from those aged 55 to 75 years in the general population (Figure 1.6), reiterating the concept of 

‘young people with old knees’.  
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Figure 1.6. KOOS-Symptoms, KOOS-Sport, and KOOS-QoL scores after ACLR compared with uninjured (no history of knee problems) normative data. 
 

ACLR=anterior cruciate ligament reconstruction; KOOS=Knee injury and Osteoarthritis Outcome Score; QoL=quality of life.   
*Each dot and error bar/orange shading represents the reported (or calculated from available data) mean±standard deviation from each study.  
a-b Uninjured healthy athletic population (no history of knee problems) aged 18 to 25 years (Antosh et al., 2018; Cameron et al., 2013).  
c Uninjured population-based sample (with or without history of knee problems) aged 18 to 35 years (Paradowski et al., 2006).  
d Uninjured population-based sample (with or without history of knee problems) aged 55 to 74 years (Paradowski et al., 2006).  
e Uninjured population-based sample (with or without history of knee problems) aged 75 to 84 years (Paradowski et al., 2006).  
f-g 1 year post-ACLR from Swedish (Ahldén et al., 2012) and Danish (Lind et al., 2009) national registries.  
h – j 2 years post-ACLR from Swedish (Ahldén et al., 2012), Norwegian (Granan et al., 2008), and USA national registries (Spindler et al., 2018).  
k 5 years post-ACLR from Swedish national registry (Ahldén et al., 2012).  
l 6 years post-ACLR from USA national registry (Spindler et al., 2018). 
m 10 years post-ACLR from USA registry (Spindler et al., 2018). 
n 11.5 years post-ACLR from Swedish surgical cohort (Moller et al., 2009). 
o 20 years post-ACLR from Norwegian surgical cohort (Oiestad et al., 2011).  
p 14 years post-ACLR from Swedish surgical cohort (Barenius et al., 2014). 
q 20 years post-ACLR from Norwegian surgical cohort (Risberg et al., 2016b).  
r 32 to 37 years post-ACLR from Swedish registry (Filbay et al., 2018b).  
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1.5.2 Consideration of individual variation in PROs following ACLR  

Some individuals have an excellent outcome (i.e., return to normative values) while others have 

persistent (knee-related) symptoms, functional limitations, and QoL impairments. This variation is 

evidenced by the large standard deviations (SD) in the mean group-level scores for the KOOS-

Symptoms, KOOS-Sport, and KOOS-QoL subscales up to 30-years following ACLR in the 

Scandinavian and USA registries (Ahldén et al., 2012; Grindem et al., 2015a; Spindler et al., 2018) 

(Figure 1.6). Most studies report group-level data (i.e., group mean) and indicate variability using 

SD. Other concepts such as the patient-acceptable symptom state (PASS) calculate a reference or 

“PASS” value for each of the KOOS subscales at which the ACLR patients consider their current 

knee function as satisfactory (Tubach et al., 2005). In the Norwegian Knee Ligament Registry, 

approximately half of patients at six months post-ACLR, and two-thirds at 1-2 years post-ACLR 

report satisfactory knee function (Ingelsrud et al., 2015). Fifty per cent of participants in the 

Swedish National Knee Ligament Registry report satisfactory outcomes in four of the five KOOS 

subscales one year following ACLR (Hamrin Senorski et al., 2018). In contrast, a USA-based cohort 

calculated lower PASS cut-off values, and consequently reported a much higher (89%) rate of knee 

function satisfaction at a mean of 3.4 years following ACLR (Muller et al., 2016). However, the 

response rate of 51% in Muller et al. (2016) poses a high risk of selection bias, as those who 

declined to participate were on average five years younger and mostly male (Muller et al., 2016). 

Taken together, these results highlight that individual recovery may differ due to varied patient 

characteristics and expectations, healthcare access, and evidence-based rehabilitation 

participation (Grindem et al., 2018).  

 

As there is no ACL registry in Australia, observational cohort studies can provide information on 

trajectories of symptoms, function, and QoL. Assessment of PROs after the initial recovery and 

rehabilitation period (>one year post-ACLR) and over the proceeding years might identify 

individuals who have not yet reached an acceptable state, or are experiencing symptomatic 

decline. Early identification of individuals with unacceptable PROs may provide opportunity for 

the implementation of interventions to a targeted group who need them the most, before 

impairments become persistent and irreversible. Persistent symptoms may lead to undesirable 

lifestyle changes with negative health consequences, such as reduced physical activity (Bell et al., 

2017; Kuenze et al., 2019) and weight gain (Toomey et al., 2017; Whittaker et al., 2015). As these 

impairments begin to impact daily function and QoL, patients are more likely to pursue costly 

pharmacological and surgical treatments, with potentially harmful side-effects (Skou et al., 2018).   



  
 

22 
 

1.6 Physical assessment of knee function following ACLR 

Following ACLR, the measures of physical function in clinical and research settings commonly 

include muscle strength and/or power or functional performance (e.g., hop testing). 

Biomechanical assessment is more common in the research setting following ACLR, where joint 

movements and forces are quantified during functional tasks.  

1.6.1 Muscle strength assessment  

Knee extensor (i.e., quadriceps) and knee flexor (i.e., hamstrings) muscle strength are often 

assessed using isokinetic dynamometers (Undheim et al., 2015). The ACLR limb often displays 

deficits of greater than 10% in quadriceps and hamstring strength compared to the contralateral 

limb, and to healthy uninjured controls, and these deficits can persist for up to 12 to 24 months 

(Lisee et al., 2019a; Turpeinen et al., 2020). The limb symmetry index (LSI) is used to describe the 

performance of the ACLR limb compared to the contralateral limb, and is expressed as a 

percentage (score of ACLR knee divided by contralateral knee, multiplied by 100). An LSI >90% is 

frequently used to define functional recovery and clearance for return-to-sport (Abrams et al., 

2014; Undheim et al., 2015; Wellsandt et al., 2017), as 10% asymmetry is considered “normal” 

(Ageberg et al., 2001a; Lisee et al., 2019b). 

1.6.2 Biomechanical assessment following ACLR 

Altered biomechanics, such as lower external knee flexion joint moments (compared to the 

contralateral or uninjured healthy controls) during walking (Capin et al., 2018; Capin et al., 2019; 

Hart et al., 2016; Slater et al., 2017), running (Hart et al., 2010; Pairot-de-Fontenay et al., 2019), 

and landing tasks (Baumgart et al., 2017; Johnston et al., 2018; Gokeler et al., 2010; Perraton et 

al., 2019) are evident up to two years following ACLR. Biomechanical outcomes are an important 

consideration for the development and/or progression of post-traumatic OA following ACLR. As 

discussed in Section 1.4, altered kinematics and kinematics may underload or overload the knee 

joint structures (Wang et al., 2020). However, assessment of biomechanics requires expensive 

equipment, specialised training, and time-consuming assessment and data processing, and thus, 

was not performed in this thesis.  

1.6.3 Functional performance outcomes following ACLR  

Hop tests can evaluate lower-limb function and are less expensive than isokinetic muscle testing, 

are quick and easy to administer, and require minimal equipment or training. Compared with 

isokinetic testing, which assesses strength in an open-chain movement, hop tests evaluate all 

lower-limb muscle groups functioning together in a predominantly closed-chain movement. A 

hop-test battery can assess multiple aspects of lower-limb function (e.g., strength, endurance, 
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power, balance, coordination) in multiple planes of movement (Grip et al., 2015; Noyes et al., 

1991; Reid et al., 2007), and is moderately associated with isokinetic muscle strength (Birchmeier 

et al., 2019a; Hamilton et al., 2008). 

 

The most commonly utilised functional performance tests are the single-hop and triple-hop for 

distance (Abrams et al., 2014; Lepley, 2015). Other hop tests include a triple-crossover hop for 

distance, 6-metre timed hop, or a side-hop (number of repetitions hopped over two lines 40 cm 

apart in 30 seconds). Two systematic reviews reported single-hop, triple-hop, and triple-crossover 

hop limb symmetry averages >90% at the group level at 6, 9, 12, and 24 months post-ACLR 

(Abrams et al., 2014; Lepley, 2015). Cross-sectional evaluations of hop performance 

(predominantly single-hop) beyond two years following ACLR report that >90% limb symmetry is 

achieved by the majority (>80%) of individuals at three (Ageberg et al., 2008; Laxdal et al., 2005; 

Reinke et al., 2011), five (Heijne et al., 2015; Jonsson et al., 2004), and seven years (Salmon et al., 

2006). Longitudinal evaluations of single-hop and triple-hop tests suggest that minimal changes 

occur up to 10 years following ACLR, with most (>80%) achieving >90% LSI (Oiestad et al., 2010a; 

Pinczewski et al., 2007). It appears that on average, individuals achieve an “acceptable” (>90%) LSI 

in most functional performance measures in the first year following ACLR (Abrams et al., 2014; 

Lepley, 2015), providing objective clearance for return-to-sport and discharge from supervised 

rehabilitation.  

 

Despite the apparent recovery of function, subsequent ACL injuries continue to occur at 

unacceptably high rates in the ipsilateral (i.e., graft rupture) (7%) (Wiggins et al., 2016) and 

contralateral knee (8%) (Wiggins et al., 2016) in the first two years following ACLR. Part of this 

puzzle may be that the LSI is not the most accurate representation of ACLR limb function 

(Wellsandt et al., 2017). The LSI relies on the uninjured contralateral limb as the benchmark for 

performance, when there are known bilateral muscle activation and strength deficits following 

ACLR (Benjaminse et al., 2018; Gokeler et al., 2017; Lisee et al., 2019b). Longitudinal assessments 

should evaluate change in performance (i.e., cm hopped) in the ACLR and contralateral limbs, and 

consider their impact on the LSI. Most longitudinal cohorts only report symmetry (Lepley, 2015) 

at the group level, and a recent review called for better reporting standards for hop testing 

procedures, scoring, and interpretation in the ACL field (Read et al., 2020). Functional 

performance assessment is often focussed on non-fatigued tests in a linear direction, such as the 

single- or triple-hop for distance tests (Lepley, 2015). The few studies evaluating the side-hop or 

fatigued single-hop show greater functional performance deficits (i.e., <90% LSI) compared with 

the standard single-hop or triple-hop regime (Abrams et al., 2014). Evaluation of endurance or 
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multidirectional capacity may highlight deficits in aspects of lower-limb function important for the 

risk of structural or symptomatic decline. 

 

The implications of persistent functional performance deficits after ACLR are uncertain and 

require further investigation. The relationships between functional performance and patient-

reported and structural outcomes are less clear (Losciale et al., 2019). Evaluating functional 

performance alongside structural outcomes and PROs will provide a better appreciation of the 

relationships between function, symptoms, and post-traumatic OA.  

1.7 Factors associated with structural and patient-reported outcomes following 

ACLR 

This chapter highlighted the greater risk of developing radiographic post-traumatic OA, and the 

poorer knee-related symptoms and QoL in individuals following ACLR, compared to their uninjured 

peers. Early identification of factors associated with an increased risk of development or 

progression of OA and symptoms is required to direct potential interventions. Post-traumatic OA 

is a complex whole-person disease with many potential modifiable and non-modifiable risk factors 

(associated with disease onset) and prognostic factors (associated with disease progression) 

(Andriacchi et al., 2020). These factors may be pre-existing, occur at the time of injury or ACLR, 

occur post-operatively, and/or persist or change over time (Andriacchi et al., 2020; Punzi et al., 

2016). This section will explore the influence of non-modifiable (e.g., age, sex, concomitant 

injuries) and modifiable (e.g., body mass index (BMI), muscle strength, functional performance, 

activity level) factors on the development and/or progression of OA and symptoms, with 

occurrence (and assessment) of these factors both at the time of, and following, ACLR.   

 

Table 1.1 summarises the non-modifiable and modifiable factors associated with OA development 

(Jones & Spindler, 2017; van Meer et al., 2015) or worse PROs (An et al., 2017; Galea-O’Neill et al., 

2019; Hamrin Senorski et al., 2018; Spindler et al., 2018) up to 10 years following ACL injury/ACLR. 

Data from registries in the USA (Jones & Spindler, 2017; Spindler et al., 2018) and Scandinavia 

(Hamrin Senorski et al., 2018), and systematic reviews (An et al., 2017; Galea-O’Neill et al., 2019; 

van Meer et al., 2015) conducted in the last decade with the primary aim of identifying factors 

associated with OA outcomes or patient-reported symptoms, function, and QoL are included.
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Table 1.1 Factors associated with structural and patient-reported outcomes following ACLR  
 
 Osteoarthritis  Worse patient-reported symptoms/function/QoL** 

Review or registry 
MOON 

(nested) 
Systematic 

review 
 MOON 

registry 
Scandinavian 

registries 
Systematic 

review 
Systematic 

review  

Primary author 
Jones 
(2017) 

van Meer 
(2015)* 

 Spindler 
(2018) 

Hamrin Senorski 
(2019) 

An 
(2017) 

Galea O’Neill 
(2019) 

No. of studies in review n.a 64  n.a 35 26 12 
High risk of bias, no. (%)  n.a 62 (97%)a  n.a 14 (40%)b 14 (54%)c 11 (92%)d 
Study design, no. (%)^        
Level 1 (prospective) n.a 22 (34%)  n.a 0 (0%) 4 (15%) 2 (17%) 
Level 2 (retrospective) n.a 40 (63%)  n.a 35 (100%) 7 (27%) 7 (58%) 
Level 3+ (case series) n.a 2 (3%)  n.a 0 (0%) 15 (58%) 3 (25%) 
Patient characteristics        
Older age Y ?  Y Y Y - 
Female sex - N  Y Y Y - 
Smoker - -  ? Y Y Y 
Less educated - -  ? - ? - 
Lower pre-injury activity level N ?  ? - - - 
Medial meniscal lesion~ Y Y  ? Y Y - 
Lateral meniscal lesions~ - N  ? Y Y - 
Full-thickness cartilage lesion~ ? ?  y Y Y - 
Peri-operative modifiable        
Time from injury to ACLR - N  - ? ? ? 
Prehabilitation - -  - ? - ? 
Graft type  N ?  N Y ? - 
Lower PROs at ACLR - -  Y Y ? - 
Surgical technique  - ?  - N ? - 
Medial meniscal procedure~ Y Y  Y Y ? - 
Lateral meniscal procedure~ - N  Y Y ? - 
Higher body mass index~ N ?  Y - ? ? 
Post-operative modifiable       
Rehab supervision/duration  - -  - ? - - 
Muscle weakness  - -  - - - - 
Poor functional performance  - ?  - - - - 
Activity level  - -  ? - - - 
Increased knee laxity - N  - - - - 
Higher body mass index - -  - - - - 
Revision ACLR  - -  Y Y - - 
 

Y Moderate evidence supports relationship  N Moderate evidence supports no relationship 
? Limited, conflicting, or weak evidence  - Not assessed 

 

ACL=anterior cruciate ligament; ACL=anterior cruciate ligament reconstruction; PROs=patient-reported 
outcomes; MOON=Multicenter Orthopaedic Outcomes Network; n.a=not applicable; QoL=quality of life. 
* 62 studies reported radiographic OA as the outcome, 2 studies reported cartilage lesions on MRI. 
** PROs not related to re-injury or factors associated with revision ACLR.  
^ Level of evidence according to Orthopaedic Journal guidelines (Wright et al., 2003). 
a  according to ratings reported in the van Meer et al. (2015) review using a customised checklist. 
b  considered low quality if Downs and Black score lower than median (16 points). 
c  according to ratings reported in the An et al. (2017) review (Downs and Black score <median 20 points). 
d  considered low quality if risk of bias evident for internal validity item.   
~ at the time of ACLR. 
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The evidence for non-modifiable and modifiable prognostic factors in Table 1.1 should be 

interpreted with caution. All reviews (An et al., 2017; Galea-O’Neill et al., 2019; Hamrin Senorski 

et al., 2018; van Meer et al., 2015) had many studies (>40%) with high risk of bias and included 

mostly (>60%) retrospective or case-series analyses (Table 1.1). Common threats to internal 

validity in these studies are related to attrition bias (consideration of participants lost to follow-

up), lack of statistical power, or appropriate multivariate modelling (An et al., 2017; Hamrin 

Senorski et al., 2018; van Meer et al., 2015). Only 21% and 42% of studies in the van Meer et al. 

(2015) and An et al. (2017) reviews, respectively, adjusted for the influence of confounders. 

External validity is compromised as the reviews mostly consisted of Scandinavian and USA registry 

data (Hamrin Senorski et al., 2018; Jones & Spindler, 2017; Spindler et al., 2018) or examined 

specific ACLR techniques (An et al., 2017). Use of the same patient data from registries increases 

the risk of multiple significance, providing further justification for more prospective cohort studies 

(An et al., 2017). Most studies in the van Meer et al. (2015) review evaluated factors associated 

with the development of tibiofemoral (radiographic) OA. Less than 20% evaluated patellofemoral 

radiographic OA, while only two studies evaluated prognostic factors for early OA features on MRI 

(van Meer et al., 2015). In summary, although some factors may increase the risk of post-traumatic 

radiographic OA or worse PROs, the limitations of the primary studies these reviews are based 

upon highlights the need for further prospective studies to identify factors associated with poor 

prognosis following ACLR.   

1.7.1 Non-modifiable factors  

The only non-modifiable factor with moderate and consistent evidence for an increased risk of 

radiographic OA development (tibiofemoral or unspecified) or worse symptoms following primary 

ACLR is a concomitant meniscal injury or meniscal procedure (i.e., meniscectomy or meniscal 

repair) (An et al., 2017; Filbay et al., 2014; Hamrin Senorski et al., 2018; Jones & Spindler, 2017; 

Spindler et al., 2018; van Meer et al., 2015), particularly in the medial compartment (Table 1.1). 

Full-thickness cartilage lesions noted arthroscopically at the time of ACLR are also associated with 

worse PROs in the Scandinavian (Hamrin Senorski et al., 2018) and USA registries (Spindler et al., 

2018) (Table 1.1). Older age, female sex, and history of smoking have weak and conflicting 

associations with radiographic OA development following ACLR (Jones & Spindler, 2017; van Meer 

et al., 2015), but moderate and more consistent associations with worse PROs (An et al., 2017; 

Galea-O’Neill et al., 2019; Hamrin Senorski et al., 2019; Spindler et al., 2018) (Table 1.1). 

Concomitant meniscal and cartilage lesions, larger pre-operative BML size, persistent BMLs at one 

year, and male sex appear to increase the risk of progression of tibiofemoral cartilage lesions on 

MRI in the first two years following ACLR (Van Ginckel et al., 2013; van Meer et al., 2016). Few 
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studies have investigated the factors associated with development and/or progression of other 

early OA features on MRI (e.g., BMLs, meniscal lesions, osteophytes).  

1.7.2 Modifiable factors  

While non-modifiable factors help to build the risk profile for post-traumatic OA, evaluation of 

modifiable peri-operative or post-operative factors related to outcomes following ACLR provides 

opportunity for implementation of interventions targeting these factors. Peri-operative factors 

such as time from injury to ACLR, graft type, knee laxity, and surgical technique are frequently 

evaluated, but appear to have weak or no influence on patient-reported or structural outcomes 

following ACLR (Table 1.1). Re-injury to the ACL graft and revision ACLR appear to be associated 

with greater risk of OA and worse PROs (Hamrin Senorski et al., 2018; Spindler et al., 2018; Wright 

et al., 2012).  

 
BMI 

Obesity (BMI >30kg/m2) is associated with the development of symptomatic radiographic knee OA 

in the general population (Felson et al., 1997; Roos & Arden, 2016), yet the effect of higher peri-

operative BMI on the risk of worsening knee structure or symptoms in post-traumatic populations 

is uncertain (Table 1.1). No relationship has been observed between peri-operative BMI and the 

rate of worsening OA features on MRI up to five years following ACLR (Eckstein et al., 2015; van 

Meer et al., 2016), but further investigation is warranted as these studies typically consisted of 

participants with normal BMIs (Eckstein et al., 2015; van Meer et al., 2016). Post-operative BMI 

should also be considered given that weight gain is common following ACL injury (Whittaker et al., 

2019).  

 

Physical activity  

Physical activity and surgical success following ACLR are mostly assessed by participation in pre-

injury sports. While those who return to their pre-injury level of sport often report better PROs 

(Filbay et al., 2017a; Spindler et al., 2018), the relationship between participation in sports placing 

high demands on the knee and the development or progression of post-traumatic OA following 

ACLR is uncertain and rarely investigated (Ajuied et al., 2014; Hamrin Senorski et al., 2019; van 

Meer et al., 2015) (Table 1.1). At 15-years after ACLR, those who had returned to pivoting sports 

had 60% and 72% reduced odds of developing radiographic OA and symptomatic radiographic OA, 

respectively (Oiestad et al., 2018). However, this retrospective analysis relied on participant recall 

and the authors were unable to account for the type, duration, or frequency of sport exposure 

over the 15 year period (Oiestad et al., 2018). Evaluation of the impact of return-to-sport on 

structural outcomes following ACLR is challenging and is limited to retrospective cohorts or case 
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series with lack of adjustment for confounding factors (Ajuied et al., 2014). In the KOALA cohort, 

an accelerated return-to-sport (i.e., less than 10 months following ACLR) combined with poor 

function (<90% LSI on the side-hop test) was associated with an increased risk of BMLs on MRI at 

one year following ACLR (Culvenor et al., 2017a).  

 

Physical function  

Level I evidence demonstrates that quadriceps muscle weakness is associated with the 

development of symptomatic radiographic knee OA in the general population (Culvenor et al., 

2017b; Oiestad et al., 2015; Segal & Glass, 2011; Thorstensson et al., 2004). Yet, few high-quality 

studies have evaluated this relationship in post-traumatic OA populations following ACLR (Table 

1.1). In cross-sectional evaluations following ACLR, quadriceps weakness is associated with worse 

KOOS scores at the time of return-to-sport (Lentz et al., 2009; Lepley & Palmieri-Smith, 2015; 

Norte et al., 2018; Zwolski et al., 2015), but the association is attenuated in the longer-term (Norte 

et al., 2018). The effect of quadriceps weakness on risk of incident or progressive post-traumatic 

OA, or symptomatic decline, is uncertain (Oiestad et al., 2010b; Wellsandt et al., 2018). Functional 

performance (hop testing) has a fair association with PROs in the first two to three years following 

ACLR, but the relationship is weaker in the longer-term, while the relationship between hop 

testing and tibiofemoral radiographic OA development is uncertain (Losciale et al., 2019; 

Pinczewski et al., 2007). Further studies are needed to examine the relationships between 

objective knee function and early joint degeneration on MRI, as specific imaging features may be 

more sensitive to altered neuromuscular function and may be more modifiable with interventions 

such as exercise.  

1.8 Secondary prevention interventions following ACLR 

Secondary prevention interventions aim to prevent or slow the onset of post-traumatic OA or 

knee-related symptoms by targeting modifiable factors associated with disease onset and/or 

progression. While there is high-level evidence for interventions aimed at preventing the initial 

ACL injury (primary prevention) (Crossley et al., 2020; Webster & Hewett, 2018) or managing 

symptoms and functional limitations in end-stage OA (tertiary prevention) (Allen et al., 2016; 

Fransen et al., 2015; Skou et al., 2018), there is a lack of evidence supporting interventions to delay 

or prevent the onset of symptomatic post-traumatic OA following ACLR (secondary prevention) 

(Whittaker & Roos, 2019) (Figure 1.7). Poor knowledge of modifiable factors associated with 

structural and symptomatic changes following ACLR has limited the ability to develop and test 

recommendations for secondary prevention strategies (Whittaker & Roos, 2019).   
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Figure 1.7 Primary, secondary, and tertiary prevention of post-traumatic osteoarthritis.  
 
ACL=anterior cruciate ligament; ACLR=anterior cruciate ligament reconstruction; OA=osteoarthritis; 
QoL=quality of life; RCTs= randomised controlled trials; TKR=total knee replacement. 
a Multiple RCTs report that ACL injuries in sporting populations can be reduced with injury prevention 
training programs (Webster & Hewett, 2018). 
b Minimal high-quality RCTs to guide prevention of post-traumatic OA (Watt et al., 2019; Whittaker & Roos, 
2019). 
c Multiple RCTs report that knee-related symptoms, function, and QoL can be improved with exercise and 
education in individuals with knee OA (Allen et al., 2016; Fransen et al., 2015; Skou et al., 2018).  
 

Once modifiable factors are identified, interventions that target specific impairments can be 

developed, and their effectiveness at improving structural, patient-reported, and/or physical 

outcomes can be evaluated. The utilisation of evidence-based rehabilitation in the first post-

operative year is the most effective way to immediately address these impairments and optimise 

short-term outcomes (Risberg et al., 2016a). Recommendations from six clinical practice 

guidelines (CPGs) suggest that rehabilitation should continue for 9 to 12 months, or until 

achievement of a series of impairment, functional, and psychological criteria (van Melick et al., 

2016). More information on evidence-based rehabilitation following ACLR is provided in Chapter 

7.   

 

Despite the CPGs recommendations, it appears that most (>80%) individuals do not participate in 

evidence-based rehabilitation for longer than six to nine months following ACLR (Ebert et al., 2018; 

Greenberg et al., 2018; Grindem et al., 2018; Rosso et al., 2018). This is concerning given that many 

(>80%) individuals require longer than nine months to achieve adequate functional performance 

(Herbst et al., 2015; van Melick et al., 2016). Therefore, many will continue with unsupervised 

exercise and independently decide (i.e., self-directed without professional consultation) if and 

when they will return-to-sport (Ebert et al., 2018; Greenberg et al., 2018). Individuals with 

persistent symptoms and functional impairments at the time of return-to-sport may be at an 
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increased risk of structural or symptomatic decline and are likely to benefit most from ongoing 

interventions. However, further prospective cohort studies are required to confirm these 

relationships, and RCTs are required to evaluate the influence of secondary prevention 

interventions on immediate and longer-term structural and symptomatic outcomes.  

1.9 Summary of Chapter 1 

The evidence outlined in Chapter 1 regarding the course of structural, patient-reported, and 

functional performance outcomes following ACLR provides a framework and rationale for the 

objectives of this thesis. Figure 1.8 highlights specific gaps in the literature which exist in the 

period following ACLR recovery and rehabilitation (i.e., >one year post-ACLR) but prior to the onset 

of radiographic OA (i.e., <10 years post-ACLR). Given the urgent need to prevent or slow the 

progression of OA, the use of MRI to quantify early OA disease progression is necessary. Previous 

evaluations of the development of tibiofemoral radiographic OA (Lie et al., 2019) or tibiofemoral 

cartilage changes on MRI (Van Ginckel et al., 2013) have omitted the patellofemoral compartment 

and other joint features such as BMLs, despite them being potential sources of symptoms 

(Culvenor & Crossley, 2016; Culvenor et al., 2014b; Stefanik et al., 2015; Wang et al., 2015). No 

studies have performed semi-quantitative evaluations of OA features on MRI beyond two years 

post-ACLR.  

 

Patient-reported symptoms, function, and QoL continue to improve up until one to two years 

following ACLR, with minimal change beyond this point (Ahldén et al., 2012; Granan et al., 2009; 

Oiestad et al., 2011; Risberg et al., 2016b; Spindler et al., 2018). While most achieve good 

outcomes, a proportion may have unacceptable PROs compared to their uninjured peers (Antosh 

et al., 2018; Cameron et al., 2013; Filbay et al., 2014; Ingelsrud et al., 2015; Paradowski et al., 2006) 

and identifying individuals with unacceptable outcomes may better direct secondary prevention 

interventions to those most in need. Evaluating PROs alongside structural and physical outcomes 

will provide insight into these relationships.  

 

Functional performance recovery appears acceptable following ACLR (i.e., >90% LSI on hop tests), 

but cross-sectional study designs and reliance on the LSI limits the validity of prior studies. Prior 

studies have also focused on non-fatigued testing in a linear direction (i.e., single-hop), typically 

less than two years post-operatively (Abrams et al., 2014; Lepley, 2015) (Figure 1.8). Assessment 

of multiplanar movement, requiring repeated power generation, endurance, and coordination 

beyond the typical rehabilitation period should be considered, as these young adults continue to 

participate in multidirectional sports which place high demands on the knee. The LSI should not 

be the sole measure of functional performance due the potential for the contralateral limb to 
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experience functional decline (Engelen-Van Melick et al., 2013). Longitudinal evaluation of the 

ACLR and contralateral limb performance, and comparison to uninjured peers, is required to 

provide insight for clinical decision-making.  

 

The only consistent factor identified to be associated with an increased risk of post-traumatic OA 

development, or worse symptoms and QoL following ACLR, is a concomitant meniscal lesion or 

meniscectomy, which is non-modifiable (Figure 1.8). Secondary prevention of OA relies on the 

identification of prognostic factors amenable to intervention (Whittaker & Roos, 2019). Yet, there 

is limited and conflicting evidence from multiple reviews regarding the influence of modifiable 

factors such as BMI, physical activity, strength, and functional performance on structural or 

patient-reported outcomes. A greater understanding of how early OA features develop and 

progress, and factors associated with worsening disease, is critical to inform management 

approaches to optimise outcomes in young adults following ACLR.  
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Figure 1.8 Summary of Chapter 1: Structural, patient-reported, and functional outcomes following ACLR. 
 
ACL=anterior cruciate ligament; ACLR=anterior cruciate ligament reconstruction; BMLs=bone marrow lesions; OA=osteoarthritis; LSI=limb symmetry index; 
MRI=magnetic resonance imaging; PROs=patient-reported outcomes; QoL=quality of life.
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1.10 Aims of this thesis  

The overall aims of this thesis were to:  

(i) evaluate changes in OA features on MRI, patient-reported outcomes, and functional 

performance between one and five years following ACLR (Part B); 

(ii) identify factors associated with worsening OA features and change in PROs (Part B);  

(iii) determine the feasibility of a physiotherapist-guided intervention targeting 

individuals with persistent symptoms one year following ACLR in a pilot RCT (Part C).  

An overview of this thesis, the studies conducted to achieve these aims, and the associated 

chapters are provided in Figure 1.9. The remainder of this thesis consists of two parts (Part B and 

C), followed by a discussion and conclusion (Part D).   

 

 
 
Figure 1.9 Visual summary of thesis.  
 
ACLR=anterior cruciate ligament reconstruction; OA=osteoarthritis; RCT=randomised controlled trial; 
PROs=patient-reported outcomes; MRI=magnetic resonance imaging.  
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Part B: Changes in structural, patient-
reported, and functional performance 
outcomes between one and five years 

following ACLR: A longitudinal prospective 
study 
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2 Chapter Two: Prospective longitudinal cohort study design, 

eligibility, recruitment, procedures, and outcome measures  

 

The following chapter contains a detailed description of the methods used in the prospective 

longitudinal cohort study. From this cohort, there are four studies that make up Part B of this 

thesis. Specifically, these studies are:  

 
CHAPTER 3 (STUDY 1) 

Patterson, B.E., Culvenor, A.G., Barton, C.J., Guermazi, A., Stefanik, J.J., Morris, H.G., Whitehead, 

T.S., & Crossley, K.M. (2018). Worsening knee osteoarthritis features on magnetic resonance 

imaging 1 to 5 years after anterior cruciate ligament reconstruction. American Journal of Sports 

Medicine, 46(12), 2873-2883. 

 

CHAPTER 4 (STUDY 2) 

Patterson, B.E., Culvenor, A.G., Barton, C.J., Guermazi, A., Stefanik, J.J., & Crossley, K.M. (2020). 

Patient-reported outcomes one to five years after anterior cruciate ligament reconstruction: the 

effect of combined injury and associations with osteoarthritis features defined on magnetic 

resonance imaging. Arthritis Care & Research, 72(3), 412-422. 

 

CHAPTER 5 (STUDY 3) 

Patterson, B.E., Crossley, K.M., Perraton, L.G., Kumar, A.S., King, M.G., Heerey, J.J., Barton, C.J., 

& Culvenor, A.G. (2020). Limb symmetry index on a functional test battery improves between 

one and five years after anterior cruciate ligament reconstruction, primarily due to worsening 

contralateral limb function. Physical Therapy in Sport, 44, 67-74. 

 

CHAPTER 6 (STUDY 4) 

Patterson, B.E., Culvenor, A.G., Barton, C.J., Guermazi, A., Stefanik, J., Morris, H.G., Whitehead, 

T.S., & Crossley, K.M. (2020). Poor functional performance 1 year after ACL reconstruction 

increases the risk of early osteoarthritis progression. British Journal of Sports Medicine, 54(9), 546-

553. 
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2.1 Introduction  

This chapter outlines the methods used for the longitudinal prospective Knee Osteoarthritis 

Anterior cruciate ligament Longitudinal Assessment (KOALA) study which evaluated the change in 

OA features on MRI, PROs, and functional performance between one and four years following 

ACLR. The one-year post-ACLR assessments were completed as part of a previous PhD (Dr Adam 

Culvenor, co-supervisor of this thesis) and the five-year assessments were completed specifically 

for this PhD thesis. Although the methods used for each of the studies (Study 1 to 4) arising from 

the KOALA cohort are summarised in the relevant chapters, additional and more detailed 

justifications and descriptions of the study design, participant eligibility, recruitment, procedures, 

and outcome measures are provided in this chapter. All studies related to this study are reported 

in accordance with the STrengthening the Reporting of OBservational studies in Epidemiology 

(STROBE) guidelines for reporting observational studies (Elm et al., 2007).  

2.2 Funding and ethical approval  

The KOALA study was funded by a University of Melbourne Research Collaboration Grant (Crossley 

& Pandy, 2009), the Queensland Orthopaedic Physiotherapy Network (Culvenor, 2013), an 

Arthritis Australia National Research Program Grant (Culvenor et al., 2015), and a La Trobe 

University Sport, Exercise, and Rehabilitation Research Focus Area Grant (Crossley et al., 2016). 

The majority of the funds were used to acquire and score the MRI scans and radiographs, and for 

incidentals and consumables related to data collection at the one- and five-year post-ACLR 

assessments. 

 

Ethical approval for the one-year post-ACLR assessment was granted by the University of 

Melbourne (HEC number 0931086) and the University of Queensland Research Ethics Committee 

(MREC number 2012000567). Ethical approval for the five-year post-ACLR assessment, and for use 

of the previously collected one-year data, was obtained by the PhD candidate from the La Trobe 

University Human Ethics Committee (HEC 15-100) (Appendix A). All participants were provided 

with a written patient information statement (Appendix B) and completed written informed 

consent (Appendix C) at each assessment time-point.  

2.3 Participants  

All 112 participants who previously underwent assessment one year following ACLR were invited 

to participate in the five-year assessment.  
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2.3.1 Participant recruitment and eligibility at one year following ACLR 

Participants were consecutively recruited between July 2010 and August 2011 in Melbourne, 

Australia, from two high-volume orthopaedic surgeons, Hayden Morris (HM) and Timothy 

Whitehead (TS), who had over 25 and 15 years’ experience performing ACLRs, respectively. Each 

participant was invited via a letter from their respective orthopaedic surgeon at their 12-month 

post-ACLR milestone. Individuals were eligible for inclusion if they were approximately 12 months 

(eligible range 11-14 months) following a primary single-bundle four-strand hamstring tendon 

autograft ACLR, and were aged between 18 and 50 years at the time of ACLR. The lower age limit 

ensured that the surgical technique was kept consistent across all participants, as a variety of 

techniques are used for those aged <18 years to reduce growth plate complications. The upper 

age limit minimised the influence of any pre-existing knee OA prior to ACLR. The exclusion criteria 

at one year post-ACLR were: (i) previous injury/symptoms to the ACL-injured knee; (ii) subsequent 

injury/surgery to the ACLR knee; (iii) inability to speak/read English; (iv) >five years between ACL 

injury and ACLR (to limit any potential effects of ACL deficiency on structural, patient-reported, 

and functional outcomes); (v) contraindications for X-ray (e.g., pregnancy or breastfeeding); (vi) 

contraindications for MRI (e.g., implanted metal such as a pacemaker); or (vii) another 

musculoskeletal, neurological, or cardiovascular condition affecting their daily function. 

2.3.2 Participant recruitment and eligibility at five years following ACLR  

All participants in the one-year assessment were contacted when they were five years post-ACLR 

(between July 2015 and December 2016) via a letter addressed from the research team (Appendix 

D). If the participant did not contact the research team, they were contacted by telephone and 

invited to participate. Details of participant recruitment and retention from one to five years 

following ACLR are provided in Figure 2.1. The inclusion and exclusion criteria at five years are 

outlined in Table 2.1. Participants were eligible if they had sustained an ACL graft rupture or 

contralateral ACL rupture between the one- and five-year assessments, as this is a common 

occurrence and representative of the wider ACLR population. Those with a subsequent injury to 

either knee were excluded from Study 3 in Chapter 5 (Figure 2.1), due to the nature of the research 

question.  
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Figure 2.1 KOALA cohort participant recruitment and retention.  
 
ACLR=anterior cruciate ligament reconstruction; BMI=body mass index; IKDC=International Knee Documentation Committee knee evaluation; KOALA=Knee 
Osteoarthritis Anterior cruciate ligament Longitudinal Assessment cohort study; KOOS=Knee injury and Osteoarthritis Outcome Score; MRI=magnetic resonance imaging; 
n=number of participants; PROs=patient-reported outcomes. 
* The PhD candidate was not involved in the recruitment or testing of participants at one-year post-ACLR; this was completed by Dr Adam Culvenor.  
^ n=4 due to participation in another study. 
^^ n=4 due to participation in another study and n=1 had since become a member of the research team at 5 years.  
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Table 2.1 Inclusion and exclusion criteria for the five-year assessment  
 

Inclusion criteria at 5 years following ACLR  
• Participated in the 1-year assessment.  
• 5 years after ACLR (eligible range 4.5 to 5.5 years), regardless of subsequent ipsilateral or 

contralateral knee injury or surgery.  
• Able to complete at least one aspect of the assessment (imaging, PROs, or functional 

performance). 
Exclusion criteria at 5 years following ACLR for imaging assessment  

• Contraindications for MRI (e.g., implanted metal, pacemaker, cochlear implant, previous surgery 
for cerebral aneurysm) or X-ray (e.g., pregnancy or breastfeeding).   

Exclusion criteria at 5 years following ACLR for self-reported or functional performance assessment  
• Another musculoskeletal*, cardiovascular, or neurological condition affecting their lower-limb 

function (e.g., low back pain). 
 
ACLR=anterior cruciate ligament reconstruction; MRI=magnetic resonance imaging; PROs=patient-reported 
outcomes. 
*All individuals with an ACL graft rupture or contralateral ACL rupture between 1 and 5 years after ACLR 
were able to complete the functional performance assessment, as it was >12 months since their ACLR.  
 

2.4 Procedures  

2.4.1 ACLR 

All ACLRs were performed arthroscopically and involved quadrupled hamstring-tendon grafts 

using semitendinous and gracilis tendons. A partial meniscectomy was performed if the meniscal 

lesion was unstable or deemed unrepairable. If the meniscal lesion was considered repairable, a 

repair procedure was performed. Significant cartilage lesions were managed with debridement, 

as deemed appropriate by the surgeon.  

2.4.2 Rehabilitation  

As this was a cohort study with first assessment at one year following ACLR, post-operative 

rehabilitation was not standardised. However, all participants were encouraged to undertake a 

typical rehabilitation protocol that encouraged early weight-bearing and range of motion, 

strength training, neuromuscular exercises, and graded return to activity. No braces or splints 

were used, and in general, most participants were full weight-bearing by three weeks and running 

by three to four months. Sport-specific drills could be introduced from four months, and return-

to-sport could occur from six months, as advised by the surgeon.  

2.4.3 Participant assessment  

All PROs and clinical outcome assessments at one year following ACLR were performed by one 

researcher (AC) at The University of Melbourne. All PROs and clinical assessments at five years 

following ACLR were performed by the PhD candidate at Olympic Park Sports Medicine Centre. 



  
 

40 
  

Imaging assessments (unilateral MRI of index knee and bilateral knee radiographs) at one and five 

years following ACLR were conducted at a private radiology clinic in Melbourne (Imaging @ 

Olympic Park). At one year, imaging was completed within two weeks of the PROs and clinical 

assessment session, and at five years, they were completed on the same day.  

2.5 Outcome measures  

An overview of all outcome measures (primary outcomes, primary prognostic factors, and 

confounding variables) at one and five years following ACLR used in Part B of this thesis is provided 

in Table 2.2. Data obtained from the one-year assessment were used as the baseline for Study 1 

to 4 (Chapter 3 to 6). Prior to commencing data collection, the PhD candidate (BP) was trained in 

all testing protocols for consistency with the one-year data collection for each outcome measure.  

2.6 Participant characteristics  

Age, sex, injury history (i.e., injury date, time from injury to surgery), duration of formal 

physiotherapy, and pre-injury sports participation were recorded one year following ACLR.  

2.7 Structural outcomes 

For the purpose of this thesis, structural outcomes include the following: (i) concomitant injuries 

(meniscal and chondral lesions) noted arthroscopically at the time of ACLR; (ii) subsequent intra-

articular injuries or surgeries between one and five years following ACLR; (iii) cartilage lesions, 

BMLs, meniscal lesions, and osteophytes on MRI assessed at one and five years; and (iv) the 

presence of radiographic OA on X-ray at one and five years. 

2.7.1 Concomitant injuries  

Concomitant injuries were noted arthroscopically by the orthopaedic surgeon at the time of ACLR 

and this information was extracted from the surgical record. Cartilage lesions were graded using 

the Outerbridge classification system (grade 1=softening and swelling of the cartilage, grade 

2=fragmenting and fissuring of the cartilage in an area <15 mm, grade 3=fragmenting and fissuring 

of the cartilage in an area >15 mm, grade 4=erosion of the cartilage to the subchondral bone) 

(Outerbridge, 1961). A significant cartilage lesion was defined as being present if the grade was 

≥2, a cut-off which has been used previously (Li et al., 2011a). Meniscal tears (horizontal, vertical, 

or complex) were recorded as absent or present in the medial and lateral tibiofemoral 

compartments, and the procedure performed (nil/partial meniscectomy/repair) was recorded. No 

total meniscectomies were performed. For this thesis, a participant with a significant cartilage 

lesion or meniscal injury requiring meniscectomy at the time of ACLR was classified as having a 
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combined ACL injury at one and five years following ACLR. All other participants were classified as 

having an isolated ACL injury.  
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Table 2.2 Cohort outcome measures for Part B of this thesis  
 

  Primary dependent variables  Primary prognostic variables Confounding variables*  
Chapter 3    
 Structural outcomes 

• MRI: worsening OA features between 1 
and 5 years 

• Xray: radiographic OA 

Participant characteristics 
• Age, sex, surgical delay 
Structural features 
• Concomitant injury  

 Physical performance 
• BMI at 1 year, knee laxity  

Each factor with a p value <0.20 in 
univariate analyses was entered into a 

multivariate logistic regression 

Chapter 4    
 Patient-reported outcomes  

• KOOS and IKDC at 1 year, change 
between 1 and 5 years, and at 5 years 

Structural features 
• MRI: OA features at 1 and 5 

years 
• Concomitant injuries  

Participant characteristics 
• Age, sex, surgical delay 
Physical performance 
• BMI at 1 year and 5 years 

 Patient-reported measures 
• 1-year KOOS/IKDC scores 

Chapter 5    
 Physical outcomes: 

• Functional performance (3 hop tests 
and the 1-leg rise test) at 1 and 5 years 

 

Not a prognostic study 

Chapter 6    
 Structural outcomes 

• MRI: worsening OA features between 1 
and 5 years 

Patient-reported outcomes 
• Change in KOOS and IKDC between 1 

and 5 years 
 

Physical performance: 
• Functional performance at 1 

year; 3 hop tests and a 1-leg 
rise test 

Participant characteristics 
• Age, sex 
Structural features 
• Concomitant injury  

 Physical performance 
• Height, weight 

 Patient-reported measures 
• 1-year KOOS/IKDC scores 

 
ACLR=anterior cruciate ligament reconstruction; BMI=body mass index; IKDC=International Knee Documentation Committee subjective knee evaluation; KOOS=Knee 
injury and Osteoarthritis Outcome Score; LSI=limb symmetry index; MRI=magentic resonance imaging; OA=osteoarthritis. 
*adjusted for in primary regression analyses. Refer to respective chapters for specific details on statistical methods. 
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2.7.2 Subsequent injuries and surgeries  

Subsequent intra-articular knee injuries or surgeries (e.g., ACL re-rupture, ACLR revision, 

meniscectomy, or collateral ligament injury) to the index (n=11) and/or contralateral limb (n=6) 

were reported by the 81 participants completing PROs at the five-year assessment. All secondary 

arthroscopic procedures were performed by the same surgeons as the primary ACLR (HM or TW), 

as reported by participants at five years. Subsequent injuries were not used as a primary outcome 

or independent prognostic factor in Part B. However, participants with a subsequent intra-

articular injury or surgery to the index knee between one and five years were added to the 

combined injury subgroup at five years. Those with a subsequent injury to the index knee were 

also excluded for sensitivity analyses in Study 1 and 2.  

2.7.3 OA features on MRI  

MRI acquisition  

A unilateral MRI of the index knee was acquired on a single 3.0T system (Philips Achieva, The 

Netherlands). Participants were supine with the knee flexed 20–30° with thigh support. Axial, 

sagittal, and coronal sequences were obtained using a standardised protocol with a 16-channel 

phased-array knee coil (Invivo, Gainesville, Florida, USA). Images at one and five years following 

ACLR were acquired at the same location, on the same MRI scanner with identical image 

sequences. This was with the exception of three participants who had MRIs on a different scanner 

five years following ACLR, as they had relocated interstate for work or family reasons.  

  

The two main MRI sequences used were:  

1. A three-dimensional (3D) proton density (PD) weighted Volumetric Isotropic Turbo spin 

echo Acquisition (VISTA) sequence acquired at 0.35 millimetres (mm) isotropically 

(repetition time/echo time (TR/TE), 300 msec/27 msec, field of view (FOV) 150 mm2, and 

echo train length 64 milliseconds (msec)).  

2. A PD weighted turbo spin echo (TSE) sequence obtained in the axial plane due to its high 

accuracy, sensitivity, and specific sequences for assessing cartilage lesions (Mohr et al., 

2003; Roemer et al., 2011; Sonin et al., 2002), osteophytes (Hunter et al., 2011a), and 

meniscal lesions (Escobedo et al., 1996; Fox, 2007; Jung et al., 2009). The parameters were 

TR/TE 3,850 msec/34 msec, slice thickness 2.5 mm, slice gap 2.0 mm, corresponding voxel 

size 0.5 x 0.55 x 2.5 mm, and FOV 140 mm2. 

 

The VISTA and TSE sequences were used to grade cartilage lesions, BMLs, osteophytes, and 

meniscal lesions. A third additional image was taken to assess BMLs (Hunter et al., 2011a), which 
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included a fluid sensitive short-tau inversion-recovery (STIR) sequence in the sagittal plane 

acquired at 2.5 mm thickness and 1.2 mm slice gap. An inversion time of 180 msec was applied 

with TR/TE 3,850 msec/30 msec, FOV 160 mm2, and voxel size 0.45 x 0.50 x 2.5 mm. The STIR 

sequence is used to suppress the effects of the metallic hardware present in the knee (used for 

fixation in ACLR), which can cause image distortion.  

 

MRI interpretation  

The MRI scans at one and five years following ACLR were graded by a musculoskeletal radiologist, 

Ali Guermazi (AG), who has over 20 years’ experience and established reliability in musculoskeletal 

MRI evaluation (Hunter et al., 2011a). The MOAKS scoring system was used to score each knee, 

with AG blinded to surgical, clinical, and radiographic information. Inter-rater reliability using the 

MOAKS is very good (ICC=0.61 to 0.80), and intra-rater reliability reaches near-perfect agreement 

(ICC =0.81 to 1.0) (Hunter et al., 2011a). At five years following ACLR, the MRI was read paired 

with participant’s one-year MRI (i.e., side-by-side, unblinded to the time-points); this method has 

proven reliability (Runhaar et al., 2014).   

 

The MOAKS divides the knee into 14 articular subregions to score cartilage lesions and BMLs (with 

the addition of a subspinous region for BML scoring) (Figure 2.2). Ten subregions form the 

tibiofemoral compartment (medial and lateral: femur central and posterior, tibia anterior, central, 

and posterior). Four subregions form the patellofemoral compartment (medial and lateral patella, 

medial and lateral trochlea). Osteophytes were scored in six tibiofemoral subregions (medial and 

lateral: tibia, central femur, posterior femur) and four patellofemoral subregions (medial patella 

trochlea, lateral patella and trochlea). Meniscal lesions were defined as medial or lateral, and 

divided into anterior, posterior, and central subregions.  

 

 
Figure 2.2 Regional subdivision of the knee using the MOAKS.  
 
A. Sagittal plane subdivided into the trochlear femur (T), anterior tibia (A), central femur and tibia (C), 
posterior femur and tibia (P), and superior (S) and inferior (I) patella. B. Axial plane used to score the 
posterior femur and trochlea in lateral (L) and medial (M) subregions, and the lateral (L) and medial (M) 
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patella. C. Coronal plane subdivided into the lateral femur and tibia (L), medial femur and tibia (M), and 
subspinous region (S, scored as a separate region since it is not covered by cartilage).  
The MOAKS was used to score the size and severity of cartilage lesions, BMLs, osteophytes, and 

meniscal lesions at one and five years. Cartilage lesions were graded from 0 to 3 based on size 

(percentage of surface area relative to each subregion) where 0=none, 1=<33%, 2=33–66%, and 

3=>66%. Cartilage lesions were also graded based on depth (percentage of lesion that is full 

thickness), where 0=no full-thickness loss, 1=<10%, 2=10-75%, and 3=>75%. BMLs were scored 

based on size only (percentage of surface area relative to each subregion) where 0=none, 1=<33%, 

2=33–66%, and 3=>66%. Osteophytes were graded according to size based on how far the lesion 

extended from the joint (0=none, 1=small, 2=medium, 3=large). Meniscal lesions (tear, 

maceration, or extrusion) were described as absent or present. A meniscal tear (vertical, 

horizontal, or complex) was defined as present if an area of abnormal signal extended to both 

meniscal articular surfaces. Meniscal maceration was defined as present if there was partial or 

complete loss of the morphologic substance of the meniscus. Meniscal extrusion was defined as 

subluxation from the edge of the tibial plateau, and was graded by size where 0=<2 mm, 1=2–2.9 

mm, 2=3–4.9 mm, and 3=>5 mm. Meniscal extrusion was defined as present if the size was ≥grade 

1. 

 

Subregions were combined to create ‘compartments’ which will be referred to throughout Part B 

of this thesis; patellofemoral, medial tibiofemoral, lateral tibiofemoral, any tibiofemoral, and any 

knee compartment (Figure 2.3). When combining subregions to report the presence of an OA 

feature in a particular compartment (e.g., patellofemoral), only the largest size of each OA feature 

(e.g., cartilage lesions) from all the corresponding subregions (i.e., medial patella and trochlea, 

lateral patella and trochlea) was considered. For each OA feature, the size (and corresponding 

severity for cartilage lesions) at one and five years following ACLR was recorded and was then 

used to determine the “change” (i.e., new, progressive, or improving lesions) between one and 

five years.   
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Figure 2.3 Knee compartments and respective number of subregions.  
 
BMLS=bone marrow lesions.  
 

Definitions of change in OA features on MRI  

Scoring methods for change (worsening, improving, or stable) in MOAKS features have been 

defined (Runhaar et al., 2014) and utilised following ACLR (van Meer et al., 2016). The Runhaar et 

al. (2014) definition of “progression” of OA features using the MOAKS includes both incident (i.e., 

new lesions) and progressive lesions (i.e., increase in lesion size/severity). Therefore, the term 

“worsening” instead of “progression” was used to define degenerative changes in OA features in 

this thesis. Either progression of an OA feature (i.e., increase in lesion severity) or a new OA feature 

(i.e., from no lesion to present lesion) between one and five years following ACLR was classified 

as worsening. Increase in lesion severity was defined as an increase of at least 1 point on the 

MOAKS in terms of size (i.e., size=1 to size=2) or depth (i.e., partial- to full-thickness cartilage 

lesion). New lesions were defined as those with size=0 at one year and size >1 at five years. 

Osteophytes needed to be >2 at five years as the definition of a definite osteophyte has not been 

delineated (Hunter et al., 2011a). For each OA feature (i.e., cartilage, BMLs, osteophytes, and 

meniscal lesions), worsening was defined as present in each of the aforementioned compartments 

(e.g., patellofemoral) if any of the corresponding subregions (i.e., medial patella and trochlea, 

lateral patella and trochlea) for that compartment demonstrated worsening (Figure 2.3). 

Conversely, improvement (i.e., resolution of BMLs) between one and five years following ACLR 
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was defined as a decrease in size or severity, or complete resolution (i.e., lesion present at one 

year, to no lesion present at five years). Stable lesions were those demonstrating neither 

improvement nor worsening between one and five years. The classifications of improving and 

stable lesions were adopted from the Runharr et al. (2014) definition. The intra-rater and inter-

rater reliability of changes in MOAKS features were determined by prevalence-adjusted bias-

adjusted kappa (PABAK) statistics and percentage agreement between readers, respectively. The 

average PABAK values for cartilage, BMLs, osteophytes, and meniscal lesions were >0.85, while 

agreement was >85% for all features (Runhaar et al., 2014).   

2.7.4 Radiograph acquisition and interpretation  

At one and five years, all participants eligible for radiographic assessment underwent bilateral 

posterior-anterior and lateral weight-bearing (Figure 2.4) X-rays of both knees. A SynaFlexor frame 

(Synarc) was used to hold the knees in 30° flexion with the feet externally rotated 10°. A non-

weighting skyline view was taken with the participant supine, knee flexed 30°, to assess the 

patellofemoral compartment (Figure 2.4). The radiographs were assessed for the presence of 

osteophytes and joint space narrowing in the medial and lateral tibiofemoral and the 

patellofemoral compartments. To grade the presence and severity of osteophytes and joint space 

narrowing, the OARSI atlas was used (Altman & Gold, 2007; Altman et al., 1995), grading both 

features on a scale of 0 to 3 (0=normal, 1=mild, 2=moderate, 3=severe). To maximise the 

identification of osteophytes and joint space narrowing, multiple views were used. Radiographic 

OA was deemed present in the tibiofemoral or patellofemoral compartment if any of the following 

criteria were met: (i) joint space narrowing of ≥grade 2, (ii) sum of osteophytes >2, or (iii) grade 1 

osteophytes in combination with grade 1 joint space narrowing.  

 

  
Figure 2.4 Radiographic assessment of the tibiofemoral and patellofemoral compartments.  
 
A: posterior-anterior view; B: lateral view; C: skyline view. 
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All radiographs one year following ACLR were assessed independently by researcher AC and Kay 

Crossley (KC) (primary supervisor of this thesis). Researcher AC has seven years of radiographic 

grading experience, while KC has over 10 years’ experience. Radiographs at five years were 

assessed independently by two trained researchers (AC and BP), and a consensus meeting with 

researcher KC was held to resolve any discrepancies. All raters were blinded to the clinical 

outcomes and MRI findings at one and five years following ACLR. The radiographs at five years 

were read paired with the one-year radiographs (i.e., side by side, unblinded to the time-points).  

2.8 Patient-reported outcomes 

At one and five years following ACLR, participants completed the KOOS (Appendix E) and 

International Knee Documentation Committee (IKDC) subjective knee evaluation (Appendix F), 

rating their knee condition during the previous week. Participants completed the questionnaires 

via pen and paper or via an online platform (MySQL, Oracle Corporation, California, USA and 

Promptus, DS-PRIMA, Melbourne, Australia), with matching instructions to the original version. 

The KOOS (ICC=0.96) (Gudbergsen et al., 2011) and IKDC (ICC=0.79) (Nguyen et al., 2017) exhibited 

excellent test-retest reliability between paper and electronic formats. The KOOS and IKDC are the 

most commonly used instruments in ACL-injured cohorts (Gagnier et al., 2018).   

 

The KOOS is freely available and has 42 items across five subscales related to pain (KOOS-Pain, 

nine items), symptoms (KOOS-Symptoms, seven items), activities of daily living (KOOS-ADL, 17 

items), function in sport and recreational activities (KOOS-Sport, five items), and knee-related QoL 

(KOOS-QoL, four items). All items are self-rated on a five-point Likert scale from 0=no problems to 

4=extreme problems, and a total score for each of the five sections was summed and transformed 

to a 0 to 100 scale, where 100 represents the best result/no knee problems. The KOOS was 

designed for use in young and middle-aged adults with knee injuries that may lead to post-

traumatic knee OA or in elderly adults with knee OA (Roos & Lohmander, 2003). Therefore, it is 

useful for use in a longitudinal prospective cohort study to evaluate the short- (<2 years), medium- 

(2 to 10 years), and long-term (>10 years) consequences of ACLR, as the risk of OA and associated 

symptoms increases (van Meer et al., 2013). A recent systematic review and meta-analysis 

reported excellent internal consistency (pooled Cronbach's alpha from 24 studies: >0.76), test-

retest reliability (pooled ICC from 11 studies: >0.86), and responsiveness (effect sizes >0.5) to 

surgical (i.e., ACLR) and non-surgical (i.e., physiotherapy) interventions in young populations with 

knee injuries (Collins et al., 2016). The minimal clinically important difference (MCID) for the KOOS 

has not been calculated in any population. However, 8 to 10 points is the recommended minimal 

detectable change (MDC) - the amount of change required to exceed random error, based on 
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changes observed in all KOOS subscales in the first post-operative year following ACLR (Roos & 

Lohmander, 2003).  

 

The IKDC was designed to evaluate symptoms, function, and sports activity in a variety of knee 

conditions, including ACL injuries (Irrgang et al., 1998). The IKDC is freely available and has 18 

items which are summed and then converted to a 0 to 100 scale, where 100 represents the best 

score/no symptoms or limitations with daily/sporting activities. The IKDC was chosen for 

concurrent use with the KOOS as it evaluates constructs specific to shorter-term recovery which 

are not covered in the KOOS (e.g., instability and the ability to participate in different activities 

relevant to sport, work, or household duties) (van Meer et al., 2013). The IKDC has excellent 

internal consistency (Cronbach's alpha: 0.77 to 0.91), test-retest reliability (ICC: 0.90 to 0.95), and 

is responsive to change in individuals with a variety of knee conditions, with the MDC reported to 

be 12.8 points (Irrgang et al., 2006).  

 

At one and five years following ACLR, participants were asked what sports and physical activities 

they participated in using a customised questionnaire (Appendix G). The highest level of regular 

(at least once per week in the previous month) activity for each participant was recorded at one 

and five years. Participants were classified according to the Sports Activity Level Classification 

system (Grindem et al., 2014); where level 1=pivoting/jumping/hard cutting sports (e.g., football, 

basketball), level 2=pivoting/jumping sports but less intense cutting (e.g., tennis, skiing), level 

3=straight line activities (e.g. running, weight-lifting), and level 4=sedentary.  

2.9 Physical outcomes   

One year following ACLR, the physical assessments were performed by researcher AC at The 

University of Melbourne. At five years, the physical assessments were performed by the PhD 

candidate at Olympic Park Sports Medicine Centre.  

2.9.1 Anteroposterior laxity, height, and weight  

A KT-1000 arthrometer (MEDmetric Corp., California, USA) was used to assess anteroposterior 

laxity of both the hamstring-tendon autograft and the ACL on the contralateral limb by researcher 

AC one year post-ACLR. Participants were positioned in the supine position with the knee flexed 

at approximately 30° over a support placed underneath the thigh. Anterior tibial displacement at 

30 pounds of force was recorded in millimetres, as previously described (Daniel et al., 1985). The 

average of three measures was obtained and used for analysis, and the between-limb difference 

reported in millimetres. At one year following ACLR, there was a (median) 1.6 mm difference in 

anteroposterior laxity between ACLR and contralateral limbs. This is within the normal between-
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limb differences from uninjured control data (≤3 mm) (Collette et al., 2012). Most (>75%) 

participants had a between-limb difference of ≤3 mm. Laxity assessed at one year was used as a 

confounder in analyses in Study 1 of this thesis. Laxity was not assessed at five years. At one and 

five years following ACLR, participant height and weight were assessed with a standardised tape 

measure and scales, and BMI was calculated (kg/m2).   

2.9.2 Functional performance  

The battery of functional performance tests, including the single-hop, triple-crossover hop, side-

hop and one-leg rise were assessed at one and five years. These tests were chosen as they 

incorporate varying aspects of physical performance (i.e., strength, power, endurance, 

coordination, balance) in multiple planes of movement (Gustavsson et al., 2006; Reid et al., 2007). 

The single-hop for distance is the most commonly used hop test (Abrams et al., 2014) evaluating 

linear power, while the triple-crossover hop requires repeated linear and lateral power generation 

and absorption as well as multidirectional control and balance (Birchmeier et al., 2019a). The side-

hop requires endurance, repeated power generation in the mediolateral direction, and rotational 

stability (Grip et al., 2015). The one-leg rise test is a global measure of lower-limb strength and 

endurance (Thorstensson et al., 2004). Functional performance tests are clinically feasible (Schelin 

et al., 2017) and require no associated licensing or software costs. They also require minimal time, 

equipment, space, and training to perform.  

 

After a standardised warm-up (30 seconds of high knee running on the spot, 10 star jumps, and 

10 burpees), the functional tests were performed in the following order: single-hop, triple-

crossover hop, side-hop, and one-leg rise. Three minutes rest was given between each hop test, 

and five minutes rest between each limb for the one-leg rise. Participants wore their own athletic 

shoes, and both the ACLR and contralateral limb were tested. The assessor was blind to the ACLR 

limb by Tubigrip placed over both knees by the participant; hence, the left limb always tested first. 

The raw score (i.e., number of repetitions or distance in cm) in both the ACLR and contralateral 

limb for each test was recorded. The LSI, used to describe the function of the ACLR limb compared 

to the contralateral limb, was calculated by dividing the score of the contralateral limb by the 

score of the ACLR limb, and is expressed as a percentage.  

2.9.3 Single-hop for distance 

The single-hop test evaluates the distance that the participant can hop from a stationary position, 

hands held behind the back, taking off and landing on the same foot with a balanced landing (≥2 

seconds without placing the other foot to the floor) (Gustavsson et al., 2006) (Figure 2.5). If 

participants made subsequent smaller hops or did not remain balanced, the hop was not recorded. 
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The distance hopped (cm) was recorded from the toe at take-off to the heel at landing. There was 

no set number of trials; additional hops were performed until no increase in distance was seen, 

and the best recorded distance was used for analysis. This method was used to account for 

learning effects that exist with this test (Munro & Herrington, 2011). The test was scored 0 if the 

participant was unable to achieve a successful trial (i.e., due to lack of 

strength/confidence/balance or pain). The single-hop test has excellent test-retest (Gustavsson et 

al., 2006; Kockum & Heijne, 2015) and inter-rater reliability (Haitz et al., 2014) (Table 2.3).  
 

 
Figure 2.5 Single-hop test.    
 

2.9.4 Triple-crossover hop for distance 

The triple-crossover hop assesses the maximum distance that the participant can achieve by 

hopping three times, hands held behind the back, crossing over the outside of two strips of tape 

placed 15 cm apart each time (Reid et al., 2007) (Figure 2.6). A trial was deemed unsuccessful and 

not recorded if the participant: (i) let go of their hands held behind their back; (ii) made 

subsequent smaller hops on any of the three hop landings; (iv) touched their contralateral foot on 

the floor on any of the three hops; or (iii) did not remain balanced (≥2 seconds without placing the 

other foot to the floor) on the final hop. The distance hopped (cm) was recorded from the toe at 

take-off to the heel at the third landing. There was no set number of trials; additional hops were 

performed until no increase in distance was observed, to account for known learning effects with 

this test (Munro & Herrington, 2011). The best recorded distance was used for analysis. The test 

was scored 0 if the participant was unable to score any successful trials (i.e., due to lack of 

strength/confidence/balance or pain). The triple-crossover hop test has excellent test-retest 

(Gustavsson et al., 2006; Kockum & Heijne, 2015; Reid et al., 2007) and inter-rater reliability (Haitz 

et al., 2014) (Table 2.3).  

 

Total 
distance (cm) 
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Figure 2.6 Triple-crossover hop test. 
 

2.9.5 Side-hop 

The side-hop test evaluates the number of hops the participant can achieve in 30 seconds, hopping 

side-to-side outside two parallel strips of tape placed 40 cm apart on the floor (Gustavsson et al., 

2006; Kockum & Heijne, 2015) (Figure 2.7). The participant held their hands behind their back, and 

the number of successful hops (i.e., without foot touching the tape, landing on two feet, or falling 

off balance) was recorded. If ≥25% of total hops were not successful, the test was scored 0, and 

the participant was given two additional attempts. The side-hop test has excellent test-retest 

reliability (Gustavsson et al., 2006; Kockum & Heijne, 2015) (Table 2.3).  

 
Figure 2.7 Side-hop test.   
 

2.9.6 One-leg rise  

For this test, participants sat on the edge of a height-adjustable plinth with the heel of the test leg 

positioned on a line marked on the floor 10 cm in front of the edge of the plinth (Figure 2.8). The 

plinth height was adjusted so that the angle of the test knee in sitting was 90°. Holding their arms 

folded across their chest and non-test leg straight out in front, participants were instructed to rise 

Total  
distance 
 (cm) 

15 cm 

Must start on this 
side for left limb  

Total 
repetitions in 
30 seconds  

40 cm 
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from the sitting position to an upright standing position, achieving full hip and knee extension, and 

return to sitting in a controlled manner. Rises were performed to a metronome to maintain a 

consistent cadence of 45 beats per minute. The maximum numbers of rises achieved at the 

predetermined cadence was recorded. The one-leg rise test has excellent test-retest reliability 

(Bremander et al., 2007) (Table 2.3).  

 
Figure 2.8 One-leg rise test. 
 

2.9.7 Functional performance psychometric properties  

Hop tests are sensitive to change over time in observational ACLR cohorts (Abrams et al., 2014; 

Heijne et al., 2015; Thomee et al., 2012). If known, the test-retest and inter-rater reliability, 

responsiveness, and normative scores from uninjured healthy adults, for each individual test, are 

summarised in Table 2.3. As no MCID is available for any of the four functional performance tests, 

the MDC was used to approximate the amount of change required to exceed random error. The 

MDC in the listed studies (Table 2.3) (Haitz et al., 2014; Kockum & Heijne, 2015; Reid et al., 2007) 

was calculated by multiplying the standard error of measurement (SEM) by the square root of 2 

and the z value for 90% confidence (1.64) (Reid et al., 2007) (or 95% confidence, 1.96 pending on 

the study) (Haitz et al., 2014; Kockum & Heijne, 2015). The MDC is used interchangeably with the 

smallest real difference (SRD), but each is calculated using the same method.  
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Table 2.3 Reliability, responsiveness, and normative scores for the functional performance tests  
 

Test Reliability   
ICC 95% CI 

Minimal detectable 
change   

Normative scores  

Single-hop    
 Test-retest  

0.89-0.99 (Kockum & 
Heijne, 2015) 
Inter-rater 
ICC: 1.00 (Haitz et al., 
2014) 

14 cm* (Kockum & 
Heijne, 2015) 
LSI: 8% (Reid et al., 
2007) 

18 to 50 years general population (Kemp et al., 
2013): 153±26 cm (men), 111±31 cm (women)  
 

20 to 25 years healthy active adults (mixed 
sex) (Kockum & Heijne, 2015): 145±26 cm (right 
limb), 147±28 cm (left limb) 
 

20 to 35 years healthy general population (all 
men) (Baltaci et al., 2012): 177±12 cm 
(dominant), 170±22 cm (non-dominant)    
 

15 to 44 years healthy active adults (Ageberg 
et al., 2001a): 203±21 cm (men), 163±21 cm 
(women) 

Triple-crossover hop   
 Test-retest  

ICC: 0.74-0.93 (Reid et 
al., 2007)  
Inter-rater  
ICC: 0.99-1.00 (Haitz et 
al., 2014) 

73 cm (Haitz et al., 
2014) 
LSI: 12% (Reid et 
al., 2007) 

20 to 35 years healthy general population 
(mixed sex) (Baltaci et al., 2012): 430±54 cm 
(dominant), 431±58 cm (non-dominant)  
 

18 to 24 years college athletes (Myers et al., 
2014): 570±75 cm (men), 406±54 cm (women) 

Side-hop   
 Test-retest  

ICC: 0.84-0.96 (Kockum 
& Heijne, 2015) 
Inter-rater: n.a  

11 reps* (Kockum 
& Heijne, 2015) 
LSI: 10%** (Reid et 
al., 2007)  

20 to 25 years healthy active adults (mixed 
sex) (Kockum & Heijne, 2015): 50±14 
repetitions (right limb), 47±13 repetitions (left 
limb) 
 

 
One-leg rise   
 Test-retest  

ICC: 0.86-0.96 
(Bremander et al., 
2007) 
Inter-rater n.a 

n.a n.a 

 
cm=centimetres; CI=confidence interval; ICC=intraclass correlation coefficient; MDC=minimal detectable 
change; n.a=not available. 
* average of left and right limbs from Kockum et al. (2015). 
** the MDC for the side-hop LSI is not known; therefore, the MDC was estimated as 10%, as an average of 
8% and 12% for the single-hop and triple-crossover hop from Reid et al. (2007).  
 

2.10 Data management and statistical analyses 

Data collected were manually entered into an electronic spreadsheet (Microsoft Office, Excel 

2016). The five-year post-ACLR data were combined with the one-year post-ACLR data in a master 

spreadsheet. Analyses were performed using Stata (Stata-Corp) version 14.2. More detail 

regarding specific statistical methods and analyses is provided in the respective chapters. 



  
 

55 
  

3 Chapter Three: Worsening knee osteoarthritis features on 

magnetic resonance imaging one to five years following 

anterior cruciate ligament reconstruction  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 contains the following publication in its entirety (Appendix H), with the addition of 

Figure 3.1 to depict participant recruitment into the study consistent with the other chapters.  

 

Patterson, B.E., Culvenor, A.G., Barton, C.J., Guermazi, A., Stefanik, J.J., Morris, H.G., Whitehead, 

T.S., & Crossley, K.M. (2018). Worsening knee osteoarthritis features on magnetic resonance 

imaging 1 to 5 years after anterior cruciate ligament reconstruction. American Journal of Sports 

Medicine, 46(12), 2873-2883. 
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3.1 Introduction  

ACLR is often performed with the intention to improve the stability of a mechanically unstable 

ACL-deficient knee, facilitate a return to competitive sport and reduce the risk of subsequent 

meniscal or cartilage damage (Church & Keating, 2005; Lebel et al., 2008; Swirtun et al., 2006). 

While typically restoring mechanical stability, ACLR does not protect against the long-term 

development of knee OA (Lohmander et al., 2007). Radiographic knee OA is evident in as many as 

50-90% of individuals 10 to 15 years following ACL injury, regardless of treatment, and often with 

an onset during early adulthood (Frobell et al., 2015; Lohmander et al., 2007).   

 

With rates of ACL injuries continuing to rise (Zbrojkiewicz et al., 2018), secondary prevention 

strategies to delay or halt OA onset following injury are vital (Roos & Arden, 2016). Unlike 

established radiographic OA, the trajectory of early pre-radiographic stages of disease, such as 

post-traumatic changes to cartilage and bone marrow, have the capacity to be modified (Pollard 

et al., 2008; Roos & Dahlberg, 2005). This is particularly pertinent for post-traumatic OA, which is 

often evident 15 years earlier than non-traumatic OA (Lohmander et al., 2007), resulting in 

substantial and prolonged effects on QoL (Filbay et al., 2014) and risk of early knee arthroplasty 

(Blagojevic et al., 2010).  

 

Magnetic resonance imaging can identify and monitor early structural changes to all joint tissues. 

Whilst radiography can detect osteophytes, joint space narrowing, bony sclerosis, and cysts, MRI 

is more sensitive to changes in early OA features such as cartilage, particularly during shorter 

follow-up periods (Amin et al., 2005; Hunter et al., 2006a; Hunter et al., 2011c). Studies of 

longitudinal changes in OA features on MRI have focussed on cartilage degeneration within the 

acute recovery phase (i.e., 1-2 years post-ACLR) (Van Ginckel et al., 2013; van Meer et al., 2016), 

and have mostly assessed and observed the tibiofemoral compartment. In the patellofemoral 

joint, the trochlea is at greatest risk of early degeneration within the first two years post-ACL injury 

(Culvenor et al., 2015a; Frobell, 2011), which may contribute to high rates of longer-term 

radiographic patellofemoral OA (Culvenor et al., 2013). Identifying individuals with progressive 

early OA features following natural biological graft healing and functional rehabilitation (>two 

years post-injury), but prior to established joint disease, may present opportunities to target 

secondary prevention strategies.  

 

Therefore, the primary aims of this study were to: (i) describe the changes to early OA features on 

MRI between one and five years following ACLR, and (ii) determine the associations between 

participant characteristics (age, sex, BMI, time from injury to surgery, presence of a combined ACL 
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injury, anteroposterior knee laxity, re-injury) and changes in OA features on MRI. Changes in 

radiographic OA between one and five years post-ACLR, in both knees, were also evaluated. 

3.2 Methods 

All 111 consecutively recruited patients (median age at time of ACLR, 26 years (range 18-50 years)) 

who participated in our previously reported MRI evaluation at one year following ACLR (Culvenor 

et al., 2015a) were eligible for the current study. The inclusion and exclusion criteria at one year 

following ACLR, the ACLR technique, and post-operative rehabilitation are described in Chapter 2. 

Briefly, the inclusion criteria at one year following ACLR included primary single-bundle hamstring-

tendon autograft ACLR by one of two orthopaedic surgeons in Melbourne, Australia. The exclusion 

criteria at one year following ACLR included: (i) any injury, symptoms, or surgery to the ACLR knee 

prior to ACL injury; (ii) greater than five years between ACL injury and reconstruction; and (iii) any 

secondary injury or surgery to the ACLR knee (between ACLR and one-year assessment). 

Secondary injury was defined as a new index or contralateral knee injury (ACL, meniscus, collateral 

ligament), surgery, or intra-articular knee injection. Participants with a secondary injury between 

one and five years were invited to participate at the five year assessment, as this is a common 

occurrence and representative of the wider ACLR population. Of the 111 participants with an MRI 

at one year, 78 (70%) (48 men; median age 32 years (range 23-56 years)) completed MRI 

assessment at five years (median 5.2 years after ACLR (range 4.7-6.3 years)) (Figure 3.1). Ethical 

approval was granted by La Trobe University Human Ethics Committee (HEC 15-100) and informed 

consent was obtained from all individual participants included in the study. 

3.2.1 Demographic, injury, and surgical factors  

Participant age, sex, ACL injury history (date of ACL injury, time from injury to surgery), and 

previous activity level were obtained at one year after ACLR. Activity level was defined as level 1 

(pivoting/jumping sports) to level 4 (sedentary) (Grindem et al., 2014). Each participant’s BMI was 

calculated at one and five years following ACLR. If a participant had a significant cartilage lesion or 

meniscal injury requiring meniscectomy at the time of ACLR, they were classified as having a 

“combined” ACL injury. Arthroscopically identified cartilage lesions were defined as significant 

when the Outerbridge grade was ≥2 (Outerbridge, 1961). Anteroposterior laxity at one year was 

assessed using a KT-1000 arthrometer (MEDmetric Corp., California, USA) at 30° flexion with a 30 

lb load (Daniel et al., 1985). Participants were questioned about new injuries or surgery between 

one and five years following ACLR. Tibiofemoral and patellofemoral radiographic OA in the ACLR 

and contralateral knee were determined at one and five years following ACLR using previously 

published protocols (Culvenor et al., 2015a) and OARSI definitions (Altman et al., 1995), as 

described in Chapter 2. Radiographic OA was defined as present if any of the following criteria 



  
 

58 
  

were met: (i) joint space narrowing of ≥grade 2, (ii) sum of osteophytes >2, or (iii) grade 1 

osteophyte in combination with grade 1 joint space narrowing (Altman et al., 1995).   

 

 

Figure 3.1 KOALA cohort participant recruitment and retention for Chapter 3. 
 
ACLR=anterior cruciate ligament reconstruction; KOALA=Knee Osteoarthritis Anterior cruciate ligament 
Longitudinal Assessment cohort study; MRI=magnetic resonance imaging; n=number of participants. 
^ n=4 due to participation in another study. 
 

3.2.2 MRI acquisition and interpretation 

All participants had unilateral knee MRI scans acquired at one year following ACLR using a single 

3.0T system (Philips Achieva, The Netherlands), as described in Chapter 2. The same MRI scanner 

was used to acquire the five-years post-ACLR scans of the ACLR knee, with identical sequences to 

those obtained at one year. Briefly, the sequences consisted of a 3D PD weighted VISTA acquired 

at 0.35 mm isotropically, an STIR sequence, and an axial proton-density TSE sequence. All MRI 

scans were evaluated using the MOAKS by a single musculoskeletal radiologist (AG) with over 20 

years’ experience and established inter- and intra-rater reliability (kappa 0.61-0.80) in semi-

quantitative MRI assessment (Hunter et al., 2011a). The radiologist evaluated the one- and five-

year images paired (not blinded to time-points of the MRI), but blind to the clinical and 

radiographic information. The MOAKS divides the knee into 14 articular subregions to score 

cartilage lesions (assessed using VISTA sequence) and BMLs (assessed using STIR and fluid sensitive 

TSE sequences), and six tibiofemoral and six patellofemoral subregions to score osteophytes 

(Hunter et al., 2011a). Meniscal lesions were scored separately for the medial meniscus and lateral 

meniscus, and divided into anterior, posterior, and central subregions for each meniscus. Cartilage 

lesions were graded from 0 to 3 based on size (percentage of surface area relative to each 

subregion) and depth (percentage of lesion that is full thickness). Size was graded as: 0=none, 
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1=<33%, 2=33–66%, 3=>66%. Depth was graded as: 0=no full-thickness loss, 1=<10%, 2=10-75%, 

3=>75%. BMLs were based on size only (percentage of surface area affected, relative to each 

subregion), where 0=none, 1=<33%, 2=33–66%, and 3=>66%. Osteophytes were graded according 

to size based on how far they extended from the joint (0=none, 1=small, 2=medium, 3=large). 

Given that the definition of a definite osteophyte has not been delineated (Hunter et al., 2011a), 

an osteophyte was considered present when it was scored ≥2. Meniscal tears (vertical, horizontal, 

or complex) and maceration (partial, complete, or progressive) were described as absent or 

present. Meniscal extrusion was graded by size, where 0=<2 mm, 1=2–2.9 mm, 2=3–4.9 mm, and 

3=>5 mm, and defined “present” if the size was ≥grade 1. Hoffa’s fat pad synovitis was graded as 

0 (none), 1 (mild), 2 (moderate), or 3 (severe). More information on the MRI sequences used and 

MOAKs scoring system appears in Chapter 2. 

3.2.3 Definition of worsening OA features 

The subregions were combined to define three compartments: patellofemoral (medial patella and 

trochlea, lateral patella and trochlea), medial tibiofemoral (medial femur central and posterior, 

medial tibia anterior, central and posterior), and lateral tibiofemoral (lateral femur central and 

posterior, lateral tibia anterior, central and posterior). Worsening of OA features in each 

compartment was defined as any increase in score (in any corresponding subregion for that 

compartment). Therefore, either progression of an OA feature (i.e., increase in lesion severity) or 

a new OA feature (i.e., from no defect to present defect) between one and five years was classified 

as worsening. Increase in lesion severity was defined as an increase of at least 1 point on the 

MOAKS in terms of size (i.e., size=1 to size=2) or depth (i.e., partial- to full-thickness cartilage 

lesion). New lesions were defined as those with size=0 at one year post-ACLR and size >1 at five 

years post-ACLR (osteophytes needed to be >2 at five years post-ACLR as the definition of a 

definite osteophyte has not been delineated) (Hunter et al., 2011a). This definition is reliable and 

sensitive to changes in ACL-injured individuals and other populations at high risk of OA (Runhaar 

et al., 2014; van Meer et al., 2016). 

3.2.4 Statistical analyses 

Descriptive statistics were used to define worsening of OA features on MRI and radiographic OA 

for each compartment. Both the medial and lateral patella and trochlea subregions were included 

in the analyses of the patellofemoral compartment outcomes (four observations per knee). The 

medial and lateral tibiofemoral compartments had six observations per knee (femur central and 

posterior, tibia anterior, central and posterior). Logistic regression models with generalised 

estimating equations (GEE) (to account for correlations between subregions within the same 

compartment) were used to determine if participant characteristics (age, sex, BMI at one year 
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post-ACLR, time from injury to surgery, presence of a combined injury, re-injury, and 

anteroposterior laxity) were associated with worsening OA features. Age and time from injury to 

ACLR were dichotomised at their median values, while BMI was dichotomised based on the 

established overweight cut-off of 25 kg/m2 (median at one year post-ACLR: 25.3kg/m2), so that 

odds ratios (ORs) and 95% confidence intervals (CIs) could be estimated and descriptively 

compared with the nominal variable of concomitant injuries. Univariate regression analyses were 

performed initially; participant characteristics with a p value <0.20 were entered into a 

multivariate logistic regression GEE model to calculate ORs and 95% CIs. The McNemar test was 

used to determine any significant change in repeated-measure nominal data (i.e., worsening 

radiographic OA between one and five years following ACLR). Stata V.14.2 (StataCorp LLC, Texas, 

USA) was used for statistical analyses. P values <0.05 were considered statistically significant.  

3.3 Results 

3.3.1 Participants 

The demographic characteristics of the 78 participants included in the current study are presented 

in Table 3.1. Apart from medial meniscal lesions, which were more prevalent in the participating 

group at one year following ACLR, there were no demographic, surgical, or MRI related differences 

between those who did and did not participate in the assessment at five years (p>0.05) (Tables 

3.1 and 3.2). Thirty-eight of the 78 participants (49%) had a combined injury and 12 (15%) 

participants reported a new index knee injury/surgery between one and five years following ACLR 

(ACLR revision n=3, partial meniscectomy n=6, intra-articular injection n=1, collateral ligament 

injury n=2). Six participants had a new contralateral knee injury (ACLR n=3, meniscectomy n=1, 

collateral ligament injury n=1, investigative arthroscopy n=1).  

3.3.2 Cartilage lesions 

Worsening of cartilage lesions in any compartment occurred in 40 (51%) participants, with 

worsening most commonly occurring in the patellofemoral compartment (n=34 (44%)) (Figure 

3.2). Medial and lateral tibiofemoral cartilage worsening occurred in 8 (10%) and 10 (13%) 

participants, respectively (Figure 3.2). Twenty-five (63%) of those with cartilage worsening had 

isolated patellofemoral worsening, compared with six (15%) who had isolated tibiofemoral 

cartilage worsening. The prevalence of patellofemoral full-thickness cartilage defect more than 

doubled between one and five years following ACLR (n=15 (19%) to n=32 (41%)) (Figure 3.3). The 

prevalence of full-thickness cartilage lesions also increased from one to five years in the medial 

(n=2 (3%) to n=5 (6%)) and lateral tibiofemoral (n=12 (15%) to n=14 (18%)) compartments (Figure 

3.2)
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Table 3.1. Participant characteristics at the one- and five-years post-ACLR assessments 
 

 Not participating in 
5-year assessment 

(n=33)£ 

 Participating in 1- and 5-year 
assessments  

(n=78) 

 1-year post-ACLR  1-year post-ACLR 5-years post-ACLR 

Age, median+IQR (range) 27±13 (20 to 50)  28±15 (19 to 52) 32±15 (23 to 56) 

Male sex, no. (%) 23 (70%)  48 (62%) 48 (62%) 

Activity level pre-injury, no. (%)* 
Level 1. Jumping, pivoting sports 
Level 2. Lateral movement sports 
Level 3. Straight-line activities 
Level 4. Sedentary 

 
26 (79%) 
5 (15%) 
2 (6%) 
0 (0%) 

  
54 (69%) 
18 (23%) 

6 (8%) 
0 (0%) 

 
54 (69%) 
18 (23%) 

6 (8%) 
0 (0%) 

Activity level at time of MRI, no. (%)* 
Level 1. Jumping, pivoting sports 
Level 2. Lateral movement sports 
Level 3. Straight-line activities 
Level 4. Sedentary 

 
9 (27%) 
4 (12%) 
8 (24%) 

12 (37%) 

  
19 (24%) 
10 (13%) 
19 (24%) 
30 (39%) 

 
25 (32%) 
11 (14%) 
32 (41%) 
10 (13%) 

Time between injury and ACLR, 
median±IQR (range), weeks 

12±13 (2.5 to 241)  14±20 (1 to 231) 14±20 (1 to 231) 

BMI^, median±IQR (range) kg/m2 26+7 (20 to 37)  25+5 (20 to 37) 26+5 (20 to 35) 

Concomitant injuries, no. (%)* 
Medial meniscectomy¥  | repair¥ 
Lateral meniscectomy¥  | repair¥ 
Patellofemoral cartilage defect¤ 
Medial tibiofemoral cartilage defect¤ 
Lateral tibiofemoral cartilage defect¤ 

 
7 (21%) | 3 (9%) 
5 (15%) | 2 (6%) 

5 (15%) 
3 (9%) 
3 (9%) 

  
16 (21%) | 9 (12%) 
18 (23%) |1 (1%) 

7 (9%) 
7 (9%) 
4 (5%) 

 
16 (21%) | 9 (12%) 
18 (23%) |1 (1%) 

7 (9%) 
7 (9%) 
4 (5%) 

Anteroposterior laxity between-limb 
difference^, median±IQR (range), mm 

1.3+2.3 (-3.8 to 7.2) 
 

1.6+2.9 (-1.9 to 3.5) n.a 

IKDC score, median±IQR (range) 84±14 (53 to 98)  87±16 (54 to 100) 91±15 (53 to 100) 
 
ACLR=anterior cruciate ligament reconstruction; BMI=body mass index; IQR=interquartile range; 
MRI=magnetic resonance imaging; IKDC=International Knee Documentation Committee subjective knee 
evaluation; n.a=not assessed at 5 years; mm=millimetres. 
* Sports Activity Classification (Grindem et al., 2014). 
^ n=72 at 5-year assessment (i.e., those with 5-year clinical testing).  
¥ Performed at the time of ACLR.   
¤ Outerbridge grade ≥2 assessed arthroscopically at time of ACLR. 
£ Reasons for exclusion and drop-out are presented in detail in Chapter 2, Figure 2.1.
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Table 3.2 Imaging results at one and five years following ACLR 
 

 Not participating in 
5-year assessment 

(n=33) £ 

 Participating in 5-year assessment 
(n=78) 

 1 year  1 year  5 years^  

OA features on MRI, no. (%)*     

Cartilage defect (>grade 1) 
Patellofemoral  
Medial tibiofemoral 
Lateral tibiofemoral  

Bone marrow lesion (>grade 1) 
Patellofemoral  
Medial tibiofemoral 
Lateral tibiofemoral  

Osteophyte (>grade 2) 
Patellofemoral  
Medial tibiofemoral 
Lateral tibiofemoral  

Meniscal lesion (>grade 1)§ 
Medial tibiofemoral 
Lateral tibiofemoral 

13 (39%) 
9 (27%) 

11 (33%) 
 

6 (18%) 
4 (12%) 
8 (24%) 

 
0 (0%) 
0 (0%) 
2 (6%) 

 
18 (55%)# 
20 (60%) 

 
37 (48%) 
23 (29%) 
18 (23%) 

 
20 (26%) 
14 (18%) 
14 (18%) 

 
3 (4%) 
1 (1%) 
6 (8%) 

 
52 (67%) 
38 (49%) 

47 (60%) 
28 (36%) 
26 (33%) 

 
18 (23%) 
13 (17%) 
16 (21%) 

 
7 (9%) 

10 (12%) 
9 (12%) 

 
53 (68%) 
40 (52%) 

Hoffa’s synovitis (≥ grade 1) 20 (60%)  47 (60%) 69 (88%) 

Radiographic OA, no. (%)     

Patellofemoral (ACLR limb | CL limb) 1 (3%) | 2 (6%)  4 (5%) | 2 (3%) 14 (18%) | 4 (5%) 

Medial tibiofemoral (ACLR limb | CL limb) 1 (3%) | 1 (3%)  2 (3%) | 2 (3%) 4 (5%) | 2 (3%) 

Lateral tibiofemoral (ACLR limb | CL limb) 2 (6%) | 0 (0%)  1 (1%) | 1 (1%) 4 (5%) | 1 (1%) 

 
ACLR=anterior cruciate ligament reconstruction; IQR=interquartile range; MRI=magnetic resonance 
imaging; OA=osteoarthritis; CL=contralateral limb. 
£ Reasons for exclusion and drop-out are presented in detail in Chapter 2, Figure 2.1. 
# Characteristic statistically significant (p<0.05) compared with participating group. 
^ Three participants had an MRI on a different scanner at 5 years post-ACLR due to being interstate. 
§ Includes tearing (vertical/horizontal/complex), maceration (partial/degenerative), or extrusion. 

 

3.3.3 Bone marrow lesions 

Although the prevalence of any BMLs was the same (47%) at one and five years (Table 3.2), 

worsening of BMLs in any compartment occurred in 23 (29%) participants (Figure 3.2). This was 

due to new or progressive lesions in one compartment, with concurrent improvement in BMLs in 

another compartment. Patellofemoral, medial, and lateral tibiofemoral BML worsening occurred 

in 14 (18%), 5 (6%), and 10 (13%) participants, respectively (Figure 3.2). Improvement in BMLs in 

any compartment occurred in 31 (40%) participants between one and five years following ACLR. 

Patellofemoral, medial tibiofemoral, and lateral tibiofemoral BML improvement occurred in 16 

(21%), 11 (14%), and 14 (18%) participants, respectively (Figure 3.2).  
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Figure 3.2 Worsening OA features on MRI between one and five years following ACLR. 
 
PF=patellofemoral compartment; TF=tibiofemoral compartment; n=number of participants. 
^Stable lesions=participants with no worsening (i.e., no new or progressive features or improvement).  
*New=no lesion at 1 year (i.e., MOAKS size=0) and a size score of >1 at 5 years for cartilage lesions, BMLs, and meniscal lesions (>2 for osteophytes). 
~Progressive=lesion at 1-year post-ACLR (i.e., MOAKS size >1), with an increase in the severity of lesion at 5-years post-ACLR (i.e., ≥1-point increase in size or depth). 
⌘Worsening=participants with either progressive or new features. 
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Figure 3.3 Prevalence of cartilage lesions at one and five years following ACLR. 

 

3.3.4 Osteophytes 

Worsening of osteophytes in any compartment occurred in 13 (17%) participants (Figure 3.2). 

Patellofemoral, medial tibiofemoral, and lateral tibiofemoral osteophyte worsening occurred in 7 

(9%), 8 (10%), and 6 (8%) participants, respectively. All worsening was due to progressive lesions 

(i.e., increase in size), with no new osteophytes (>grade 2) at five years post-ACLR (Figure 3.2).  

3.3.5 Meniscal lesions 

The prevalence of medial and lateral meniscal pathology only increased by 1% and 3%, 

respectively, from one to five years post-ACLR (Table 3.2). However, worsening of meniscal lesions 

(i.e., increase in size) occurred in the medial or lateral compartment in 17 (22%) participants, with 

14 (18%) and 4 (5%) occurring in the medial and lateral compartments, respectively (Figure 3.2).   

3.3.6 Radiographic OA  

The prevalence of radiographic OA increased significantly from one to five years post-ACLR in the 

patellofemoral compartment in the ACLR knee (n=4 (5%) to n=14 (18%); p<0.05), but not in the 

contralateral knee (n=2 (3%) to n=4 (5%); p>0.05). Smaller and non-significant increases were seen 

in the ACLR and contralateral medial and lateral tibiofemoral compartments (Table 3.2).   
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3.3.7 Factors associated with worsening OA features on MRI 

In the multivariate analyses, participants with a BMI >25 kg/m2 at one year post-ACLR consistently 

displayed 2 to 5 times greater odds of worsening of all OA features (except for patellofemoral 

BMLs) (Tables 3.3 and Table 3.4). All participants with a BMI >25 kg/m2 at one year had worsening 

patellofemoral osteophytes. Older age (>26 years) at the time of ACLR was related to greater odds 

of worsening patellofemoral cartilage lesions (OR 4.19; 95% CI: 1.78 to 9.86). Although an ACLR 

performed greater than three months following injury was associated with greater odds of 

worsening tibiofemoral osteophytes (OR 3.91; 95% CI: 1.04 to 14.66) and meniscal lesions (OR 

6.35; 95% CI: 1.38 to 29.29) (Table 3.3), it was associated with lower odds of patellofemoral 

cartilage defect worsening (OR 0.44; 95% CI: 0.21 to 0.94) (Table 3.4). Anteroposterior knee laxity 

(≥3 mm between-limb difference) was associated with 4 times greater odds of worsening meniscal 

lesions (OR 4.51; 95% CI: 1.35 to 15.10).  

 

The effect of re-injury was unable to be assessed due to the small number of reinjuries in the index 

knee (n=12); thus, a sensitivity analysis excluding participants with re-injury was performed. This 

sensitivity analysis resulted in similar effect sizes (but wider CIs), suggesting that the effect of re-

injury on worsening OA features on MRI in this study was minimal. Meniscectomy or significant 

cartilage defect noted at the time of ACLR was not significantly associated with increased odds of 

worsening OA features on MRI in the regression analysis (Table 3.3 and Table 3.4). However, the 

relatively small number of individuals with worsening of some OA features detrimentally affected 

the stability of this regression analysis. Therefore, a sensitivity analysis was performed, comparing 

the rate of worsening OA features between those with a combined injury (meniscectomy or a 

significant cartilage defect at the time of ACLR) (n=38) and those with an isolated injury (n=40). 

The rates of any OA feature worsening were significantly greater in those with a combined injury 

(combined: 31 out of 38 (82%); isolated: 22 out of 40 (55%); chi2 p=0.012). In addition, to 

determine the effect of pre-existing OA, a sensitivity analysis was performed by excluding 

individuals with radiographic OA (as described in Table 3.1) at one year post-ACLR (n=5). 

Additional analyses comparing the worsening rates in the individuals with (n=5) and without 

radiographic OA (n=73) at  one year revealed similar (and non-significantly different) rates of 

worsening OA features, except for tibiofemoral osteophytes (no radiographic OA at one year: 7 

out of 73 (10%) had worsening; radiographic OA at one year; 2 out of 5 (40%) had worsening; chi2 

p=0.112). 
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Table 3.3 Demographic and surgical factors associated with worsening tibiofemoral OA features on MRI 
 
 Cartilage lesiona Bone marrow lesionb Osteophytec Meniscal lesiond 
 Univariate Multivariate Univariate Multivariate Univariate Multivariate Univariate Multivariate 
Prevalence of worsening, n/N(%) 16/78 (21%) 12/78 (15%) 9/78 (12%) 17/78 (22%) 
Age  

(ref <26 years)a 
3.17 

(1.04, 9.66) 
3.27 

(0.92, 11.60) 
0.94 

(0.27, 3.33) 
 

1.82 
(0.26, 12.49) 

 
0.50 

(0.18, 1.43) 
0.39 

(0.12, 1.24) 
Sex 

(ref female) 
0.86 

(0.29, 2.57) 
 

0.39 
(0.12, 1.28) 

0.59 
(0.20, 1.79) 

1.03 
(0.22, 4.90) 

 
1.07 

(0.38, 3.05) 
 

Body mass index 
(ref <25 kg/m2)g 

2.77 
(0.86, 8.96) 

2.96 
(0.81, 10.79) 

5.29 
(1.45, 19.34) 

4.58 
(1.36, 15.49) 

2.67 
(0.49, 14.43) 

 
3.79 

(1.02, 14.03) 
4.62 

(1.57, 13.55) 
Time from injury to ACLR 

(ref <3 months)f 
2.77 

(0.97, 7.88) 
2.47 

(0.83, 7.40) 
1.11 

(0.31, 3.96) 
 

4.56 
(1.20, 17.37) 

3.91          
(1.04, 14.66) 

3.79 
(1.02, 14.03) 

6.35         
(1.38, 29.29) 

Meniscectomy 
(at time of ACLR) 

1.99 
(0.70, 5.64) 

0.90 
(0.27, 3.03) 

1.62 
(0.48, 5.51) 

 
1.50 

(0.31, 7.17) 
 

0.86 
(0.30, 2.41) 

 

Cartilage defect 
(at time of ACLR) 

1.73 
(0.50, 5.92) 

 
1.21 

(0.36, 4.03) 
 

1.97 
(0.30, 12.76) 

 
0.75 

(0.18, 3.04) 
 

Anteroposterior knee laxity 
(ref ≤3 mm between-limb 
difference) 

1.03                   
(0.37, 2.85) 

 
0.34               

(0.04, 2.61) 
 

0.13 
(0.02, 1.09) 

0.17         
(0.02, 14.67) 

2.15         
(0.73, 6.26) 

4.51         
(1.35, 15.10) 

 
ACLR=anterior cruciate ligament reconstruction; MRI=magnetic resonance imaging; n=number of participants with the feature; N=total number of participants in the 
group; mm=millimetres. 
Values are odds ratios (95% confidence interval). Univariate regression analysis was performed initially; participant characteristics with a p value <0.20 were entered 
into a multivariate logistic regression GEE model to calculate ORs and 95% CIs. An odds ratio >1 represents greater odds of the OA feature worsening in the presence of 
the participant factor. Bold values indicate a significant association (p<0.05). 
a Ten subregions per participant. 

b Ten subregions per participant. 

c Six subregions per participant. 

d Six subregions per participant. Includes worsening tear, maceration, or extrusion.  
e Dichotomised based on the median value.  
f  Dichotomised based on the overweight cut-off, which was similar to the median value at 1-year post-ACLR of 25.3 kg/m2. 
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Table 3.4 Demographic and surgical factors associated with worsening patellofemoral OA features on MRI 

 
 Cartilage defectb Bone marrow lesionc  Osteophyted 

 Univariate Multivariate Univariate Multivariate Univariate Multivariate 
Prevalence of worsening, n/N (%) 34/78 (44%) 14/78 (18%) 4/78 (5%) 
Age 

(ref <26 years)e 
3.67 

(1.66, 8.13) 
4.19 

(1.78, 9.86) 
1.11 

(0.37, 3.29) 
 

0.51 
(0.09, 2.75) 

 

Sex 
(ref female) 

1.12 
(0.54, 2.34) 

 
3.13 

(1.02, 9.62) 
2.55 

(0.85, 7.67) 
0.17 

(0.19, 1.55) 
0.14 

(0.01, 1.72) 
Body mass index 

(ref <25 kg/m2)f 
2.03 

(0.96, 4.32) 
2.51 

(1.19, 5.27) 
1.02 

(0.34, 3.02) 
 n.a**  

Time from injury to ACLR 
(ref <3 months)e 

0.56 
(0.27, 1.18) 

0.44 
(0.21, 0.94) 

0.36 
(0.11, 1.19) 

0.37 
(0.11, 1.23) 

8.39 
(0.94, 75.14) 

6.28 
(0.76, 52.84) 

Meniscectomy 
 (at time of ACLR) 

1.02 
(0.47, 2.24) 

 
1.45 

(0.49, 4.31) 
 

1.07 
(0.20, 5.74) 

 

Cartilage defect 
 (at time of ACLR) 

1.68 
(0.85, 3.31) 

1.85 
(0.60, 5.76) 

0.62 
(0.09, 4.47) 

 
7.37 

(0.85, 64.19) 
6.06 

(0.70, 52.49) 
Anteroposterior knee laxity 

 (ref ≤3 mm between-limb 
difference) 

0.66 
(0.30, 1.47) 

 
0.95               

(0.25, 3.59) 
 n.a **  

 
MRI=magnetic resonance imaging; ACLR=anterior cruciate ligament reconstruction; n=number of participants with the feature; N=total number of participants in the 
group; mm=millimetres; n.a.=unable to perform analysis as all participants with a worsening patellofemoral osteophyte had a high BMI. 
Values are odds ratios (95% confidence interval). Univariate regression analysis was performed initially; participant characteristics with a p value <0.20 were entered 
into a multivariate logistic regression GEE model to calculate ORs and 95% CIs. An odds ratio >1 represents greater odds of the OA feature worsening in the presence of 
the participant factor. Bold values indicate a significant association (p<0.05). 
b Four subregions per participant. 
c Four subregions per participant. 

d Six subregions per participant. 

e Dichotomised based on the median value.  
f Dichotomised based on the overweight cut-off, which was similar to the median value at 1-year of 25.3 kg/m. 
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3.4 Discussion 

Worsening early OA features on MRI were evident in more than two-thirds of young individuals 

over a four year period, between one and five years following ACLR. Despite cartilage lesions being 

most prevalent in the patellofemoral compartment one year following ACLR, the patellofemoral 

compartment displayed the most frequent cartilage deterioration (evident in half of the cohort). 

The results of this study suggest that joint features are not stable, even following surgical 

restoration of mechanical stability and a 12-month recovery period. Being overweight (BMI >25 

kg/m2) was a particularly strong determinant of deteriorating knee joint status. These worsening 

early OA features on MRI may reflect a progressive disease pathway that identifies those likely to 

suffer future radiographic OA and symptoms.  

 

Accelerated nature of post-traumatic OA 

The considerable progression of existing cartilage lesions (n=21 (27%)) and development of new 

lesions (n=22 (28%)) up to five years post-operatively extends previously reported worsening of 

cartilage damage on semi-quantitative scoring during the first two years post-ACL injury (van Meer 

et al., 2016). Although 80% of participants in the current study had a cartilage defect one year 

post-ACLR, worsening cartilage damage occurred in half of the participants over the proceeding 

four years, reflecting the rapid nature of post-traumatic OA. The rate of cartilage progression 

observed post-ACLR (i.e., approximately 13% per annum in the current study) is similar to 

individuals with or at risk of established (i.e., radiographic) OA (9-17%) (Amin et al., 2005; Runhaar 

et al., 2014) and far exceeds rates observed in uninjured older healthy knees (2% per annum) 

(Hanna et al., 2009; Pan et al., 2011). These results highlight a potential post-traumatic early OA 

phenotype, demonstrating accelerated progression of joint features in young adults compared 

with non-traumatic OA (Driban et al., 2014). Since early cartilage changes offer a promising 

window to disrupt the disease trajectory (Pollard et al., 2008), these individuals should be 

identified and development of potential disease-modifying therapies, such as those that have 

shown initial promise (Anderson et al., 2014; Roos & Dahlberg, 2005), prioritised.  

  

High rates of worsening in the patellofemoral compartment   

The patellofemoral joint was the knee compartment where worsening OA features were most 

commonly observed. Although the patellofemoral joint is rarely investigated following ACLR 

(Culvenor et al., 2013), our findings add to the growing body of evidence pointing to high rates of 

patellofemoral degeneration. The patellofemoral compartment may be at particular risk of 

worsening cartilage and BMLs in an altered chemical environment post-ACLR (Harkey et al., 2015) 

due to pre-existing or altered patellofemoral biomechanics (Culvenor et al., 2014c; Macri et al., 
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2017; Van de Velde et al., 2008; Yoo et al., 2005) and/or quadriceps muscle dysfunction (Wunschel 

et al., 2011). Our MRI data are consistent with quantitative MRI measures (Frobell, 2011) and 

second-look arthroscopic studies (Wang et al., 2011) which have demonstrated rapid 

patellofemoral cartilage loss during the first two years post-ACLR. Greater development of 

radiographic patellofemoral OA than tibiofemoral OA during the four-year observation period was 

observed, and more so in the ACLR knee than the contralateral knee. However, another 

prospective study (van Meer et al., 2016) did not report higher rates of early degeneration in the 

patellofemoral compared to the tibiofemoral compartment. Semi-quantitative MRI 

patellofemoral cartilage worsening was reported in only 3% of knees (compared to 34% with 

tibiofemoral cartilage worsening) over the first two years post-ACL injury, with this lower rate 

potentially reflecting lower BMIs and less patellofemoral pathology at baseline (van Meer et al., 

2016). Nevertheless, our findings suggest that consideration and management of patellofemoral 

joint health following ACLR are critical.  

 

Worsening of BMLs and osteophytes  

Worsening of BMLs occurred in 29% of participants, providing insight into longer-term (>two 

years) post-traumatic BML behaviour not previously reported (Papalia et al., 2015). As our 

baseline was one year following ACLR, the majority of acute trauma-related BMLs should have 

resolved. Therefore, the BMLs observed may be more degenerative in nature, which was 

confirmed by the characteristics of the BMLs in the current study (more circumscribed, located 

directly subchondral, and with associated cartilage lesions) (Roemer et al., 2014). Conversely, 

many BMLs in our cohort were stable (40%) or improved (40%), indicating that not all BMLs 

persisting at one year post-ACLR are degenerative in nature, and that resolution may require more 

than one year. In contrast to BMLs, osteophytes are more permanent and typically represent later 

stages of disease. This is reflected in the lower rates of worsening observed compared to other 

features, which is consistent with previous reports of osteophytes within the first five years post-

ACLR (8% patellofemoral and 9% tibiofemoral worsening within two years post-ACL injury) (van 

Meer et al., 2016). Importantly, only incident osteophytes ≥grade 2 were counted, which likely 

contributed to our observation of no new osteophytes over the four years. While small osteophyte 

development may reflect pathological bone shape changes and increased risk of incident 

radiographic OA (Neogi et al., 2013), the clinical significance of small osteophyte development 

requires further evaluation.  

 

Worsening meniscal lesions  

Apart from worsening meniscal lesions, which were more common in the medial (18%) than the 

lateral (5%) tibiofemoral compartment, worsening OA features were observed similarly in the 
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medial and lateral tibiofemoral joint. These observations are consistent with post-traumatic 

radiographic OA having a similar medial and lateral tibiofemoral distribution, and contrast with 

non-traumatic OA, which is typically a disease of the medial tibiofemoral joint (Sward et al., 2010). 

This is the first study, to our knowledge, to investigate longitudinal semi-quantitative menisci 

changes following ACLR. Despite the notion that surgical reconstruction can protect worsening 

meniscal pathology (Anstey et al., 2012; Lebel et al., 2008), one in five participants demonstrated 

meniscal lesion worsening in the current study. Although the presence of meniscal pathology is 

common in non-injured asymptomatic populations aged over 50 years (Ding et al., 2010), this ACLR 

cohort demonstrates a much higher prevalence (80%) than age-matched individuals (6-40%) 

(Jerosch et al., 1996; LaPrade et al., 1994). The observed rate (5% per annum) of meniscal lesion 

worsening is higher in these young adults than previous reports in non-injured older individuals 

(1-3% per annum) at risk of OA (>50 years old, BMI >25 kg/m2) (Runhaar et al., 2014; Sharma et 

al., 2016). Whilst surgical delay ≥three months and knee anteroposterior laxity (≥3 mm between-

limb difference) was associated with 3-6 times greater odds of worsening meniscal lesions (Table 

3.3), the clinical significance of MRI-detected meniscal lesions is uncertain.  

 

Factors associated with worsening OA features on MRI 

Evaluation of demographic and surgical factors at one year post-ACLR revealed that being 

overweight (BMI >25 kg/m2) was a particularly strong determinant of deteriorating knee joint 

status. An elevated BMI was associated with 2- to 5-fold greater odds of most OA features, 

irrespective of knee compartment. However, the odds ratios had relatively wide CIs, and further 

studies are required to validate the association between BMI and worsening OA features after 

ACLR. Our findings are consistent with the impact of BMI on radiographic changes in the general 

population (Blagojevic et al., 2010). The longer follow-up compared to previous studies evaluating 

BMI in relation to MRI structural changes post-ACLR may have allowed more time for BMI, in 

combination with probable changes in physical function and activity participation, to have an 

effect on joint structure. Young adults are at risk of increased BMI 3 to 10 years following acute 

knee injury (Whittaker et al., 2015). Our results support this, with a significant increase in BMI 

from one (25.7 kg/m2) to five years (26.3 kg/m2) (p<0.05). These results reinforce and strengthen 

the need for early OA secondary prevention interventions to address weight control through 

education about diet and physical activity. Each pound of lost weight leads to a 4-fold reduction 

in knee joint load upon every step (Messier et al., 2005). Older age is also a risk factor for 

worsening of patellofemoral cartilage damage, reflecting the fact that degenerative changes are 

more prevalent in older adults (Blagojevic et al., 2010). However, the changes cannot be explained 

entirely by age, evident from the higher rates of radiographic degeneration in the index knee (3.5% 

per annum) compared to the contralateral knee (0.25% per annum). This is supported by greater 
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worsening of OA features on MRI in the current study, as compared to normal age-related changes 

published previously (Davies-Tuck et al., 2009; Ding et al., 2010; Ding et al., 2007; Hanna et al., 

2009; Pan et al., 2011; Panzer et al., 2012). Considering the high rate of new and progressive 

lesions following ACLR, future studies should explore other factors (i.e., strength, function, 

alignment, and participation) that may be related to worsening of early OA features, especially 

given the modifiable nature of many of these factors.  

 

Limitations  

A limitation of this prospective study was the loss of 33 participants, resulting in a follow-up rate 

of 70%. Participant drop-out was mostly due to an inability to contact participants and relocation, 

reflecting a particularly young mobile population in Australia. Medial meniscal lesions were more 

prevalent at the one-year assessment in those who participated in the five-year assessment, 

compared to those that did not. While this may have introduced some selection bias and 

influenced the prognosis of the current sample, there were no differences in any other participant 

or surgical characteristics at one year post-ACLR between those who did and did not attend the 

five-year assessment. In addition, the current cohort appears generalisable to other large ACLR 

cohorts, with similar IKDC scores (Cox et al., 2014) and return-to-sport rates (Ardern et al., 2014b) 

at comparable follow-ups. Second, the one- and five-year MRI scans were read paired, unblinded 

to time-point. While this approach could cause over-estimation of worsening, paired reading 

overcomes the limitations of the inherently crude grading system of the MOAKS (Runhaar et al., 

2014). Future research should, however, examine the clinical implications (i.e., association with 

symptoms) of post-traumatic OA features on MRI. Third, the limited number of individuals with 

worsening of some OA features influenced the statistical stability of the regression models. 

Although the GEEs increased the statistical power of the analyses, the CIs were relatively wide for 

some OA features, and these findings need to be interpreted with caution.  

 

Finally, individuals with re-injury and combined injuries were included to represent a typical ACLR 

cohort. While it is acknowledged that OA features on MRI may have been pre-existing, sensitivity 

analysis (excluding those with radiographic OA at one year post-ACLR) revealed similar rates of 

worsening of all OA features on MRI (except tibiofemoral osteophytes). Although combined 

injuries are associated with increased risk of radiographic OA 10 to 15 years following ACL injury 

(Risberg et al., 2016b; van Meer et al., 2015), meniscectomy or a cartilage lesion at the time of 

surgery did not significantly increase the risk of worsening of individual OA features on MRI 

between one and five years following ACLR. It is possible that the impact of meniscal pathology 

on the joint structure may take many years to eventuate, or that many more ACLR individuals 

would be needed to demonstrate an effect. A sensitivity analysis revealed that any worsening OA 
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feature on MRI was significantly greater in those with a combined injury. These results highlight 

that combined injuries play a role in the worsening of OA features on MRI; however, our regression 

analysis adjusting for other demographic factors (i.e., BMI) highlights the multifactorial nature of 

post-traumatic early OA post-ACLR. Regardless, the rates of worsening OA features on MRI (i.e., 

estimated per annum; cartilage 13%, meniscus 6%, BMLs 7.5%) were higher than those observed 

in knees of older individuals with/at risk of OA (i.e., estimated per annum; cartilage 2-8%, meniscus 

1-3%, BMLs 3-8%) (Davies-Tuck et al., 2009; Ding et al., 2007; Hanna et al., 2009; Pan et al., 2011; 

Runhaar et al., 2014; Stefanik et al., 2010), highlighting that the ACL injury/reconstruction is likely 

driving the considerable degeneration in these otherwise healthy young adults. 

 

Clinical implications  

Our findings demonstrate that young adults following ACLR are at risk of worsening early OA 

features on MRI. This is important, as it is likely that worsening cartilage, bone marrow, and 

meniscal lesions in young individuals are not benign and may be associated with future knee OA, 

symptoms, or functional decline (Javaid et al., 2010; Sharma et al., 2016; White et al., 2010). 

Importantly, these findings are contrary to the prominent belief among patients that ACLR will 

prevent OA (Bennell et al., 2016; Feucht et al., 2016). Considering the rapid progression of post-

traumatic OA, patients should be provided with information and educated about early OA 

secondary prevention interventions. In particular, the potential reversibility or prevention of 

deterioration in structural pathology, symptoms, and function (Pollard et al., 2008; Wang et al., 

2006). Education should refer to the consequences of increased BMI, such as the increased risk of 

early degenerative changes that may lead to future established joint disease and symptoms 

(Javaid et al., 2010; Sharma et al., 2016). 

3.5 Conclusion  

In conclusion, high rates of OA-related degenerative changes were observed on MRI in young 

adults between one and five years following ACLR, with two-thirds demonstrating some joint 

deterioration. Patellofemoral cartilage appears to be at particularly high risk of early accelerated 

degeneration, especially in older and overweight individuals. The concerning joint deterioration 

within the first five years following ACLR may help to identify those at greatest risk of more severe 

(radiographic) OA, in whom secondary prevention strategies may need to be targeted.
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4 Chapter Four: Patient-reported outcomes one to five years 

after ACL reconstruction: Effect of combined injury, and 

associations with osteoarthritis features defined on MRI 

 

Preface 

Chapter 1 highlighted that the recovery of patient-reported symptoms, function, and QoL varies 

considerably following ACLR. Identifying those individuals with unacceptable PROs may provide 

opportunity for targeted interventions, before impairments become irreversible and difficult to 

manage. Chapter 3 reported that two-thirds of the KOALA cohort had worsening OA features on 

MRI between one and five years following ACLR, particularly in the patellofemoral joint cartilage. 

Chapter 1 highlighted the potential discordance between non-traumatic radiographic knee OA and 

symptoms in older adults; however, it is unknown if OA features on MRI are associated with knee-

related symptoms in a younger population with accelerated structural deterioration. Chapter 1 

also highlighted that concomitant meniscal and cartilage lesions noted at the time of ACLR are 

associated with worse PROs. Therefore, concomitant meniscal and cartilage lesions noted at the 

time of ACLR (combined injury) and OA features on MRI were considered the primary exposure 

variables for this analysis.  

 

 

 

 

 

 

Chapter 4 contains the following publication in its entirely (Appendix I), with the following minor 

amendments: (i) Figure 4.1 is a replacement flow chart from the original publication, to provide 

consistent formatting with the flow charts of participant recruitment and retention provided 

throughout this thesis; (ii) the addition of Figure 4.2, which was included as a supplementary file 

in the original publication.  

 

Patterson, B.E., Culvenor, A.G., Barton, C.J., Guermazi, A., Stefanik, J.J., & Crossley, K.M. (2020). 

Patient-reported outcomes one to five years after anterior cruciate ligament reconstruction: the 

effect of combined injury and associations with osteoarthritis features defined on magnetic 

resonance imaging. Arthritis Care & Research, 72(3), 412-422. 
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4.1 Introduction  

Anterior cruciate ligament reconstruction is commonly performed following ACL injury for 

individuals seeking a return to pre-injury sports participation. Patient-reported symptoms, 

function, and QoL typically improve during the first 6 to 12 months following ACLR, but appear to 

plateau beyond this point (Ahldén et al., 2012; Cox et al., 2014; Frobell et al., 2010; Spindler et al., 

2011). While 65% of young people return to pre-injury sports participation following ACLR (Ardern 

et al., 2014b), as many as 34% report unacceptable symptoms up to two years following surgery 

(Ingelsrud et al., 2015). Persistent symptoms could induce negative lifestyle modifications (i.e., 

reduced physical activity, weight gain) (Filbay et al., 2016), increasing the burden on health-care 

systems in the longer term. Successfully identifying people with persistent symptoms early 

following ACLR may allow for development of targeted interventions.   

 

A combined injury (i.e., ACL injury and meniscectomy and/or significant cartilage lesion assessed 

at time of ACLR) might increase the risk of worse symptoms and QoL in the short- to medium- (one 

to six years) (Ahldén et al., 2012; Cox et al., 2014) and long-term (15 to 20 years) (Risberg et al., 

2016b). However, some studies report no or minimal association between combined injuries and 

PROs in the medium- to long-term (Barenius et al., 2013; Oiestad et al., 2010a; Rotterud et al., 

2013). Previous studies (Ahldén et al., 2012; Risberg et al., 2016b; Rotterud et al., 2013; Spindler 

et al., 2011) have utilised group-level data (i.e., in order to determine if a significant group mean 

effect exists between isolated and combined ACLR groups). This may not be relevant to patients 

and clinicians who are most interested in their own individual effect in relation to the treatment 

they have undergone. The group-level approach does not describe the number of individuals who 

present with unacceptable outcomes, who may require and benefit from additional interventions. 

Identifying individuals with poor outcomes, and enhanced clinical interpretability of PROs, may be 

achieved by comparing scores from each ACLR individual (as opposed to group means) to scores 

from other ACLR individuals who report “acceptable” knee function, or to normative scores from 

uninjured individuals.  

 

Persistent symptoms following ACLR may be related to early deterioration of joint structure. 

Radiographic OA occurs in 50 to 90% of knees 10 to 15 years following ACLR, but the relationship 

with PROs is unclear (Lohmander et al., 2004; Oiestad et al., 2011). In older populations with 

established knee OA, more specific imaging markers of disease observed on MRI, such as BMLs, 

inflammation, and cartilage lesions, are associated with knee pain and symptoms (Felson et al., 

2001; Felson et al., 2007; Hunter et al., 2011b; Zhang et al., 2011). While early structural pathology 

identified on MRI may be pre-existing or occur with the injury, OA features continue to deteriorate 
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at an accelerated rate compared to non-traumatic OA between one and five years following ACLR 

(Patterson et al., 2018). Yet, there is limited research on how these early OA features on MRI affect 

PROs. Tibiofemoral cartilage lesions and BMLs have little association with knee symptoms cross-

sectionally at two (Costa-Paz et al., 2001) and 12 years post-ACLR (Hanypsiak et al., 2008). An 

important omission in previous research is the patellofemoral joint, which is a potential 

contributor to knee symptoms following ACLR (Culvenor et al., 2014b). Recently, patellofemoral 

cartilage lesions at one year post-ACLR were found to be associated with worse PROs at three 

years (Culvenor et al., 2016c). Further cross-sectional and longitudinal evaluation of the 

relationships between OA features on MRI and PROs beyond three years is important in order to 

determine if imaging features of OA affect patient-reported pain, function, or QoL.  

 

The aims of the current study were to determine: (i) the influence of combined injuries on PROs 

between one and five years following ACLR, and compare these to known normative PRO scores 

(in uninjured and ACLR individuals); and (ii) the associations between patellofemoral and 

tibiofemoral cartilage lesions, BMLs, meniscal lesions, and PROs, at one and five years post-ACLR.   

4.2 Methods  

4.2.1 Study design and participants   

All 112 consecutively recruited individuals who had completed PROs at one year post-ACLR as part 

of our previous evaluation (Culvenor et al., 2015a) (median age at surgery, 27 years (range 18-51 

years)) were eligible for the five-year assessment. The eligibility criteria at one year are reported 

in Chapter 2, while changes in cartilage, bone marrow, and meniscus between one and five years 

are reported in Chapter 3. Briefly, all individuals were operated on by one of two Melbourne-

based orthopaedic surgeons; all surgeries were single-bundle hamstring-autograft ACLR. The 

exclusion criteria at entry into the study one year post-ACLR included knee injury/symptoms prior 

to ACL injury, greater than five years between ACL injury and reconstruction, and any secondary 

injury/surgery (between surgery and one year post-ACLR). Secondary injury was defined as a new 

index or contralateral knee injury (ACL, meniscus, collateral ligament) or surgery. All participants 

were invited to participate in the five-years post-ACLR assessment, including 10 participants who 

sustained a secondary injury between one and five years, as this is a common occurrence and 

represents the wider ACLR population. Eighty-one (72%) participants completed the same PROs 

at the five-years post-ACLR evaluation (Figure 4.1). Ethical approval was granted by La Trobe 

University Human Ethics Committee (HEC 15-100) and all participants signed informed consent. 
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4.2.2 Demographic, injury, and surgical factors  

Participant age, sex, injury history, BMI, previous and current activity level (defined as level 

1=pivoting/jumping sports up to level 4 sedentary) (Grindem et al., 2014) were obtained at one 

and five years. The combined injury group at one year consisted of individuals with ACL injury and 

concomitant meniscectomy or significant cartilage defect (i.e., Outerbridge grade ≥2) 

(Outerbridge, 1961) noted at the time of ACLR (i.e., extracted from surgical notes). Those reporting 

to investigators a secondary injury/surgery to the index knee between one and five years were 

added to the combined injury group at five years. Defining a combined injury as the presence of a 

concomitant injury at the time of ACLR and/or a secondary injury over time is consistent with 

previous longitudinal cohort studies (Oiestad et al., 2010a; Risberg et al., 2016b). Individuals 

without a combined injury were defined as having an “isolated” injury.  

4.2.3 Patient-reported outcome measures  

At one and five years, participants completed the KOOS and IKDC subjective knee evaluation, as 

described in Chapter 2, in relation to their index knee condition during the previous week. Briefly, 

the KOOS-Pain, KOOS-Symptoms, KOOS-Sport, and KOOS-QoL subscales were used (Roos & 

Lohmander, 2003). The KOOS-ADL subscale was excluded due to the ceiling effects observed in 

young active populations (Frobell et al., 2015). The KOOS and IKDC were completed either in 

person (pen and paper) or via an online portal (Promptus, DS PRIMA, Melbourne, Australia) with 

matching instructions to the original paper version. The KOOS (ICC>0.96) (Gudbergsen et al., 2011) 

and IKDC (ICC=0.79) (Nguyen et al., 2017) have demonstrated test-retest reliability between paper 

and electronic formats.  

4.2.4 Cartilage lesions, BMLs, and meniscal lesions on MRI 

Of the 112 participants completing PROs at the one-year assessment, 111 completed the MRI 

assessment at one year and 80 (71%) at five years (Figure 4.1) using an identical MRI scanner and 

sequences as described in Chapter 2. Briefly, the 3T system (Philips Achieva, The Netherlands) 

sequences consisted of a 3D proton-density weighted VISTA acquired at 0.35 mm isotropically, a 

short-tau inversion-recovery sequence, and an axial proton-density turbo spin-echo sequence. 

Cartilage lesions, BMLs, and meniscal lesions were scored using the MOAKS by a musculoskeletal 

radiologist (AG) with over 20 years’ experience and established inter- and intra-rater reliability in 

semi-quantitative MRI assessment (kappa 0.61-0.80) (Hunter et al., 2011a). The one- and five-year 

images were read paired (not blinded to time-points), but blind to clinical information. The MOAKS 

divides the knee into 14 articular subregions to score cartilage lesions and BMLs. For the 

tibiofemoral compartment, cartilage lesions and BMLs were graded in each of the 10 subregions: 

central and posterior femur (medial and lateral) and anterior, central, and posterior tibia (medial 
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and lateral). Four subregions were used to grade cartilage lesions and BMLs in the patellofemoral 

compartment - the patella (medial and lateral) and trochlea (medial and lateral). Meniscal lesions 

were defined as medial or lateral, and divided into anterior, posterior, and central subregions. 

Cartilage lesions and BMLs were graded as present or absent in the tibiofemoral and 

patellofemoral compartments if any corresponding subregions for that compartment had a lesion 

≥grade 1 in size. Meniscal lesions were graded as present if in either tibiofemoral compartment 

subregion there was (i) a vertical, horizontal, or complex tear, observed as an area of abnormal 

signal that extended to the meniscal articular surface; (ii) partial or complete maceration (loss of 

the morphologic substance of the meniscus); or (iii) ≥grade 1 extrusion (i.e., >2 mm) (Hunter et 

al., 2011a). Further detail on the MRI sequences and MOAKS is provided in Chapter 2.  

4.2.5 Statistical analyses 

Combined and isolated injury group medians and interquartile ranges (IQRs) for the KOOS and 

IKDC were calculated at one and five years post-ACLR due to non-normally distributed data 

(assessed with Shapiro-Wilk tests). For the KOOS and IKDC, visual comparisons were performed to 

determine whether the ACLR group median scores were at least an MDC (i.e., 10 points for KOOS, 

13 points for IKDC) (Irrgang et al., 2006; Roos & Lohmander, 2003) below the normative 

(uninjured) median scores (Anderson et al., 2006; Cameron et al., 2013; Paradowski et al., 2006). 

Non-parametric analyses were used to account for the non-normal distribution of the KOOS and 

IKDC scores at the one- and five-year assessments. Mann-Whitney U tests were used to cross-

sectionally compare PROs between the isolated and combined groups at the one- and five-year 

assessments. The absolute change in PROs between one and five years was normally distributed 

and reported as mean±standard deviation (SD), and parametric analyses (paired t-tests and 

independent samples t-tests) were used to examine within- and between-group changes from one 

to five years post-ACLR.   

 

In addition, each individual was classified as having an “acceptable” KOOS or IKDC score if it was 

greater than a pre-determined cut-off (Ingelsrud et al., 2015; Muller et al., 2016). The KOOS cut-

offs were determined from the Norwegian Knee Ligament Registry (n=1197), using the lower 95% 

CI score for each subscale (Pain: 88/100, Symptoms: 83/100, Sport: 73/100, QoL: 73/100) of 

individuals who perceived their knee function as acceptable 24 months post-ACLR (Ingelsrud et 

al., 2015). The IKDC cut-off (75/100) was determined using the mean IKDC score (85/100) minus 

the SD (10 points) of individuals who perceived their knee function as acceptable 3.5 years post-

ACLR (Muller et al., 2016). Fisher's exact test was used to compare the proportions of participants 

in the isolated and combined groups defined as “acceptable”.  
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Multivariable linear regression was used to determine the cross-sectional relationships between 

PROs (continuous KOOS and IKDC scores) and the presence of cartilage lesions, BMLs, and 

meniscal lesions (dichotomous independent variables) in the patellofemoral and tibiofemoral 

compartment at one and five years post-ACLR. Regression analyses were adjusted for sex, age, 

presence of a combined injury, and BMI at one year due to their potential influences on PROs 

(Supplementary File A - in Appendix J, reports the univariate associations). The relationships 

between cartilage lesions, BMLs, and meniscal lesions at one year and PROs at five years were also 

evaluated, with adjustment for one-year PROs (in addition to age, sex, BMI, and combined injury). 

Stata for Windows V.14.2 was used for statistical analyses (StataCorp LLC, Texas, USA). P values 

<0.05 were considered statistically significant.  

 

 
Figure 4.1. KOALA cohort participant recruitment and retention for Chapter 4. 
 
ACLR=anterior cruciate ligament reconstruction; BMI=body mass index; IKDC=International Knee 
Documentation Committee knee evaluation; KOALA=Knee Osteoarthritis Anterior cruciate ligament 
Longitudinal Assessment cohort study; KOOS=Knee injury and Osteoarthritis Outcome Score; MRI=magnetic 
resonance imaging; n=number of participants; PROs=patient-reported outcomes.  
^ n=4 due to participation in another study. 
^^ n=4 due to participation in another study and n=1 became a member of the research team at 5 years.  
a n=5 without BMI at 5-year assessment; therefore, not included in the analysis evaluating the associations 
between 5-year OA features on MRI and 5-year PROs, as BMI was a covariate.  
b n=1 without 1-year MRI assessment not included in the analysis evaluating the associations between 1-
year OA features on MRI and 5-year PROs.  
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4.3 Results 

4.3.1 Participant characteristics 

The demographic characteristics of the 81 participants included in the PROs analysis at one and 

five years following ACLR are presented in Table 4.1. There were no demographic, surgical, or MRI-

related differences at one year post-ACLR between those who did (n=81) and did not participate 

(n=31) in the five-year assessment (p≥0.05) (Supplementary File B - in Appendix K). An exception 

was medial meniscal lesions, which were more prevalent in the participating group at one year 

post-ACLR. Forty (49%) and 46 (57%) of the 81 participants were classified as having a combined 

injury at one and five-years following ACLR, respectively (i.e., six were added to the combined 

injury group at five years due to a secondary injury between the one- and five-year assessments). 

Between one year and five years post-ACLR, 10 participants had a secondary injury to the index 

knee (Table 4.1); however, four of these were already classified as a combined injury at one year. 

 

Table 4.1 Participant characteristics of combined and isolated injury groups one and five years 
following ACLR  
 

 
ACLR=anterior cruciate ligament reconstruction; IQR=interquartile range; n.a.=not assessed. 
~Participants classified as combined injury at 1- and 5-years if they had a meniscal lesion requiring surgical 
intervention or a significant cartilage defect at the time of ACLR. At 5-years, individuals were added to the 
combined injury group if they had a new injury/surgery to the ACLR knee.  
^ n=75 participating in BMI assessment at 5-years follow-up. 
Ϡ Assessed using a KT-1000 arthrometer at 30° flexion with 30 lb load (Daniel et al., 1985). 
¤ Assessed arthroscopically, defined as Outerbridge grade ≥2 (Outerbridge, 1961). 
✪ 5-year assessment new ACLR limb knee injuries/surgery n=10 (n= 3 ACLR revision, n=6 meniscectomy, 
n=1 lateral collateral ligament sprain). 
★ 5-year asessment new contralateral limb knee injuries/surgery n=6 (combined: n=2 ACLR, n=1 
meniscectomy, isolated: n=1 ACLR, n=1 meniscectomy, n=1 lateral collateral sprain). 
* Statistically significant (p<0.05) difference between combined and isolated injury groups. 

  1 year (n=81)  5 years (n=81) 

  Combined 
(n=40)~ 

Isolated 
(n=41)~ 

 Combined 
(n=46)~ 

Isolated 
(n=35)~ 

Age, median+IQR, years  31±12* 25±12   35±14* 29±13  
Sex, no. (% male) 26 (65) 24 (59)  31 (67) 19 (54) 
Body mass index^, median+IQR, kg/m2 26.9±5.4* 24.8±3.0  27.5±5.1* 24.7±4.2 
Pre-injury activity level 1 sport◊, no. (%) 28 (70) 28 (68)  34 (74) 22 (63) 
Anteroposterior laxity between-limb 
differenceϠ, median±IQR, millimetres 1.1±2.7  1.9±2.1   n.a n.a 

Time injury to surgery, median+IQR, weeks 19±32* 12±9  17±26* 12±9  
Meniscectomy at time of ACLR, no. (%) 32 (80) 0 (0)  32 (40) 0 (0) 
Cartilage defect at time of ACLR¤, no. (%) 16 (40) 0 (0)  16 (35) 0 (0) 
New knee Injuries (either limb), no. (%) 0 (0) 0 (0)  13 (28) 3 (9) 

ACLR limb✪ 0 (0) 0 (0)  10 (22) 0 (0) 
Contralateral limb★ 0 (0) 0 (0)  3 (7) 3 (9) 

Returned to cutting/pivoting sport, no. (%) 9 (23) 11 (27)  11 (24) 9 (26) 
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4.3.2 Patient-reported outcome measures  

The entire cohort (n=81) demonstrated significant improvement (i.e., less knee symptoms, better 

function and QoL) between one and five years for all KOOS subscales (except KOOS-Symptoms) 

and IKDC. (Figure 4.2) The mean (95% CI) change for each subscale was: Pain: 2.8 (0.8, 4.8), 

Symptoms: 0.5 (-3.0, 4.1), Sport: 6.0 (2.0, 10.0), QoL: 10.0 (5.8, 14.2), IKDC 4.7 (2.3, 7.1). At one 

year post-ACLR, individuals in the combined injury group had significantly worse KOOS-Sport and 

IKDC scores (median difference±IQR: 15±4.6 and 5.0±3.5, respectively) (p<0.05). At five years, all 

PROs (except KOOS-Sport) were significantly worse in the combined injury group. The median 

±IQR differences were as follows: KOOS±Pain 5.0±2.5, KOOS-Symptoms 11.0±4.2, KOOS-QoL 

13.0±4.6, IKDC 4.0±3.2. KOOS and IKDC scores at one and five years for both groups are presented 

in Figure 4.3. Improvement between one and five years following ACLR did not differ between the 

combined and isolated groups (p≥0.05). At five years, the combined injury group median scores 

for the KOOS-Symptoms and KOOS-QoL subscales were 14 and 25 points, respectively, below age-

matched normative values from non-injured young adults (Anderson et al., 2006), which is greater 

than the recommended MDC (i.e., 8 to 10 points) for individuals with an ACL injury (Roos & 

Lohmander, 2003).  

  
Figure 4.2 KOOS and IKDC scores at one and five years post-ACLR (n=81).  
 
ACLR=anterior cruciate ligament reconstruction; KOOS=Knee Osteoarthritis Outcome Score; 
IKDC=International Knee Documentation Committee subjective knee evaluation; QoL=quality of life.  
*Group median value increased significantly (p<0.05 Wilcoxon signed rank test) between 1 and 5 years. 
Supplementary File C (in Appendix L) presents the PROs for all groups at the 1- and 5-years following ACLR 
assessments and the crude p-values for the between-group analyses.
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Figure 4.3 Comparison of isolated and combined ACLR groups, normative data, and acceptable cut-offs for ACLR individuals for the KOOS and IKDC^. 
 
ACLR=anterior cruciate ligament reconstruction; KOOS=Knee Osteoarthritis Outcome Score; IKDC=International Knee Documentation Committee subjective knee 
evaluation; PASS=patient acceptable symptom state; QoL=quality of life.  
^All values are presented as medians at 1-year and 5-years.  
*Indicates that the median value at 1-year or 5-years is ≥MDC (Collins et al. 2011; Collins et al. 2016) below the general population normative median for the KOOS 
(Cameron et al. 2013) and IKDC (Anderson et al. 2006). 
**Represents statistically significant difference (p<0.05) between combined and isolated injury groups.  
~ Weighted average median values for the KOOS and IKDC were calculated using respective healthy uninjured (no history of knee problems) data (Cameron et al. 2013), 
general population (may have history of knee problems) age- and sex-matched data (Anderson et al. 2006; Paradowski et al. 2006), and “acceptable” cut-off scores in 
individuals following ACLR (Ingelsrud et al. 2015; Muller et al. 2016).
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The number of individuals above the “acceptable” cut-off for the KOOS subscales and the IKDC are 

presented in Table 4.2. A significantly lower percentage of combined injury individuals reported 

acceptable IKDC scores at one year, and KOOS-Symptoms, KOOS-Pain, KOOS-QoL, and IKDC scores 

at five years. These significant relationships persisted in the sensitivity analyses, which excluded 

the 10 participants with re-injury between one and five years following ACLR (Supplementary File 

D, Table 1 - in Appendix M).  

 
Table 4.2 Number of participants with “acceptable” KOOS and IKDC scores  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
KOOS=Knee injury and Osteoarthritis Outcome Score; IKDC=International Knee Documentation Committee 
knee evaluation. 
~Reported as the number of participants (%) with a score above the “acceptable” cut-off from previously 
published data in ACLR individuals for the KOOS (Ingelsrud et al., 2015) and IKDC (Muller et al., 2016).  
*Whole group at 1- and 5-years, n=81. Participants classified as combined injury at 1- and 5-years if they 
had a meniscal lesion requiring surgical intervention or a significant cartilage defect at the time of ACLR. At 
5-years, individuals were added to the combined injury group if they had a new injury/surgery to the ACLR 
knee. At 1-year; n=40 combined, n=41 isolated. At 5-years; n=46 combined, n=35 isolated.   
^ Fisher's exact test was used to compare the proportions of the isolated and combined groups above the 
acceptable cut-off value. Values in bold represent p<0.05.  
 
 

4.3.3 Associations between cartilage lesions, BMLs, and meniscal lesions on MRI and PROs  

There were no significant cross-sectional associations between cartilage lesions, BMLs, or 

meniscal lesions and KOOS or IKDC scores at one year post-ACLR. The presence of a patellofemoral 

cartilage lesion at the one-year assessment was significantly associated with worse KOOS-

Symptoms (β: -9.79; 95%CI:-16.67 to -2.91; p=0.006), KOOS-Sport (β: -7.94; 95%CI:-15.27 to -0.61; 

  Number (%) acceptable~ Between-group differences^ 

Outcome measure 
(acceptable cut-off score) Group* 1-year 5-years 1-year 5-years 

KOOS-Pain (88) Whole group 63 (78) 66 (81) 
0.601 0.010   Isolated 33 (80) 33 (94) 

  Combined 30 (75) 33 (72) 
KOOS-Symptoms (83) Whole group 47 (58) 47 (58) 

0.180 0.042  Isolated 27 (66) 25 (71) 
 Combined 20 (50) 22 (48) 
KOOS-Sport (73) Whole group 60 (75) 69 (85) 

0.455 0.060   Isolated 32 (78) 33 (94) 
  Combined 28 (70) 36 (78) 
KOOS-QoL (73) Whole group 38 (47) 55 (68) 

0.268 0.004  Isolated 22 (54) 30 (86) 
 Combined 16 (40) 25 (54) 
IKDC (75) Whole group 62 (77) 71 (88) 

0.004 0.004   Isolated 37 (90) 35 (100) 
  Combined 25 (63) 36 (78) 
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p=0.034), KOOS-QoL (β: -8.29; 95%CI:-15.28 to -1.29; p=0.021), and IKDC (β: -4.79; 95%CI:-9.34 to 

-0.24; p=0.039) scores at the five-year assessment (Table 4.3). The presence of a meniscal lesion 

at one year was significantly associated with worse KOOS-Symptoms at five years (β: -8.47; 95%CI:-

16.54 to -0.42; p=0.039). Similarly, at five years, the presence of a patellofemoral cartilage lesion 

or meniscal tear was associated with worse PROs, and tibiofemoral BMLs were associated with 

better PROs (Table 4.3). Regression analysis was also performed without adjustment for sex, age, 

presence of a combined injury, and BMI at one year post-ACLR. The unadjusted analysis resulted 

in larger effect sizes and an increased number of significant relationships (Supplementary File E - 

in Appendix N), suggesting that these factors modulate the influence of combined injury on PROs 

following ACLR. Sensitivity analysis excluding 10 participants with re-injury between one and five 

years resulted in similar effect sizes (but wider CIs), suggesting that the effect of re-injury on the 

relationship between lesions on MRI and PROs in this study was minimal (Supplementary File D, 

Table 2 – in Appendix M).   
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Table 4.3 Associations between OA features on MRI and PROs~ 
 

1-year OA features^  
(% with feature)# 

1-year PROs* 
KOOS-Symp KOOS-Pain KOOS-Sport KOOS-QoL IKDC 

PF Any Cartilage (45) 
-0.87                    

(-6.35, 4.62) 
-0.37                       

(-4.18, 3.43) 
2.69                       

(-3.77, 9.14) 
5.34                         

(-2.20, 12.89) 
-0.03                   

(-4.47, 4.52) 

PF Any BML (23) 
-1.73                    

(-7.78, 4.31) 
-1.87                  

(-6.04, 2.30) 
-6.39                     

(-13.39, 0.61) 
-3.01                        

(-11.26, 5.24) 
-1.02                    

(-5.96, 3.92) 

TF Any Cartilage (48) 
2.81                     

(-2.33, 7.94) 
1.25                   

(-2.32, 4.83) 
-0.93                    

(-7.02, 5.16) 
2.69                         

(-4.45, 9.85) 
2.52                      

(-1.68, 6.74) 

TF Any BML (31) 
0.86                      

(-4.71, 6.44) 
1.03                   

(-2.81, 4.90) 
-0.26                             

(-6.81, 6.29) 
-0.17                         

(-7.79, 7.45) 
1.03                      

(-3.52, 5.58) 

Meniscal lesion (72) 
-1.61                     

(-5.96, 9.17) 
-1.06                   

(-6.66, 4.54) 
-2.92                     

(-12.61, 6.77) 
1.42                     

(-9.74, 12.58) 
-3.29                     

(-10.07, 3.48) 
1-year OA features^  

(% with feature)# 
5-years PROs** 

KOOS-Symp KOOS-Pain KOOS-Sport KOOS-QoL IKDC 

PF Any Cartilage (46) 
-9.79                          

(-16.67, -2.91) 
-2.88                           

(-6.62, 0.86) 
-7.94                     

(-15.27, -0.61) 
-8.29                       

(-15.28, -1.29) 
-4.79                   

(-9.34, -0.24) 

PF Any BML (26) 
-4.60                      

(-12.02, 2.81) 
-1.28                     

(-6.44, 2.36) 
-2.49                      

(-10.32, 5.34) 
1.82                      

(-5.63, 9.27) 
-1.62                    

(-6.39, 3.15) 

TF Any Cartilage (47) 
-5.32                         

(-11.84, 1.20) 
-1.26                   

(-4.73, 2.19)  
0.47                         

(-6.39, 7.34) 
1.95                         

(-4.67, 8.58) 
0.24                      

(-4.09, 4.58) 

TF Any BML (30) 
0.12                        

(-6.89, 7.13) 
1.97                     

(-1.67, 5.62) 
3.46                       

(-3.79, 10.73) 
-0.94                       

(-7.97, 6.09) 
1.06                     

(-3.48, 5.61) 

Meniscal Lesion (79) 
-8.47                 

(-16.54, -0.42) 
-0.99                     

(-5.33, 3.34) 
-0.44                 

(-8.21, 9.10) 
-5.19                 

(-13.41, 3.04) 
-3.74                    

(-9.07, 1.58) 
5-years OA features^  

(% with feature)# 
5-years PROs* 

KOOS-Symp KOOS-Pain KOOS-Sport KOOS-QoL IKDC 

PF Any Cartilage (58) 
-6.86                          

(-13.49, -0.24) 
-2.49                     

(-6.78, 1.79) 
-3.99                      

(-11.06, 3.07) 
-11.71                            

(-19.08, -4.33) 
-3.86                   

(-9.08, 1.36) 

PF Any BML (22) 
-1.19                          

(-8.77, 6.40) 
-0.74                      

(-5.96, 4.46) 
2.12                      

(-10.03, 5.79) 
-0.99                                 

(-9.78, 7.80) 
-4.36                   

(-10.16, 1.44) 

TF Any Cartilage (56) 
-3.23                        

(-9.93, 3.45) 
-0.16                    

(-4.10, 4.42) 
1.53                         

(-5.48, 8.56) 
6.83                          

(-0.78, 14.45) 
4.23                     

(-0.89, 9.36) 

TF Any BML (27) 
3.26                          

(-4.23, 10.76) 
4.19                      

(-0.47, 8.85) 
9.32                        

(1.79, 16.86) 
11.84                        

(3.60, 20.07) 
6.89                    

(1.28, 12.49) 

Meniscal Lesion (81) 
-9.12                     

(-17.41, -0.82) 
-1.81                    

(-7.23, 3.61) 
-1.66                 

(-10.62, 7.29) 
-3.74                     

(-13.64, 6.16) 
-4.10                     

(-10.69, 2.49) 
 

BML=bone marrow lesion; KOOS=Knee injury and OA Outcome Score; IKDC= International Knee 
Documentation Committee knee evaluation; MRI=magnetic resonance imaging; OA=osteoarthritis; 
PROs=patient-reported outcomes; PF= patellofemoral; QoL=quality of life; TF=tibiofemoral.  
~Values represent coefficient and 95% confidence interval. Values in bold represent p<0.05.   
#1-year MRI associations with 1-year PROs, n=111; 1-year MRI associations with 5-year PROs, n=80 (n=1 no 
MRI assessment at 1-year); 5-year MRI associations with 5-year PROs, n=73 (n=2 no MRI at 5-years; n=5 no 
BMI (covariate) assessment at 5-years). Refer to Figure 4.1 for participant recruitment into current study. 
^Cartilage, BMLs, and meniscal lesions ≥grade 1 size as per the MOAKS. Meniscal lesions include any type 
of tear, maceration, or extrusion ≥grade 1 in the medial or lateral tibiofemoral compartment.  
*Adjusted for age, sex, BMI, presence of a combined injury. Unadjusted results appear in Supplementary 
File E (in Appendix N). 
**Adjusted for age, sex, BMI, presence of a combined injury, and 1-year KOOS and IKDC values. Unadjusted 
results appear in Supplementary File E (in Appendix N).
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4.4 Discussion 

Despite improvements in KOOS and IKDC scores between one and five years following ACLR, 

individuals with a combined injury (i.e., concomitant meniscectomy and/or arthroscopic chondral 

defect at the time of ACLR and/or secondary injury/surgery to ACL knee) had worse PROs at five 

years, compared to those with an isolated injury. At five years, a lower proportion of individuals 

with a combined injury met previously reported “acceptable” PRO scores for individuals following 

ACLR (Ingelsrud et al., 2015), and presented with worse PRO scores compared to healthy uninjured 

populations. In the second part of our analysis, OA features on MRI had minimal associations with 

PROs at one and five years, except for patellofemoral cartilage lesions at one year, which was 

associated with worse KOOS-Symptoms, KOOS-Sport, KOOS-QoL, and IKDC scores at five years. 

Patellofemoral cartilage lesions on MRI at one and five years were generally associated with worse 

KOOS and IKDC scores at five years. The only other OA features on MRI to be associated with PROs 

were meniscal lesions at one and five years (worse KOOS-Symptoms at five years) and tibiofemoral 

BMLs at five years (better KOOS-Sport, KOOS-QOL, and IKDC at five years). 

 

Interpret group-level PRO scores with caution 

At an entire group level, all PROs, except KOOS-Symptoms, improved from one to five years post-

ACLR. Although improvements did not exceed known clinically meaningful change scores for the 

KOOS (Roos & Lohmander, 2003) or IKDC (Irrgang et al., 2001), all KOOS subscales and IKDC entire 

group median scores at five years were near normative values (within MDC score (Collins et al., 

2011; Collins et al., 2016)) when compared to the general population (Anderson et al., 2006; 

Paradowski et al., 2006). Whilst group-level scores for most KOOS subscales and IKDC in the 

combined and isolated injury groups at five years exceeded patient acceptable symptom state 

(PASS) cut-off values for ACLR populations (Ingelsrud et al., 2015; Muller et al., 2016) (Figure 4.2), 

our novel analysis (Table 4.2) identified that many individuals within the group did not achieve 

PASS values. Up to 42% (range: 0-42%; average: 22%) of all participants had not recovered to KOOS 

or IKDC PASS values at five years. Deficits were most evident for the KOOS-Symptom and KOOS-

QoL subscales, in which 42% and 32% of participants (whole group), respectively, had not 

recovered to PASS values at five years. Entire group PRO scores in ACLR cohorts should be 

interpreted with caution, as they may depict successful outcomes but may not necessarily 

represent the widespread disparity and considerably poor outcomes observed in some individuals.  

 

Individuals with a combined injury have worse PROs 

Individuals with a combined injury demonstrated worse PROs at one year and a greater deficit at 

five years, compared to those with an isolated ACLR and non-injured peers. KOOS-Symptoms and 
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KOOS-QoL subscales were particularly impaired in those with a combined injury at five years, being 

14 and 25 points, respectively, below normative values (Cameron et al., 2013). The proportions of 

people with acceptable scores on all of the KOOS subscales and IKDC improved from one to five 

years in the combined (one-year: 40-75%, average: 60%; five-years: 48-78%, average 66%) and 

isolated groups (one-year: 54-90%, average 73%; five-years: 71-100%, average 89%). This is 

consistent with previous reports indicating that one-third of individuals have unacceptable 

symptoms two years post-ACLR (Barenius et al., 2013; Ingelsrud et al., 2015). The combined injury 

group had a higher proportion of people not achieving PASS values for KOOS-Pain, -Symptoms, -

QoL, and IKDC scores at five years. Specifically, the KOOS-Symptoms and KOOS-QoL subscales in 

the combined injury group had the greatest proportions (52% and 46%, respectively) of individuals 

who had not recovered to PASS values. These results may assist in the clinical interpretation of 

PROs following ACLR. Clinicians can identify individuals with an acceptable outcome based on PASS 

scores (Ingelsrud et al., 2015) and can provide education on realistic expectations of recovery for 

different patient groups. Clinicians should be cognisant that approximately half of patients with a 

combined injury may not achieve an acceptable outcome for symptoms or QoL five years following 

ACLR. Further research is needed to determine if targeted secondary prevention interventions can 

address current and potential future symptoms, and functional and participation restrictions.  

 

Our findings extend previous research reporting worse PROs in the presence of a combined injury 

in the short- (injury to one year) (Ahldén et al., 2012; Cox et al., 2014) and long-term (15+ years) 

(Risberg et al., 2016b), confirming this relationship in the medium-term. Interventions targeting 

symptoms and QoL should be a high priority for individuals with a combined ACL injury. This may 

include additional pre-operative education and potentially ongoing intervention beyond one year 

post-ACLR to enable achievement of similar outcomes to those with isolated injuries. The 

combined injury group was significantly older and had a higher average BMI at one year; therefore, 

addressing potential negative lifestyle modifications, including physical inactivity (Daniel et al., 

1994) and weight gain (Whittaker et al., 2015), which could be associated with poorer QoL 

following ACLR (Culvenor et al., 2016c; Filbay et al., 2016), may be important. Such interventions 

are beneficial in older adults with established knee OA (Fransen et al., 2015; Skou et al., 2018), but 

further high-quality trials are required to determine the efficacy in younger individuals with post-

traumatic knee OA following ACLR.  

 

Associations between OA features on MRI and PROs  

Overall, minimal cross-sectional associations were observed between tibiofemoral or 

patellofemoral cartilage lesions, BMLs, meniscal lesions, and PROs between one and five years 

following ACLR. These findings extend previous reports of no associations between tibiofemoral 
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radiographic OA and PROs in the longer-term (Lohmander et al., 2004; Oiestad et al., 2011). 

However, consistent with three-year post-ACLR PRO data from the KOALA cohort (Culvenor et al., 

2016c), patellofemoral cartilage lesions at one year were associated with worse KOOS-Symptoms, 

KOOS-Sport, KOOS-QoL, and IKDC scores at five years post-ACLR. Additionally, patellofemoral 

cartilage lesions at five years were cross-sectionally associated with worse KOOS-Symptoms and 

KOOS-QoL. Whilst clinicians should consider the patellofemoral compartment as a potential 

source of symptoms and a driver of poorer function following hamstring-autograft ACLR (Culvenor 

& Crossley, 2016; Culvenor et al., 2014b), patient education should express that MRI findings are 

often unrelated to symptoms. Further, the regression models evaluating the association between 

patellofemoral cartilage lesions and PROs had relatively wide CIs, and the large number of tests 

increases the likelihood that findings may be due to chance. Further studies are required to 

validate the association between OA features on MRI and PROs after ACLR. 

 

In Chapter 3, it was reported that one-third of individuals will have worsening BMLs between one 

and five years following ACLR (Patterson et al., 2018). An interesting finding of this current analysis 

in the same cohort is that the presence of tibiofemoral BMLs was associated with better KOOS-

Sport, KOOS-QoL, and IKDC at five years. This could indicate that BMLs reflect increased joint 

loading due to participation in sport, particularly in the presence of poor function (Culvenor et al., 

2017a). The future symptomatic consequences of BMLs following ACLR are unknown, but in 

individuals at risk of OA (i.e., older, higher BMI), worsening BMLs are reported to predict 

subsequent knee symptoms, progression of OA features on MRI, and radiographic OA four to 

seven years later (Felson et al., 2007; Sharma et al., 2016). Further research is required to 

understand the long-term implications of BMLs on MRI in an ACLR population and to measure the 

responses of individual joint features and PROs to potential interventions.   

 

Limitations  

Our follow-up rate at five years of the original one-year cohort was 72%, which may introduce 

some selection bias. However, there were no significant differences in participant or surgical 

characteristics at the one-year post-ACLR assessment between those participating and those lost 

to follow-up (Supplementary File B – in Appendix K), and the current cohort had similar IKDC 

scores (Cox et al., 2014) and return-to-sport rates (Ardern et al., 2014b) as other larger ACLR 

cohorts at comparable follow-up time-points. The combined injury group included 10 individuals 

who sustained a secondary injury between one and five years, which could influence the results. 

However, sensitivity analyses excluding these 10 participants showed that the association 

between combined injury and PROs at five years, and the relationships between cartilage, bone 

marrow, and meniscal lesions and PROs at five years, were generally similar to the results from 
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the whole cohort (Supplementary File D - in Appendix M). Slightly smaller effect sizes with wider 

CIs were typically observed in these sensitivity analyses, likely due to the lower sample size and 

the fact that participants with a secondary injury reported more symptoms at five years. Finally, 

the regression findings should be interpreted cautiously; the wide CIs observed in the regression 

analyses were likely driven by the wide range in scores and the multiple factors that may influence 

PROs. 

4.5 Conclusion  

In conclusion, individuals with a combined injury following ACLR may be an important subgroup 

requiring additional interventions, given their likely worse outcomes compared to those of their 

peers with an isolated ACLR. Individuals with patellofemoral cartilage lesions may also require 

more targeted interventions due to the associations with worse symptoms, function, and QoL at 

five years post-ACLR. Despite tibiofemoral BMLs being associated with fewer knee function and 

QoL impairments at five years, there seem to be minimal relationships between other 

compartment-specific cartilage lesions, BMLs, and meniscal lesions identified on MRI and patient-

reported symptoms, function, and QoL.
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5 Chapter Five: Limb symmetry index on a functional test battery 

improves between one and five years after anterior cruciate 

ligament reconstruction, primarily due to worsening 

contralateral limb function  

 

Preface 

Chapter 4 reported that up to 50% of young adults have unacceptable symptoms and QoL at one 

year post-ACLR, and these deficits persist in one-third of people at five years post-ACLR. While 

structural pathology (combined injury or patellofemoral cartilage lesions) may explain worse 

symptoms in some individuals, an important piece to the “symptoms and OA” puzzle following 

ACLR is objective function. Chapter 1 highlighted that functional performance deficits are 

associated with an increased re-injury risk, which can have important implications for the 

progression of post-traumatic OA. Chapter 1 also highlighted that functional performance is 

mostly assessed in the first one to two years following ACLR, and reporting of procedures and 

scoring methodology is poor. To date, studies have focused on reporting the LSI, typically on a 

single-hop test, and omit the quantitative performance of the ACLR and contralateral limb. The 

primary aim of the study in Chapter 5 was to evaluate changes in functional performance in the 

ACLR and contralateral limbs in order to determine their influence on the LSI, between one and 

five years following ACLR in the KOALA cohort.  

 

 

 

 

 

 

Chapter 5 contains the following publication in its entirety (Appendix O) with the addition of 

Figure 3.1 to depict participant recruitment into the study, consistent with the other chapters. 

 

Patterson, B.E., Crossley, K.M., Perraton, L.G., Kumar, A.S., King, M.G., Heerey, J.J., Barton, C.J., 

& Culvenor, A.G. (2020). Limb symmetry index on a functional test battery improves between 

one and five years after anterior cruciate ligament reconstruction, primarily due to worsening 

contralateral limb function. Physical Therapy in Sport, 44, 67-74. 
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5.1 Introduction  

Following ACLR, functional performance testing is advocated to determine readiness for return-

to-sport and mitigate risk of re-injury (Grindem et al., 2018; Kyritsis et al., 2016; van Melick et al., 

2016). The LSI is frequently used to describe the function of the ACLR limb compared to the 

contralateral limb, and is expressed as a percentage (score of ACLR knee divided by contralateral 

knee, multiplied by 100). An LSI >90% on a functional test battery (e.g., hop tests, muscle strength) 

frequently defines functional recovery and return-to-sport clearance (Abrams et al., 2014).  

 

Symmetry (>90%) on hop testing is associated with reduced re-injury risk (Grindem et al., 2016; 

Kyritsis et al., 2016), better patient-reported symptoms and QoL (Ericsson et al., 2013), and 

reduced risk of OA (Culvenor et al., 2017a; Patterson et al., 2020a; Pinczewski et al., 2007). 

However, the LSI assumes that the contralateral limb is the acceptable standard, equivalent to 

pre-injury status and immune to decline (Benjaminse et al., 2018; Wellsandt et al., 2017). In reality, 

bilateral neuromuscular deficits (e.g., muscle strength, activation or size, biomechanics, balance 

and functional performance) exist following unilateral ACLR (Benjaminse et al., 2018; Culvenor et 

al., 2016a; Gokeler et al., 2017; Lisee et al., 2019b); hence, the LSI may overestimate post-

operative knee function (Wellsandt et al., 2017), which is an important consideration given the 

high risk of second ACL injury (Wiggins et al., 2016). To determine whether the LSI overestimates 

knee function, it is important to compare raw scores from the ACLR and contralateral limb to 

healthy uninjured controls, providing the benchmark for functional performance.  

 

While functional improvements in hop testing LSI are well documented within the first year 

following ACLR (Abrams et al., 2014; Nagelli & Hewett, 2017; Thomee et al., 2012), functional 

changes beyond the period of active rehabilitation (i.e., >one to two years post-ACLR) are less 

often reported (Oiestad et al., 2010a). Specifically, it is not known whether functional LSI changes 

beyond the initial one to two years post-ACLR are driven by changes in the ACLR or contralateral 

limb. Evaluating the magnitude of functional performance (e.g., hop distance) in the ACLR and 

contralateral limb, together with the LSI over time compared to uninjured controls, is important 

to understand the longer-term functional burden of ACLR.  

 

The primary aim of the current study was to evaluate changes in functional performance in the 

ACLR and contralateral limbs from one to five years post-ACLR to determine their influence on the 

LSI. It was hypothesised that change in functional performance would differ between the ACLR 

and contralateral limb, primarily due to worsening contralateral limb function. Our secondary aim 

was to compare functional performance at one and five years following ACLR with uninjured 
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healthy controls. It was hypothesised that functional performance following ACLR at both time-

points would be significantly lower than uninjured healthy controls. 

5.2 Methods  

5.2.1 Participants  

Adults (aged 18-50 years) who had undergone primary hamstring-autograft ACLR by one of two 

orthopaedic surgeons were consecutively recruited into this prospective cohort study at their 

routine 12-month surgical review (Culvenor et al., 2016d). The exclusion criteria at baseline were: 

(i) injury/surgery to the ACLR knee prior to ACL rupture, (ii) post-operative injury or follow-up 

surgery to the ACLR knee, (iii) history of contralateral knee injury or surgery, (iv) other conditions 

influencing function (e.g., neurological conditions, current low back pain), (v) 

pregnant/breastfeeding. Participants attended baseline and follow-up assessments at one and 

five years following ACLR, respectively. Those reporting new injuries to either knee between the 

one- and five-year assessments were excluded.  

 

Two healthy control groups were utilised to provide reference data for the functional performance 

tests. Asymptomatic uninjured recreational athletes recruited from sporting clubs provided 

control data for the three hop tests at a single time-point (Perraton et al., 2017). A second 

asymptomatic uninjured control group of recreational football players provided reference data at 

a single time-point for the one-leg rise test, as this was not part of our earlier healthy control 

study. Ethical approval for the ACLR and control cohorts was granted by the La Trobe University 

Human Ethics Committee (HEC15-100 and HEC16-045, respectively) and the University of 

Melbourne (1136167), and participants provided informed consent. 

5.2.2 Procedures 

Four lower-limb functional performance tests were completed at both baseline and follow-up 

(one and five years following ACLR, respectively) for the ACLR group, and at one time-point for the 

healthy controls. Identical methods were used for all participants and for both limbs, with 

assessors blind to the ACLR limb (elastic bandage over both knees covering scars). Details of the 

test battery are provided in Chapter 2; testing was performed based on previously reported 

methods for the single-hop (Gustavsson et al., 2006), triple-crossover hop (Reid et al., 2007), side-

hop (Gustavsson et al., 2006), and one-leg rise (Thorstensson et al., 2004). Briefly, the single-hop 

assessed the maximum distance (cm) achieved from a stationary position with a balanced landing 

(Gustavsson et al., 2006). The triple-crossover hop assessed the cumulative distance (cm) achieved 

with three consecutive hops, with each hop crossing over two parallel lines 15 cm apart (Reid et 
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al., 2007). The side-hop assessed the number of hops over two parallel lines 40 cm apart in 30 

seconds (Gustavsson et al., 2006). The one-leg rise (Thorstensson et al., 2004), a global measure 

of lower-limb strength and endurance, was performed from a seated position and standardised 

height (90° knee flexion). Participants were instructed to rise on one leg as many times as possible 

(up to 50 repetitions) at a controlled speed (45 beats per minute using a metronome). In addition 

to functional performance testing, participant age, sex, BMI, injury history, and activity level 

(defined as level 1 pivoting/jumping sports, level 2 lateral movement sports (i.e., tennis), level 3 

straight line activities (i.e., running, weight-lifting, cycling), and level 4 sedentary) (Grindem et al., 

2014), were obtained at the one- and five-year assessments. 

5.2.3 Statistical analyses 

Data were examined for normality and homogeneity of variance. Baseline, follow-up, and one- to 

five-year (absolute) changes (mean±SD) in ACLR and contralateral limb performance (cm or 

repetitions) and LSI (%) were calculated. Within the ACLR group, within-limb and LSI changes 

between one and five years were evaluated using a paired t-test. A linear mixed-effects model 

incorporating random effects (accounting for the between-limb correlation) assessed the 

difference in change in function (mean difference, 95% CI) between the ACLR and contralateral 

limb. The proportion of participants classified as having stable, improving, or worsening function 

between one and five years relative to previously published MDC thresholds (Haitz et al., 2014; 

Kockum & Heijne, 2015; Reid et al., 2007) are reported descriptively (except for the one-leg rise, 

as there is no known MDC). To determine the healthy control group scores, data from both limbs 

at the single time-point were averaged on a per-participant basis, and an overall group average 

was calculated (mean±SD). Linear regression models assessed the differences in functional 

performance between the ACLR group (separate model for each limb and LSI) and the healthy 

control group at one and five years following ACLR. The model was adjusted for age and BMI, as 

the ACLR group was significantly older and had a higher average BMI (p<0.05). Analyses were 

performed using Stata V.14.2 with an α level of 0.05. 

5.3 Results 

5.3.1 Participants 

Of the 110 participants who were included in our cross-sectional study of function at one year 

post-ACLR (Culvenor et al., 2016d), 74 (67%) were re-tested five years post-operatively (5.2±0.2 

years). The reasons for dropout (n=36) included (i) unable to contact (n=9), (ii) unable to attend in 

person (n=9), (iii) declined participation due to time (n=11), (iv) conflict with participation in 

another study (n=5), and (v) other conditions limiting participation (n=2) (Figure 5.1). A further 14 
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participants were excluded due to new knee injury/surgery between one and five years. One 

additional participant was excluded due to a previous contralateral knee arthroscope reported at 

the five-year assessment which was not reported at the one-year assessment (Figure 5.1). The 59 

ACLR participants (37% women) were (median±IQR) aged 29±16 years at the one-year assessment 

and 33±16 years at the five-year assessment, with a (mean±SD) BMI of 24.9±3.3 kg/m2 at one year 

and 25.6±3.6kg/m2 at five years post-ACLR. Prior to ACL injury, 88% (n=52) participated in Level 1 

or 2 sports, 12% (n=7) in Level 3 activities and no participants were classified as sedentary (Level 

4). At the one-year post-ACLR assessment, 34% (n=20) of ACLR participants played Level 1 or 2 

sports, 24% (n=14) participated in Level 3 activities, and 42% (n=25) were classified as (Level 4) 

sedentary. At the five-year assessment, activity level increased to 41% (n=24) for Level 1 or 2 

sports, 47% (n=28) for Level 3 activities, and fewer participants (n=7, 12%) were classified as 

sedentary. The 41 healthy controls providing hopping reference data were similar in sex 

distribution (39% female) and BMI (mean±SD: 24.0±2.6 kg/m2), but were five years younger 

(median±interquartile range: 24±3 years) (Perraton et al., 2017). The 31 healthy controls providing 

one-leg rise test reference data (34% female) were three years younger (median±interquartile 

range: 26±10 years) with a similar average BMI (mean±SD: 24.6±3.1 kg/m2). At the time of 

assessment, 74% of the healthy controls were participating in Level 1 or 2 sports.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. KOALA cohort participant recruitment and retention for Chapter 5. 
 
ACLR=anterior cruciate ligament reconstruction; BMI=body mass index; KOALA=Knee Osteoarthritis 
Anterior cruciate ligament Longitudinal Assessment cohort study; n=number of participants.  
^^ n=4 due to participation in another study and n=1 became a member of the research team at 5 years.  
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5.3.2 ACLR group changes  

Functional performance in the ACLR limb did not significantly change between one and five years, 

except for the single-hop distance, which increased significantly (p=0.017) (Table 5.1, Figure 5.2). 

In contrast, contralateral limb performance decreased between one and five years, and this was 

significant for the triple-crossover (p=0.004), side-hop (p=0.019), and one-leg rise tests (p=0.001) 

(Figure 5.2, Table 5.1). Between one and five years, the contralateral limb had a significantly 

greater decrease in function compared to the ACLR limb for all functional tests (Table 5.1). This 

resulted in the LSI increasing significantly over time for the single-hop (p=0.003), side-hop 

(p<0.001), and one-leg rise (p=0.069) (Table 5.1, Figure 5.2). 

 

Table 5.1. Functional performance from one to five years post-ACLR^ 
 

 1 year 5 years Change 1 to 5 
years 

Mean (95% CI) 
difference in change  

Single-hop (cm)         
ACLR 103.2 (29.7) 109.8 (27.5) 6.5 (20.5)i -8.3 (-13.4, -3.3) 

p=0.001 Contralateral 118.3 (21.9) 116.5 (26.7) -1.8 (12.9) 
LSI (%)  86.5 (17.4) 95.4 (18.0) 8.9 (22.4)i - 
Triple-crossover hop (cm)        
ACLR 327.7 (100.0) 321.6 (98.9) -6.1 (59.2) -16.4 (-30.0, -2.8) 

p=0.018 Contralateral 363.5 (85.5) 341.0 (90.2) -22.5 (46.0)d 

LSI (%)  89.4 (17.0) 93.2 (16.9) 3.8 (18.5) - 
Side-hop (reps)         
ACLR 24.9 (14.0) 24.0 (14.0) -0.9 (7.9) -3.7 (-5.6, -1.9) 

p=0.000 Contralateral 30.8 (14.0) 26.2 (13.7) -4.7 (7.9)d 
LSI (%)  77.2 (31.2) 85.7 (32.5) 10.4 (26.1) i - 
One-leg rise (reps)         
ACLR 28.1 (18.9) 25.2 (18.4) -2.8 (14.4) -1.9 (-4.0, 0.25) 

p=0.083 Contralateral 31.9 (17.1) 27.1 (17.7) -4.8 (13.5)d 
LSI (%)  75.6 (38.9) 85.4 (40.3) 11.1 (37.7)i - 

 
ACLR=anterior cruciate ligament reconstructed limb; CI=confidence interval; cm=centimetre; LSI=limb 
symmetry index. 
^Values are mean (±standard deviation) unless otherwise indicated. Bold values indicate a statistically 
significant (p<0.05) difference in the change score between the ACLR and contralateral limb. 
i Statistically significant (p<0.05) increase in average group score between 1 and 5 years. 
d Statistically significant (p<0.05) decrease in average group score between 1 and 5 years. 
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Figure 5.2 Functional performance at one and five years following ACLR~. 
 
ACLR=anterior cruciate ligament reconstruction; LSI=limb symmetry index.  
~Values are mean±standard deviation. 
 

5.3.3 Were the ACLR group changes meaningful? 

When evaluating each participant’s functional change between one and five years following ACLR 

in each limb (e.g., distance hopped) according to MDC thresholds, most participants (63-85%) had 

stable function (i.e., increase/decrease <MDC) (Figure 5.3). Worsening function (decrease >MDC) 

was more common across all three hop tests in the contralateral limb (12-19%) than the ACLR limb 

(8-10%). Improvement (increase >MDC) was more common across all three hop tests in the ACLR 

limb (7-27%) than the contralateral limb (0-8%). The LSI improved (increase >MDC) in 
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approximately one-third of participants in the three hop tests (single-hop: 41%, triple-crossover 

hop: 25%, side-hop: 44%) (Figure 5.3).  

 

 
Figure 5.3. Number of participants with stable, improving, or worsening functional performance 
between one and five years post-ACLR, according to the MDC. 
 
ACLR=anterior cruciate ligament reconstruction; LSI=limb symmetry index; MDC=minimal detectable 
change; n=number of participants.   
a MDC for the single-hop distance (14 cm) and LSI (8%) is informed by Kockum et al. (2015) and Reid et al. 
(2007), respectively.  
b MDC for the triple-crossover distance (73 cm) and LSI (12%) is informed by Haitz et al. (2014) and Reid et 
al. (2007), respectively.  
c  MDC for side-hop repetitions (n=11 repetitions) and LSI (10%) is informed by Kockum et al. (2015) and Reid 
et al. (2007), respectively. The MDC for the side-hop LSI is not specifically reported; therefore, a 10% MDC 
was estimated (as an average of the 8% and 12% from the single- and triple-crossover hop tests). 
 

5.3.4 Comparison to healthy control data 

At one year post-ACLR, the single-hop results for the ACLR (p<0.001) and contralateral limb 

(p=0.012) were significantly lower than healthy controls, with adjustment for age and BMI. No 

differences were observed between the ACLR or contralateral limb and the healthy control group 

for the triple-crossover, side-hop, and one-leg rise. At the one-year post-ACLR assessment, the 

LSIs for the single-hop (p<0.001), triple-crossover hop (p=0.003), side-hop (p<0.001), and one-leg 

rise (p=0.003) were significantly lower than healthy controls. At five years post-ACLR, the side-hop 

LSI was the only test that was significantly lower (p=0.016) than healthy controls. There were no 
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differences between the ACLR and control limbs, and the healthy controls, at five years. Healthy 

control data from the single time-point is presented in Table 5.2. 

 

Table 5.2. Functional performance of the healthy controls~ 
 

 Raw score Limb symmetry index (%) 

Single-hop (cm)^ 135.0 (27.3) 101.8 (5.6) 

Triple-crossover hop (cm)^ 392.5 (102.2) 101.4 (6.0) 

Side-hop (repetitions)^ 33.9 (14.5) 108.2 (14.5) 

One-leg rise (repetitions)^^ 31.7 (15.7) 109.0 (36.4) 
 
cm=centimetres 
~Values are mean (standard deviation) unless otherwise indicated. 
^n=41 for the three hop tests.  
^^n=31 for one-leg rise. 
 

5.4 Discussion 

Functional performance changes differ between the index and contralateral limb during the first 

five years post-ACLR. Although function in the ACLR limb remained relatively stable from one to 

five years post-ACLR, with the average changes not exceeding the MDC thresholds, worsening 

function in the contralateral limb resulted in statistically significant LSI improvements for the 

single-hop, side-hop, and one-leg rise tests. This highlights the limitations of using the LSI in 

isolation to evaluate functional change, as it may overstate improvements in the ACLR limb.  

 

LSI overestimates function 

In the current study, improved LSI between one and five years following ACLR was primarily driven 

by worsening function in the contralateral limb, rather than improved function in the ACLR limb. 

These findings extend previous cross-sectional data at six months post-ACLR (Wellsandt et al., 

2017), which showed that the LSI using the post-operative status of the contralateral limb as a 

reference overestimates function (i.e., 57% of individuals achieve >90% LSI) compared to using 

pre-operative contralateral limb function as the reference (i.e., 29% achieve >90% LSI). Combined, 

it appears that caution must be used when interpreting the LSI at a single time-point and over 

time when determining treatment success and readiness to progress milestones (including 

clearance for return-to-sport).  

 
Why does the contralateral limb worsen, and why more so than the ACLR limb?  

The contralateral limb exhibited a significantly greater decrease in function on the three hop tests 

compared to the ACLR limb. Different responses in the functional capacity of the ACLR and 

contralateral limb over time are supported by one of the few studies reporting raw changes in hop 
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test performance in both limbs (i.e., distance hopped) following ACLR (Thomee et al., 2012). In 

that report, the ACLR limb improved by 11 cm (single-hop) and 6 repetitions (side-hop) from 6 to 

12 months post-operatively, with minimal change between 12 and 24 months, while the 

contralateral limb was stable or declined in both tests (Thomee et al., 2012). Concurrent strength 

testing demonstrated a deterioration in quadriceps and hamstring strength from 12 to 24 months 

in the contralateral limb and stable/improving in the ACLR limb (Thomee et al., 2012). Functional 

recovery is reported to occur up to two years post-ACLR (Abrams et al., 2014; Nagelli & Hewett, 

2017), but is often limited to reports of LSI, which concurs with the improving LSI in the current 

study.  

 

Worsening function in the contralateral limb might reflect a combination of age-related changes, 

deconditioning following rehabilitation cessation, bilateral movement adaptations (e.g., reduced 

knee flexion moments) (Hart et al., 2016; Pairot-de-Fontenay et al., 2019), or fear of movement 

(Hart et al., 2020). However, worsening in the contralateral limb between one and five years 

cannot entirely be explained by age-related deterioration in muscle function (Doherty, 2001; 

Faulkner et al., 2007), since muscle mass and strength appear to be maintained until age 40 or 50, 

especially when regular sporting activity is continued (Culvenor et al., 2016b; Doherty, 2001; 

Faulkner et al., 2007). In the current study, the proportion of individuals participating in 

jumping/pivoting sports increased between one year (34%) and five years (41%) post-ACLR. The 

proportion of individuals participating in Level 3 activities increased from 24% to 47%, while those 

classified as sedentary (Level 4) decreased from 42% to 12% between one and five years following 

ACLR. Overall, 39% (n=24) increased their activity level according to the classification used 

(Grindem et al., 2014) between one and five years. Greater worsening of knee function observed 

in one limb (i.e., the contralateral leg) might be considered surprising since most dynamic activities 

are performed using both limbs. Patients and therapists may also prioritise rehabilitation of the 

ACLR limb, neglecting the contralateral limb, despite the known bilateral neuromuscular deficits 

(Benjaminse et al., 2018; Gokeler et al., 2017; Lisee et al., 2019b) and the decline in function due 

to changing demands from high-level sport to only walking/activities of daily living for 6-12 

months.  

 
Should the LSI be used in clinical practice?  

These findings have important implications for current return-to-sport criteria, given that the 

current criteria are highly dependent on achieving >90% LSI on a battery of hop tests (Barber-

Westin & Noyes, 2011; van Melick et al., 2016). The overestimation of functional ability with the 

LSI might contribute to the high re-rupture rates (7%) (Wiggins et al., 2016) or high rates of 

contralateral ACL injury (8%) (Wiggins et al., 2016) if the acceptable LSI results from low 
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contralateral limb function (Webster & Hewett, 2019). In addition to LSI, return-to-sport criteria 

should also incorporate individual limb performance scores (e.g., distance hopped or peak muscle 

power) benchmarked to the individual’s body composition (e.g., height) as well as to age-, sex-, 

and activity-level matched non-injured populations obtained from context-specific databases or 

peer-reviewed reports (Bennell et al., 1998). In addition to our healthy reference data, other 

functional reference data are available for the single-hop (Baltaci et al., 2012; Kemp et al., 2013), 

triple-crossover hop (Baltaci et al., 2012; Kockum & Heijne, 2015), and side-hop (Kockum & Heijne, 

2015). In an ideal (but often unrealistic or uncommon) scenario, pre-injury index limb testing data 

or pre-operative functional testing of the non-injured limb (i.e., prior to deterioration) may be 

used as the benchmark. Pre-operative function in the non-injured limb as the reference standard 

for LSI calculations is more sensitive in predicting second ACL injury, compared to using post-

operative performance of the non-injured limb at the time of ACLR limb assessment (Wellsandt et 

al., 2017). Further research is required to determine the best type and combination of 

assessments and interventions, and their relationships with future injury risk and patient-reported 

symptoms, function, and QoL.  

 

The benefits of functional performance symmetry (>90%) at one and five years post-ACLR, even 

after return-to-sport, should not be discounted. However, symmetry should not come at the 

expense of inadequate or deteriorating performance in the contralateral limb. Given the known 

associations between reduced strength and function and increased risk of re-injury and OA 

(Oiestad et al., 2015; Patterson et al., 2020a; Segal & Glass, 2011), restoring or maintaining 

symmetry and performance should remain an ongoing priority for both limbs, regardless of sports 

participation. Regardless of return-to-sport and ongoing sports participation, asymmetries on hop 

testing are relevant to everyday activities such as walking, as less than 90% LSI on hop tests is 

associated with lower knee loading on the ACLR limb (Gardinier et al., 2014; Sritharan et al., 2020), 

which has been recently linked to OA risk (Wellsandt et al., 2016).  

 

Clinical implications for functional performance assessment  

Hop testing provides a highly accessible, low-cost alternative to isokinetic and biomechanical 

testing, and has moderate associations with quadriceps peak torque and rate of torque 

development (Birchmeier et al., 2019a), force control (Perraton et al., 2017), and kinetics and 

kinematics (Perraton et al., 2019; Perraton et al., 2018). However, due to persistent morphological 

changes (i.e., quadriceps volume) post-ACLR (Birchmeier et al., 2019b), clinicians should 

endeavour to evaluate isolated quadriceps and hamstring muscle function (e.g., isokinetic testing). 

Assessment of muscle function and movement quality is important, as some individuals can use 
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compensatory mechanisms and sub-optimal kinematics and kinetics to achieve adequate 

performance in hop tests (Kotsifaki et al., 2020). 

 

Changes in functional performance following ACLR may differ between tasks. The single-hop (ACLR 

limb) was the only test that demonstrated statistically and clinically important improvement in 

performance (one-third of participants had performance increase >MDC). The majority of 

participants did not demonstrate clinically meaningful changes in the ACLR or contralateral limb 

for the triple-crossover hop and side-hop (Figure 5.3). Improvement in the ACLR limb single-hop 

may reflect a return to sagittal plane activities such as running following ACLR. No change or 

decrease in function in more dynamic tasks, such as the triple-crossover and side-hop, may reflect 

lack of progression to multidirectional rehabilitation tasks or sport. These findings are supported 

by our activity level data, whereby only 41% were participating in Level 1 or 2 sports at five years 

and a larger proportion (47%) were participating in Level 3 (running, cycling, weight-training) 

activities at five years. Test batteries should include different aspects of function (i.e., multiplanar 

strength, power, and endurance), as a single-hop alone may overstate functional improvement, 

particularly if the patient is returning to multi-directional cutting and pivoting sports (Dingenen & 

Gokeler, 2017).  

 

Should healthy control data be used as a reference group?  

The LSIs on all four tests at the one-year post-ACLR assessment were significantly lower than 

healthy controls but did not generally differ between groups at five years. At the one-year post-

ACLR assessment, performance on the ACLR and contralateral limb were also lower than healthy 

controls for all tests, with significant deficits being observed on the single-hop test. The ACLR and 

contralateral limb performance on all tests were also lower than previously published normative 

values for those aged 18-50 years (Baltaci et al., 2012; Kemp et al., 2013; Kockum & Heijne, 2015). 

Together, these findings concur with previous research indicating that functional deficits can 

persist up to 1-2 years post-ACLR (Nagelli & Hewett, 2017; Thomee et al., 2012). Despite this, most 

supervised rehabilitation ceases before six months, with little evidence of ongoing plyometric or 

lower-limb resistance training (Ebert et al., 2018; Greenberg et al., 2018). Evidence-based 

interventions (van Melick et al., 2016) targeting both limbs following ACLR may need to be 

implemented beyond the typical 6-12-month rehabilitation period in order to restore function and 

reduce the risk of re-injury (Kyritsis et al., 2016; Wiggins et al., 2016). Beyond the immediate 

recovery following ACLR, maintenance of lower-limb exercises will also likely benefit function over 

the lifespan. This is particularly relevant following a joint injury where an elevated risk of early-

onset post-traumatic OA exists (Culvenor et al., 2015a; Culvenor et al., 2014b; Patterson et al., 
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2018). It is encouraging that functional performance in those with an ACLR at five years did not 

generally differ to healthy controls. However, it is likely that a sub-group of individuals with 

inadequate function exists. For example, at five years, 54% (n=32) and 44% (n=26) of those with 

an ACLR could not perform >22 one-leg rises on their ACLR and contralateral limb, respectively, 

placing them at even greater risk of longer-term symptomatic and radiographic OA (Culvenor et 

al., 2016c; Thorstensson et al., 2004).  

 

Limitations 

The findings of this study should be considered in the context of its limitations. Selection bias may 

be evident, as those included in the current analysis (n=59) were older than our original 110 

participants (Culvenor et al., 2016d). As a result, our ACLR group was an average of two years older 

at baseline than the healthy control group recruited at the time. This was primarily a result of 

younger participants being excluded due to a second injury or being lost to follow-up at five years 

due to relocation and time commitments (e.g., work, family, study). Conversely, those motivated 

to attend follow-up may have had knee problems and functional deficits. Importantly, the 

between-group analyses for differences were adjusted for age (and BMI). Moreover, all 

participants underwent a hamstring-tendon autograft ACLR. While this limits generalisability to 

other graft types, there are no known differences in hop test performance or self-reported knee 

function between graft types (Holm et al., 2010; Li et al., 2012). Despite this, our cohort is 

representative of the wider ACLR population, given that the majority (88%) were participating in 

cutting/pivoting sports pre-injury with return-to-sport rates similar to large ACL cohorts at 

comparable follow-ups (Ardern et al., 2014b). 

 

A longitudinal follow-up of the healthy control group to demonstrate potential age-related change 

was not included in this study. However, our comparison of functional performance between the 

ACLR and healthy control groups included a regression model with adjustment for age and BMI. 

Additionally, the scores in our healthy controls (single-hop: 135 cm, triple-crossover-hop: 393 cm, 

side-hop: 34 repetitions) are comparable to hop test scores for recreational athletes aged 18-50 

years (Baltaci et al., 2012; Gustavsson et al., 2006; Kockum & Heijne, 2015). Further, this was a 

post-hoc analysis of a prospective cohort study and no a-priori sample size calculations were 

performed. While our sample size was sufficiently powered to detect a statistically significant 

difference in change over time between the ACLR and contralateral limb for all hop tests, we may 

have been underpowered to detect differences between the ACLR and contralateral limb for the 

one-leg rise test. While the one-leg rise between-limb difference approached statistical 

significance, the mean difference of 1.9 repetitions is not likely to be clinically significant. 
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Additionally, the one-leg rise on both limbs exhibited floor effects (scored 0) at one year (ACLR: 

n=8, contralateral: n=5) and five years (ACLR: n=6, contralateral: n=5) and ceiling effects (scored 

50) at one year (ACLR: n=21, contralateral: n=23) and five years (ACLR: n=16, contralateral: n=17), 

which may have influenced our statistical analyses of change in functional performance. 

5.5 Conclusion 

In conclusion, the contralateral limb exhibited a significantly greater decrease in functional 

performance compared to the ACLR limb for the three hop tests between one and five years 

following ACLR. Worsening function in the contralateral limb combined with a relatively stable 

ACLR limb resulted in significant improvements in the LSI. Clinicians should be aware the LSI may 

overstate improvement in functional performance over time. Interventions should target dynamic 

tasks in both the ACLR and contralateral limbs, considering the deficits at one year post-ACLR 

compared to healthy controls (adjusted for age and BMI) and the minimal improvement observed 

over the proceeding four years. Exercise-based interventions may need to continue beyond the 

typical rehabilitation period of 6-12 months in order to restore or maintain function in both limbs, 

given the known influence of lower-limb function on future knee symptoms, OA development, 

and QoL. 
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6 Chapter Six: Poor functional performance one year after ACLR 

increases the risk of early OA progression 

6.1 Preface  

Chapter 1 highlighted the paucity of research investigating modifiable prognostic factors for early 

structural and symptomatic deterioration following ACLR. Functional performance deficits are one 

such modifiable factor, and Chapter 5 reported deficits in hop testing one year post-ACLR. Chapter 

5 recommended that raw performance (i.e., cm hopped) should be considered when evaluating 

and reporting functional performance following ACLR, as the LSI may overestimate functional 

performance recovery. Despite the limitations of the LSI, Chapter 1 highlighted that restoring limb 

symmetry (>90%) on a test battery is important, as it may reduce re-injury risk. Therefore, in 

Chapter 6, raw ACLR limb performance and the LSI were utilised as explanatory variables to 

determine the influence of poor functional performance at one year post-ACLR on worsening OA 

features on MRI and change in PROs.  

 

 

 

 

 

 

 

 

 

 

Chapter 6 contains the following publication in its entirety (Appendix P) with the exception of 

Figure 4.1, which is a replacement flow chart from the original publication. This is to provide 

consistent formatting with the flow charts of participant recruitment and retention provided 

throughout Part B of this thesis. 

 

Patterson, B.E., Culvenor, A.G., Barton, C.J., Guermazi, A., Stefanik, J., Morris, H.G., Whitehead, 

T.S., & Crossley, K.M. (2020). Poor functional performance 1 year after ACL reconstruction 

increases the risk of early osteoarthritis progression. British Journal of Sports Medicine, 54(9), 

546-553. 
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6.2 Introduction  

Rupture and subsequent reconstruction of the ACL substantially increases the risk of knee OA 

development and poor QoL (Lohmander et al., 2004; Poulsen et al., 2019). Yet, not everyone 

develops OA following ACLR; radiographic OA is evident in approximately one in two (Lie et al., 

2019; Oiestad et al., 2010b), and one in three will have symptomatic radiographic OA within 10-

15 years of injury (Lie et al., 2019; Oiestad et al., 2010b). Magnetic resonance imaging can detect 

OA features within five years of ACLR (Culvenor et al., 2015a; Patterson et al., 2018; van Meer et 

al., 2016), and can be used to identify individuals who may be on an accelerated trajectory towards 

radiographic symptomatic OA (Sharma et al., 2016). Understanding modifiable factors associated 

with early structural changes following ACLR is a priority for informing secondary OA prevention 

strategies. 

 

Impaired functional performance, often measured through hop tests, is common following ACLR 

(Abrams et al., 2014) and may influence the development of early knee OA and symptoms. 

Quadriceps weakness is a risk factor for the development of radiographic and/or symptomatic OA, 

based on the theory of impaired shock absorption, consequent excessive load to joint structures, 

and subsequent initiation of the degenerative process (Oiestad et al., 2015). Hop test batteries 

provide a clinically-feasible method to assess multiple aspects of lower-limb muscle function 

(including quadriceps strength and sensorimotor control), and may indicate a reduced ability to 

control mechanical loading in the knee (Gardinier et al., 2014; Palmieri-Smith & Lepley, 2015; Roos 

& Arden, 2016), thus influencing joint degeneration and/or potential symptoms. Functional 

performance impairments may also represent a lack of confidence in the limb (Hart et al., 2020) 

and may be reflected in reduced physical activity and worse PROs.  

 

Following ACLR, the link between functional performance and worsening symptomatic and early 

structural OA outcomes is unclear. While single-hop test performance at one year post-ACLR was 

associated with the presence of tibiofemoral radiographic OA at 10 years in one study (Pinczewski 

et al., 2007), other studies have reported minimal associations between post-operative functional 

performance and future radiographic OA 5-15 years post-ACLR (Losciale et al., 2019; Oiestad et 

al., 2010b; Wellsandt et al., 2018). Prior studies have focused on radiographic tibiofemoral OA, 

and have not evaluated early structural change (i.e., worsening) in individual joint features. 

Despite the patellofemoral joint being burdensome post-ACLR (Culvenor et al., 2016d; Culvenor 

et al., 2014b), few studies consider the patellofemoral joint structure. Further, radiographic 

measures lack the sensitivity to detect early structural changes which are identifiable on MRI over 

shorter follow-up periods (Hunter et al., 2011c; Pollard et al., 2008). No studies have reported the 
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relationships between functional performance and early (<five years) structural changes on MRI 

in an ACLR population.  

 

Evaluation of risk factors for early OA following ACLR should also include concurrent assessment 

of change in PROs, given the discordance between knee imaging findings and symptoms 

(Patterson et al., 2020c; Yusuf et al., 2011). Functional performance may exhibit differing 

relationships with change in individual early OA features and PROs. Functional performance 

deficits at the time of return-to-sport are often associated with worse PROs 2-3 years post-ACLR 

(Bodkin et al., 2017; Culvenor et al., 2016c; Grindem et al., 2011; Logerstedt et al., 2012; Losciale 

et al., 2019; Menzer et al., 2017), with few studies evaluating changes in PROs beyond three years 

due to cross-sectional study designs. It is this change in patient-reported and structural outcomes 

that equates to the problematic accelerated trajectory of symptomatic OA in young adults post-

ACLR.  

 

If early functional impairments are related to worsening structural or symptomatic OA, functional 

deficits can be targeted through exercise therapy to halt or slow the trajectory towards 

radiographic symptomatic OA. The aim of the current study was to determine if functional 

performance one year post-ACLR is associated with risk of worsening patellofemoral and 

tibiofemoral OA features on MRI and change in PROs between one and five years.  

6.3 Methods  

6.3.1 Study design and participants  

A longitudinal prospective cohort study assessed the trajectory of PROs, functional performance, 

and early OA features one to five years post-ACLR. Individuals assessed one year post-ACLR 

(n=111; 64% male, median age 27 years (range 19-51 years)) (Culvenor et al., 2015a) were eligible 

for the five-year assessment. Descriptions of eligibility criteria at one year post-ACLR, ACLR 

technique, and post-operative rehabilitation are provided in Chapter 2. Briefly, all participants 

underwent primary single-bundle hamstring-tendon autograft ACLR. The exclusion criteria were: 

knee injury/symptoms prior to ACL injury, >five years between ACL injury and reconstruction, and 

any secondary injury/surgery to the ACLR knee (between ACLR and one year post-ACLR). 

Participants with a secondary injury between one and five years were invited to participate in the 

five-year assessment, as this is a common occurrence and represents the wider ACLR population. 

Of the 112 participants who completed PROs at one year post-ACLR, 81 (72%) completed PROs at 

five years. Of the 111 who underwent MRI evaluation at one year post-ACLR, 78 (70%) were re-
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imaged at five years (Figure 6.1). Ethical approval was granted (La Trobe University Human Ethics 

Committee HEC15-100) and all participants signed informed consent. 

 

 

Figure 6.1 KOALA cohort participant recruitment and retention for Chapter 6. 
 
ACLR=anterior cruciate ligament reconstruction; KOALA=Knee Osteoarthritis Anterior cruciate ligament 
Longitudinal Assessment cohort study; KOOS=Knee injury and Osteoarthritis Outcome Score; 
IKDC=International Knee Documentation Committee knee evaluation; MRI=magnetic resonance imaging; 
n=number of participants.  
^ n=4 due to participation in another study. 
^^ n=4 due to participation in another study and n=1 became a member of the research team at 5 years.  
 

6.3.2 Demographic, injury, and surgical factors  

Participant age, sex, height, weight, injury history, and activity level (defined as level 1 

pivoting/jumping sports to level 4 sedentary (Grindem et al., 2014)) were obtained at the one- 

and five-year assessments. Participants were classified as having a “combined injury” if they had 

(at the time of ACLR): (i) significant cartilage defect identified arthroscopically (Outerbridge grade 

≥2) (Marx et al., 2005) or (ii) surgical resection or repair of the meniscus. To determine the 

presence of tibiofemoral and patellofemoral OA in the ACLR limb, posteroanterior and lateral 

weight-bearing and non-weight-bearing skyline views were taken, and were graded according to 

the OARSI atlas definitions (Altman et al., 1995). Radiographic OA was defined as joint space 

narrowing of grade ≥2, sum of osteophytes ≥2, or grade 1 osteophyte in combination with grade 

1 joint space narrowing (Altman et al., 1995). 
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6.3.3 Functional performance  

At one and five years following ACLR, participants completed a battery of functional tests in the 

following order: single-hop, triple-crossover hop, side-hop, and one-leg rise. The left leg was 

always tested first after two to three practice trials. The single-hop assessed the maximum 

distance (cm) achieved from a stationary position with a balanced landing (≥2 seconds without 

placing the other foot to the floor) (Gustavsson et al., 2006). The triple-crossover hop assessed 

the cumulative distance (cm) achieved with three consecutive hops with a balanced landing, with 

each hop crossing over two parallel lines 15 cm apart (Reid et al., 2007). Hops were repeated for 

the single-hop and triple-crossover until three successful trials were recorded and until no 

increase in distance was seen, due to the known learning effects (Munro & Herrington, 2011). The 

side-hop assessed the number of hops over two parallel lines 40 cm apart in 30 seconds 

(Gustavsson et al., 2006). The one-leg rise assessed the maximum number of times (up to 50) the 

participant was able to rise on one leg from 90° knee flexion, at a consistent speed of 45 beats per 

minute (using a metronome) (Thorstensson et al., 2004). The hop tests and one-leg rise test were 

scored 0 if the participant was unable (due to lack of strength/balance/confidence) to perform 

one successful trial. The test was stopped if the participant received three warnings for deviating 

from speed or touching the ground with the opposite foot. The one-leg rise was added to the 

traditional battery of hops as it also assesses endurance and has been associated with the 

development of radiographic OA in those with chronic knee pain (Thorstensson et al., 2004). 

 

The raw score (i.e., distance hopped) and LSI (% score of ACLR knee ÷ contralateral knee) were 

recorded for each test. Poor functional performance on an individual test was defined as <90% 

LSI, a common benchmark used to define return-to-sport readiness (Abrams et al., 2014; Burgi et 

al., 2019), and is associated with risk of re-injury (Grindem et al., 2016; Kyritsis et al., 2016). Poor 

function on the battery was defined as <90% LSI on all four tests, to specifically capture individuals 

with poor function.  

6.3.4 OA features on MRI 

At one and five years following ACLR, participants had unilateral (index) knee MRI scans acquired 

using a single 3T system (Philips Achieva, The Netherlands), as described in Chapter 2. The 3D 

proton-density weighted VISTA sequence was acquired at 0.35 mm isotropically (TR/TE 1,300 

msec/27 msec, FOV 150 mm2, and echo train length 64 msec) and reconstructed in the coronal 

and axial planes. The sagittal short-tau inversion-recovery sequence was at 2.5 mm thickness; 1.2 

mm slice gap and an inversion time of 180 msec were applied with TR/TE 3,850 msec/30 msec, 

FOV 160 mm2, and voxel size 0.45 x 0.50 x 2.5 mm. The axial proton-density turbo spin-echo 

sequence was obtained with the imaging parameters of TR/TE 3,850 msec/34 msec, slice thickness 
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2.5 mm, slice gap 2.0 mm, corresponding voxel size 0.5 x 0.55 x 2.5 mm, and FOV 140 mm2. All 

MRI scans were evaluated using the MOAKS by a musculoskeletal radiologist (AG) with 19 years’ 

experience in semi-quantitative MRI analysis of knee OA and established inter- and intra-rater 

reliability (kappa 0.61-0.80) (Hunter et al., 2011a). The one- and five-year images were read paired 

(not blinded to time-points), but blind to clinical information. The MOAKS divides the knee into 

subregions to score specific OA features. For the current study, cartilage lesions, BMLs, and 

meniscal lesions were semi-quantitatively graded.  

 

Four subregions defined the patellofemoral joint (medial and lateral patella, medial and lateral 

trochlea) and 10 subregions defined the tibiofemoral joint (medial and lateral: femur central and 

posterior, tibia anterior, central and posterior). For grading of meniscal lesions, six subregions 

(medial and lateral: anterior, posterior and central) were combined. Cartilage lesions and BMLs 

were graded from 0 to 3 based on size (percentage of surface area relative to each subregion; 

where 0=none, 1=<33%, 2=33–66%, 3=>66%). Cartilage lesions were also scored on severity based 

on the depth of the lesion (percentage of lesion that is full thickness; 0=no full-thickness loss, 

1=<10%, 2=10-75%, 3=>75%). A meniscal tear was defined as an area of abnormal signal that 

extended to both meniscal articular surfaces, and meniscal macerations were defined as loss of 

morphologic substance of the meniscus. Meniscal lesions were described as absent or present, 

and by type (a tear was either vertical, horizontal, or complex; maceration was partial, progressive, 

or complete). These abnormalities were scored according to the MOAKS scoring system. Meniscal 

extrusion was graded by size (0 (<2 mm), 1 (2–2.9 mm), 2 (3–4.9 mm), or 3 (>5 mm)) in each of 

the subregions. Meniscal extrusion, while based on the amount of extrusion in mm, was also 

scored using the MOAKS. 

 

Worsening OA features in each subregion was defined as any increase in the size or severity of the 

feature. Therefore, either progression of an OA feature (i.e., increase in severity) or a new OA 

feature (i.e., from absent to present) from one year to five years was classified as worsening. New 

OA features were defined as those with size=0 at one year and size >1 at five years. Increase in 

severity was defined as an increase in the size or depth of an existing OA feature at one year by 

≥1 point on the MOAKS. Worsening OA features in the patellofemoral and tibiofemoral 

compartment were defined as worsening in any corresponding subregion for that compartment, 

as described in Chapter 2. This definition of worsening is reliable and sensitive to change in ACL-

injured individuals (Patterson et al., 2018; van Meer et al., 2016).  
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6.3.5 Patient-reported-outcomes  

Participants completed the KOOS and the IKDC subjective knee form one and five years following 

ACLR, with respect to their knee condition during the previous week. The KOOS and IKDC have 

established reliability and validity in people with ACL injuries (Collins et al., 2011). Four of the five 

subscales of the KOOS were assessed (activities of daily living subscale excluded due to ceiling 

effects in ACL populations). The scales were completed by pen and paper or via an online portal 

(MySQL, Oracle Corporation, California, USA and Promptus, DS PRIMA, Melbourne, Australia) with 

matching instructions to the original paper version, as described in Chapter 2. The KOOS and IKDC 

raw scores were recorded and converted to a percentile score, with 100 being the best possible 

score (i.e., no knee problems). The absolute change (five-year score minus one-year score) was 

calculated for each subscale (a negative value indicating worsening knee problems).  

6.3.6 Statistical analyses 

Generalised linear models with Poisson regression and GEE (accounting for correlations between 

subregions within the same participant) assessed whether functional performance at the one-year 

post-ACLR assessment (both as a dichotomous [poor function=<90%LSI] and a continuous [ACLR 

limb raw score in cm/repetitions] variable) was associated with risk of worsening OA features on 

MRI. Risk ratios (RR) and 95% CIs were calculated. A RR >1.0 represents an increased risk of 

worsening OA features in the presence of poor functional performance (<90% LSI) or a lower 

functional performance score (i.e., fewer repetitions). The GEE regression was adjusted for 

presence of a combined injury (noted at the time of ACLR, or secondary injury to the index knee), 

and one-year age, sex, height, and weight, due to their potential influences on function and OA 

features on MRI (Ackerman et al., 2018). Linear regression (β, 95% CI) determined the relationship 

between one-year functional performance and change in KOOS/IKDC scores between one and five 

years (adjusted for combined injury (noted at time of ACLR, or secondary injury to the index or 

contralateral knee), one-year age, sex, height, and weight, and one-year KOOS/IKDC score, due to 

their potential to influence function and PROs (Patterson et al., 2020c)). Analyses were performed 

using Stata V.14.2 with α=0.05.  

6.4 Results 

The characteristics of the 81 participants who completed PROs at one and five years are provided 

in Table 6.1. Of the 81 participants, 10 (12%) had poor functional performance (<90% LSI) on all 

four tests, while only 14 (18%) would have passed the test battery (>90% on all four tests) at one 

year post-ACLR. The proportion of participants with <90% LSI on individual tests and the functional 

performance outcomes are presented in Table 6.2. Of the 78 participants with radiographs at the 

five-year assessment, the prevalence of any radiographic OA increased from 6% to 19% between 
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one and five years (Table 6.1). In those with poor function on the battery at the one-year 

assessment (n=9/78), 33% (n=3) had patellofemoral or tibiofemoral radiographic OA at the five-

year assessment. 

 

Table 6.1. Participant characteristics at one and five years following ACLR 

 

  Participants at 1 year 
post-ACLR (n=81) 

Participants at 5 years 
post-ACLR (n=81) 

Age, median+IQR years 28±14  32±14  
Male Sex, no. (%) 50 (62) 50 (62) 
Body Mass Index, median+IQR kg/m2 25.7±4.2  26.4±5.0  
Pre-Injury activity level 1 sport◊, no. (%) 56 (69) 56 (69) 
Time injury to surgery, median+IQR weeks 14±20  14±20  
Combined injuryϡ, no. (%) 40 (49) 46 (57) 
New knee injuries, no. (%) 0 (0)* 16 (20) 

ACLR limb✪ 0 (0)* 10 (11) 
Contralateral limb★ 0 (0)* 6 (7) 

Returned to Level 1 sports◊, no. (%) 20 (25) 26 (32) 
Radiographic OA, no. (%)** 5 (6) 15 (19) 

Patellofemoral  4 (5) 14 (18) 
Tibiofemoral 2 (3) 6 (8) 

 
ACLR=anterior cruciate ligament reconstruction; IQR=interquartile range; OA=osteoarthritis. 
◊ Level 1 sport=jumping/cutting/pivoting as per Grindem et al. (2012) classification. 
Ϡ Participants were defined as a combined injury at 1 and 5 years if they had a significant cartilage defect 
and/or meniscectomy assessed/performed at the time of ACLR. Those who had a secondary injury to the 
index knee between 1 and 5 years were added to the combined injury group at 5 years. 
✪5-year new ACLR limb knee injuries/surgery n=10 (n=3 ACLR revision, n=6 meniscectomy, n=1 lateral 
collateral ligament sprain). 
★5-year new contralateral limb knee injuries/surgery n=6 (combined: n=2 ACLR, n=1 meniscectomy, 
isolated: n=1 ACLR, n=1 meniscectomy, n=1 lateral collateral sprain). 
* No new knee injuries were reported at 1 year as this was an exclusion criterion at the 1-year post-ACLR 
assessment.  
**n=78 completed imaging assessment; the characteristics of these participants are reported in Chapter 4.  
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Table 6.2. Functional performance one year post-ACLR~ 
 

 
Raw score LSI % 

Single-hop, median+IQR (range) cm 108±40 (3 to 169) 92±15 (4 to 109) 
≥90% LSI (n=50/81)  119±27 (71 to 169) 96±6 (90 to 109) 
<90% LSI (n= 31/81) 85±34 (3 to 142) 79±17 (4 to 88) 

Triple-crossover hop, median+IQR (range) cm 337±130 (0 to 569)* 95±11 (0 to 129) 
≥90% LSI (n=55/81) 383±119 (146 to 569) 98±5 (90 to 129) 
<90% LSI (n= 26/81) 262±83 (0 to 403) 79±11 (0 to 89) 

Side-hop, median+IQR (range) repetitions 25±17 (0 to 63)* 83±28 (0 to 156) 
≥90% LSI (n=29/81) 29±13 (14 to 63) 100±11 (90 to 155) 
<90% LSI (n=52/81) 23±18 (0 to 51) 70±20 (0 to 89) 

One-leg rise, median+IQR (range) repetitions 26±39 (0 to 50)* 96±40 (0 to 167) 
≥90% LSI (n=40/76) 50±8 (5 to 50) 100±0 (92 to 325) 
<90% LSI (n= 36/76) 12±15 (0 to 43) 59±36 (0 to 89) 

 
cm=centimetres; IQR=interquartile range; LSI=limb symmetry index.  
~n=81 completed functional performance assessment at 1 year and PROs at 1 and 5 years. n=76 for the one-
leg rise as 5 participants were excluded as they could not perform a valid test on either limb.  
*some participants had a score of 0 for the ACLR limb for the triple-crossover hop (n=1), side-hop (n=5), and 
one-leg rise (n=8).  

6.4.1 Imaging outcomes  

Worsening compartment-specific OA features on MRI and radiographic OA prevalence are 

reported in detail in Chapter 4 (Patterson et al., 2018). Briefly, patellofemoral and tibiofemoral 

cartilage worsening (34 (44%) and 16 (21%) participants, respectively) was more common than 

BML worsening (14 (18%) and 12 (15%) participants, respectively). Seventeen (22%) participants 

displayed worsening meniscal lesions. Five (6%) participants displayed worsening of all three 

features, while 20 (26%), 4 (5%), and 7 (9%) had isolated cartilage, BML, and meniscal worsening, 

respectively. Worsening osteophytes were not included in the current study due to low numbers 

in the patellofemoral (n=7) and tibiofemoral (n=9) compartments (Patterson et al., 2018).  

6.4.2 Functional performance and risk of worsening early OA features 

Poor functional performance on the test battery (<90% on all four tests) resulted in an increased 

risk of worsening patellofemoral BMLs (RR 3.66; 95%CI: 1.12, 12.01) (Table 6.3). The majority 

(86%) of those with a worsening patellofemoral BML had <90% LSI on the side-hop (Figure 6.2). 

Individuals with <90% LSI on the triple-crossover hop-for-distance had an increased risk of 

worsening patellofemoral cartilage lesions (RR 2.09; 95%CI 1.15, 3.81). Individuals with <90% LSI 

on the single-hop, side-hop, and one-leg-rise had an increased risk of worsening patellofemoral 

BMLs (RR 4.17; 95%CI: 1.37, 12.72; RR: 3.77; 95%CI 1.15, 12.43; and RR: 2.92; 95%CI 1.19, 7.18, 

respectively). Fewer side-hop repetitions was associated with an increased risk of worsening 

patellofemoral BMLs (RR 1.08; 95% CI: 1.15, 12.43). In contrast, fewer one-leg rises was associated 
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with a small reduction in risk of worsening tibiofemoral cartilage lesions (RR 0.96; 95% CI: 0.94, 

0.99) (Table 6.3).  

 

 
Figure 6.2 Individuals with and without change in patellofemoral BMLs and respective side-hop 
LSI*. 
 
BMLs=bone marrow lesions; LSI=limb symmetry index. 
*LSI scores are presented in categories of 0-5%, 5-10%, etc. in increasing increments of 5% for the 
purpose of visualisation.  

6.4.3 Functional performance relationship with KOOS and IKDC.  

The one- and five-years KOOS and IKDC scores (n=81) have been reported in detail previously 

(Patterson et al., 2020c). Significant (p<0.05) improvement (i.e., less knee symptoms, better 

function and QoL) was observed for all KOOS subscales (except KOOS-Symptoms) and IKDC 

between one and five years (Patterson et al., 2020c). The mean±standard deviation changes were: 

Pain: 2.8±9; Symptoms: 0.5±16.1; Sport: 6.0±18.2; QoL: 10.0±18.9; IKDC 4.7±10.9. Generally, 

functional performance one year post-ACLR was not associated with change in KOOS or IKDC 

scores between one and five years (Table 6.4). Participants with <90% LSI for the side-hop test 

had a mean KOOS-QoL change value 8 points higher (β: 8.08; 95%CI: 1.56, 14.61), as compared to 

those with >90% LSI for the side-hop test.  
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Table 6.3. Functional performance at one year post-ACLR: Associations with risk of worsening early OA features on MRI between one and five years~ 

 

 
BML=bone marrow lesion; cm=centimetres; LSI=limb symmetry index; MRI=magnetic resonance imaging; n=number of participants with worsening; PF=patellofemoral; 
TF=tibiofemoral.  
~Bold values indicate a statistically significant association (p<0.05). Values are risk ratios (RR) (95% confidence intervals). Analysis performed in n=78 who completed 
functional assessment at 1 year and MRI and X-ray evaluations at 1 and 5 years. n=73 for the one-leg rise and battery LSI% as 5 participants were not included because 
they could not perform a valid one-leg rise on both the ACLR and contralateral limb.   
^For continuous exposure variables (raw score in cm or repetitions in ACLR limb), a RR >1 represents greater risk of worsening OA feature in the presence of lower 
functional performance (i.e., less distance or fewer repetitions). For example, a one-repetition decrease on the side-hop test could be interpreted as having a 7% 
increased risk of worsening patellofemoral BMLs.  
^^For dichotomous exposure variables (poor function defined as <90% LSI), a RR >1 represents a greater risk of worsening OA feature in the presence of poor function. 
For example, individuals with <90% LSI on the one-leg-rise were 2.92 times more likely to have worsening patellofemoral BMLs than those with >90% LSI.   
#Unable to perform analysis as all participants with <90% on the functional performance battery had TF cartilage defect worsening.  
 
 

  Worsening early OA features on MRI 
  PF Cartilage PF BML TF Cartilage TF BML TF Meniscal 
  n=34/78(44%) n=14/78 (18%) n=16/78 (21%) n=12/78 (15%) n=17/78 (22%) 
Single-hop No. (%)            

Raw score (cm)^   1.00 (0.99, 1.01) 1.01 (0.98, 1.03) 0.98 (0.96, 1.01) 1.00 (0.97, 1.03) 0.98 (0.96, 1.02) 
Poor function (ref ≥90% LSI)^^   31(38%) 1.26 (0.66, 2.41) 4.17 (1.37, 12.72) 0.69 (0.21, 2.35) 0.68 (0.20, 2.31) 1.65 (0.62, 4.44) 

Triple-crossover hop       

Raw score (cm)^   1.00 (1.00, 1.01) 1.00 (0.99, 1.01) 1.00 (0.99, 1.00) 1.00 (0.99, 1.01) 0.99 (0.98, 1.00) 
Poor function (ref ≥90% LSI)^^ 25(32%) 2.09 (1.15, 3.81) 2.60 (0.79, 8.62) 1.02 (0.31, 3.38) 1.02 (0.29, 3.57) 1.76 (0.52, 6.01) 

Side-hop       

Raw score (repetitions)  ̂  1.01 (0.98, 1.05) 1.08 (1.01, 1.15) 0.96 (0.91, 1.02) 1.00 (0.95, 1.06) 0.97 (0.92, 1.02) 
Poor function (ref ≥90% LSI)^^   49(63%) 1.02 (0.51, 2.03) 3.77 (1.15, 12.43) 1.10 (0.47, 2.60) 1.69 (0.34, 8.45) 0.89 (0.35, 2.28) 

One-leg-rise       

Raw score (repetitions)  ̂  1.01 (0.99, 1.02) 1.02 (0.99, 1.05) 0.96 (0.94, 0.99) 0.99 (0.94, 1.04) 0.98 (0.95, 1.02) 
Poor function (ref ≥90% LSI)^^        35(48%) 1.32 (0.72, 2.41) 2.92 (1.19, 7.18) 0.30 (0.08, 1.05) 0.58 (0.19, 1.78) 0.98 (0.33, 2.93) 

Functional battery^^        

Poor function all 4 tests*  
(ref ≥90% LSI ≥ any 1 test) 9(12%) 1.99 (0.92, 4.30) 3.66 (1.12, 12.01) n.a# 1.32 (0.30, 5.78) 1.25 (0.32, 4.88) 
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Table 6.4. Functional performance at one year post-ACLR: Associations with change in KOOS and IKDC between one and five years~ 

 

  Change in KOOS and IKDC between 1- and 5-years 
  KOOS-Symptoms KOOS-Pain KOOS-Sport KOOS-QoL IKDC 

Single-hop No. (%)       

Raw score (cm)^   0.05 (-0.09, 0.19) -0.06 (-0.13, 0.01) -0.11 (-0.27, 0.05) -0.03 (-0.18, 0.12) -0.02 (-0.12, 0.08) 
Poor function (ref >90% LSI)^^ 31(38%) 1.35(-5.70, 8.41) -2.57 (-6.08, 0.94) -1.68 (-9.04, 5.67) -1.81 (-9.01, 5.41) -1.27 (-6.07, 3.52) 

Triple-crossover hop       

Raw score (cm) ^   0.02 (-0.02, 0.07) -0.02 (-0.05, 0.00) -0.03 (-0.08, 0.02) -0.01 (-0.05, 0.04) 0.00 (-0.03, 0.03) 
Poor function (ref >90% LSI)^^ 26(32%) 2.56 (-4.30, 9.42) -3.14 (-6.65, 0.37) -3.14 (-6.65, 0.37) -3.40 (-10.27, 3.46) 0.38 (-4.17, 4.94) 

Side-hop       

Raw score (repetitions)  ̂  0.22 (-0.08, 0.52) 0.06 (-0.22, 0.10) -0.07 (-0.40, 0.27) 0.08 (-0.24, 0.40) 0.07 (-0.15, 0.28) 
Poor function (ref >90% LSI)^^ 52(64%) 5.50 (-1.23, 12.24) 2.97 (-0.43, 6.37) 2.96 (-0.44, 6.37) 8.08 (1.56, 14.61) 1.27 (-3.08, 5.63) 

One-leg-rise       

Raw score (repetitions)  ̂  -0.08 (-0.11, 0.26) 0.00 (-0.10, 0.10) -0.04 (-0.25, 0.18) 0.09 (-0.10, 0.29) 0.09 (-0.04, 0.22) 
Poor function (ref >90% LSI)^^ 36(47%) 2.92 (-3.72, 9.58) 0.45 (-3.07, 3.97) 0.45 (-3.08, 3.97) 6.19 (-0.75, 13.15) 3.79 (-0.62, 8.21) 

Functional battery^^   

Poor function all 4 tests* 
(ref ≥90% LSI ≥ any 1 test) 10 (13%) -2.78 (-12.44, 6.88) -3.00 (-7.80, 1.79) 0.30 (-11.23, 11.83) 0.47(-9.66, 10.61) -0.05 (-6.64, 6.54) 

 
cm=centimetres; IKDC=International Knee Documentation Committee subjective knee evaluation; KOOS=Knee injury and Osteoarthritis Outcome Score; LSI=limb 
symmetry index; QoL=quality of life.  
~ Bold values indicate a statistically significant association (p<0.05). Values are beta co-efficient (95% confidence intervals). Analysis performed in n=81 who completed 
functional assessment at 1 year and both KOOS and IKDC at 1 and 5 years. n=76 for the one-leg rise and battery LSI% as 5 participants were not included because they 
could not perform a valid one-leg rise on both ACLR and contralateral limb.   
 ^ The beta coefficient represents the adjusted difference in KOOS or IKDC change score per unit decrease in the continuous exposure variables. (i.e., cm or number of 
side-hop repetitions, ACLR limb). 
^ ^ The beta coefficient represents the adjusted difference in KOOS or IKDC in the presence of the dichotomous exposure variable (i.e., poor function defined as <90% 
LSI). For example, those with <90% LSI had an average of 8.08 points greater improvement on the KOOS-QoL than those with >90%.  
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6.5 Discussion 

Only one in five participants met common functional performance criteria (≥90% LSI on all hopping 

and one-leg rise tests) one year following ACLR – a time when function is typically expected to be 

restored. In this first evaluation of the implications of not meeting functional performance criteria 

on early OA outcomes following ACLR, poor function (<90% LSI) was consistently associated with 

2-4 times increased risk of worsening patellofemoral BMLs. Performance on the triple-crossover 

hop was associated with worsening patellofemoral cartilage over the subsequent four years. 

However, the regression models had wide CIs, and there were weak/no associations were 

generally observed between poor function and tibiofemoral cartilage, bone marrow, and meniscal 

lesions as well as changes in PROs. Further studies are required to validate an association between 

worse functional performance and degenerative joint changes after ACLR. 

 

Poor function and risk of worsening patellofemoral OA features 

Poor functional performance was associated with an increased risk of worsening patellofemoral 

OA features, particularly BMLs. An LSI <90% on all four tests in the battery was associated with 

3.66 times greater risk of worsening patellofemoral BMLs. When considered as a continuous 

variable (i.e., number of repetitions), the side-hop test was associated with worsening 

patellofemoral BMLs – each one repetition decrease on the side-hop test was associated with an 

8% increased risk of worsening patellofemoral BMLs (RR: 1.08). Given the associations between 

BMLs and incident symptoms, future damage to adjacent features (i.e., cartilage), and incident 

radiographic OA (Hunter et al., 2006b; Lo et al., 2009; Sharma et al., 2016), these findings may 

help identify individuals on an accelerated trajectory towards radiographic OA (Sharma et al., 

2016). There is a need to validate the findings of this study in larger cohorts due to the wide CIs 

for the worsening patellofemoral OA features risk estimates.  

 

Future studies must determine which factors influence functional recovery if worse function is 

prognostic for early degenerative changes. Previous cross-sectional evaluations of this cohort at 

one year post-ACLR found that worse hop test performance at one year post-ACLR was associated 

with patellofemoral pain, kinesiophobia, lower psychological readiness for return-to-sport, and 

worse knee confidence (Culvenor et al., 2016d; Hart et al., 2020). Other factors that have been 

linked to functional recovery following ACLR, such as motivation, stress, and self-efficacy (Everhart 

et al., 2015), may also be important to target during supervised rehabilitation (Ebert et al., 2018) 
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in order to optimise function. Future interventional studies should determine if improving 

functional performance can positively impact longer-term patellofemoral joint health. 

 

Do tibiofemoral and patellofemoral post-traumatic OA have different risk profiles?  

Functional performance one year post-ACLR had little association with worsening tibiofemoral OA 

features in the following four years, concurring with other studies reporting minimal associations 

between greater post-operative function or muscle strength and tibiofemoral radiographic OA 5-

15 years later (Oiestad et al., 2010b; Wellsandt et al., 2018). Factors associated with the 

development and/or progression of OA may differ between the tibiofemoral and patellofemoral 

compartments. Our results extend those from older non-traumatic OA populations, where lower-

limb function (i.e., quadriceps muscle strength) was more strongly associated with risk of 

patellofemoral disease progression than tibiofemoral (Amin et al., 2009; Culvenor et al., 2019c). 

In contrast to patellofemoral disease worsening, our results indicate that poorer function (fewer 

one-leg-rises) reduced the risk of tibiofemoral disease worsening. The mechanism underpinning 

this inverse (and unexpected) relationship is uncertain but is consistent with results in military 

recruits (aged 18), where lower quadriceps strength reduced the incidence of tibiofemoral OA 20 

years later (Turkiewicz et al., 2017). Taken together with the demographic and surgical-related 

factors, which display compartment-specific relationships with post-traumatic OA progression 

(Patterson et al., 2020c; Patterson et al., 2018; van Meer et al., 2015), future studies should 

evaluate the patellofemoral and tibiofemoral compartments independently to determine distinct 

risk profiles - particularly as they may have differing impacts on disease burden (Culvenor et al., 

2014b). For example, patellar alignment (lateral patellar displacement) was weakly associated 

with worsening patellofemoral cartilage in this cohort (Macri et al., 2019) –  although, when added 

as a covariate to the current statistical models, the relationships between function and worsening 

patellofemoral bone marrow and cartilage lesions did not change (data not shown). There is 

emerging appreciation of the greater risk of early (Culvenor et al., 2015a; Patterson et al., 2018) 

and longer-term radiographic patellofemoral OA (Culvenor et al., 2013), and potential 

contribution to symptoms (Culvenor et al., 2014b), compared to tibiofemoral OA. 

 

Challenges in predicting PROs 

Functional performance one year post-ACLR was mostly not associated with change in PROs 

between one and five years. The only significant finding was that individuals with poor function 

(<90% LSI) on the side-hop test had an 8 point greater improvement in KOOS-QoL compared with 

those with good function (>90% LSI). Due to a low proportion (12%) of participants scoring <90% 



  
 

117 
  

LSI on all four tests, a sensitivity analysis was performed to calculate the RRs for poor function 

(<90% LSI) on any 1, 2, or 3 tests, or at least 1, 2, or 3 tests (i.e., at least 2=all participants with 2, 

3, or 4 tests <90% LSI) (Supplementary File A – in Appendix Q). Similarly, poor function at one year 

on any or at least 2 tests was associated with 8-12 points greater improvement in KOOS scores. 

While 8-12 points approaches a clinically meaningful difference for the KOOS (≥8-10 points) 

(Collins et al., 2011), these results should be interpreted with caution. Individuals with poor 

function one year post-ACLR have greater potential for future improvement in physical and self-

reported function, compared to those who have already restored good function. Only 7 (9%) 

participants had a KOOS-QoL >90 at the one-year assessment, demonstrating that the majority of 

the cohort had not reached a ceiling point, and may continue to improve between one and five 

years.   

 

The only other study to evaluate the relationship between function at the time of return-to-sport 

and PROs beyond two years reported conflicting findings (Ericsson et al., 2013). Greater between 

limb asymmetry on the one-leg rise 6-15 months post-ACL injury was associated with worse KOOS 

scores at five years (Ericsson et al., 2013). Due to the multifactorial fluctuating nature of life for a 

young active adult, it is likely that many other subjective factors influence change in KOOS and 

IKDC scores; hence, predicting PROs post-ACLR is challenging (An et al., 2017; Losciale et al., 2019). 

Further research should consider the potential psychosocial and contextual influences on PROs, 

such as fear avoidance, confidence, coping, and healthcare utilisation (Ardern et al., 2016; Ardern 

et al., 2014a; Feucht et al., 2016; Grindem et al., 2018; Hart et al., 2015). 

 

Limitations  

This prospective study lost 31 (28%) participants between one and five years. However, there were 

no significant differences in pre-injury activity level, age, sex, BMI at the one-year assessment, or 

combined injury presence at the time of ACLR, between those who did and did not participate in 

the five-year assessment (Patterson et al., 2018). The current study included 6 (8%) participants 

who did not participate in jumping or cutting sports pre-injury (i.e. Level 3 or 4) (Grindem et al., 

2014), which may have influenced the raw hop test scores at one year. The current study may also 

have been underpowered to detect potential relationships with functional performance for some 

outcome variables (i.e., tibiofemoral worsening), affecting the statistical stability of some 

regression models. Future approaches should combine large sets of individual-level data from 

multiple sites to provide sufficient power to detect risk factors and develop a risk profile for early 

OA development and progression in this young active population. Mechanical (e.g., movement 
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patterns (Culvenor et al., 2016e), physical activity (Culvenor et al., 2017a; Oiestad et al., 2018; 

Whittaker & Roos, 2019), time from injury to ACLR (Patterson et al., 2018)) and systemic factors 

(e.g., adiposity) (Toomey et al., 2017) may also influence the development of post-traumatic OA 

(Whittaker & Roos, 2019) and warrant consideration in future risk profiles. 

 

The LSI has inherent limitations and may overestimate knee function due to the bilateral 

neuromuscular deficits observed post-ACLR (Wellsandt et al., 2017). Also, the use of a discrete 

cut-off (i.e., >90% LSI) as an independent risk factor may result in overestimation of risk estimates 

(Carey et al., 2018). Therefore, both the magnitude of performance as a continuous outcome 

(repetitions or distance) as well as symmetry (LSI%) were included, with generally a closer 

association observed between worsening OA features and dichotomised outcomes (<90%LSI). A 

floor effect for the functional performance tests should be noted as some participants scored 0 

on their ACLR limb (Table 6.2), with reasons (anecdotally reported) such as lack of physical 

capability (strength/power/control) or confidence to attempt the task. Future studies should 

explore reasons for poor functional performance in order to better direct intervention strategies. 

 

Clinical considerations  

Despite the limitations of the LSI, better limb symmetry in hop tests has been associated with 

greater likelihood of return-to-sport and reduced re-injury risk (Ardern et al., 2015; Kyritsis et al., 

2016). Our results show that restoring limb symmetry is also an attractive intervention target, 

given that only 18% “passed” the test battery (>90% LSI all four tests), and poor function was 

associated with increased risk of worsening patellofemoral bone marrow and cartilage lesions. 

Our sensitivity analyses (Supplementary File A, Table 1 - in Appendix Q) demonstrated that the 

highest RRs for worsening patellofemoral cartilage, patellofemoral BMLs, and tibiofemoral 

meniscal lesions were observed when any 3 tests, or at least 2 or 3 tests, were failed (<90% LSI). 

A battery of tests assessing multiple functional domains (i.e., strength, endurance, balance) may 

better categorise individuals with poor functional performance, and may be more predictive of 

clinical outcomes (Kyritsis et al., 2016). Multi-faceted neuromuscular deficits may affect joint 

loading (Gardinier et al., 2014), and consequently, joint health. Regardless of return-to-sport 

aspirations, continuing rehabilitation to achieve “functional criteria” on a test battery may 

optimise future joint health. Future studies should continue to investigate the relationships 

between symptomatic and structural changes in a post-traumatic OA population following ACLR. 

Underlying early stages of OA without the presence of symptoms may not be “incidental” in those 

at risk of OA, and may lead to future symptomatic radiographic OA (Sharma et al., 2016). 
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6.6 Conclusion  

Only one in five participants met common functional performance criteria (≥90% LSI all four tests) 

one year post-ACLR. Poor function was consistently associated with 2-4 times increased risk of 

worsening patellofemoral (but not tibiofemoral) BMLs. These results highlight the importance of 

optimising function beyond the short-term re-injury risk, as functional performance may help 

identify individuals on an accelerated trajectory towards (patellofemoral) radiographic OA.
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Part C: Rehabilitation interventions following 
ACLR, with consideration for those with 

persistent symptoms
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7 Chapter Seven: Rehabilitation interventions following ACLR 

7.1 Preface 

Chapters 1 to 6 provide important insight into individuals with a worse prognosis, who are most 

likely to benefit from secondary OA prevention interventions. Part B highlighted that at least one-

third of individuals will have unacceptable symptoms and QoL at one and five years following 

ACLR. Only one in five passed the functional performance test battery at one year following ACLR, 

and poor functional performance was associated with an increased risk of worsening 

patellofemoral OA features on MRI over the proceeding four years. The next step is to determine 

if rehabilitation targeting persistent impairments (e.g., functional performance) associated with 

worse prognosis can improve knee-related symptoms and QoL following ACLR. Chapter 7 provides 

an overview of the evidence base for different aspects of rehabilitation for all individuals following 

ACLR, irrespective of time since surgery or risk profile (e.g., age, BMI). This information will inform 

the content of the intervention to be evaluated in a pilot RCT in Chapter 8 (Study 5).  

7.2 Evidence-based rehabilitation following ACLR   

Irrespective of a patient’s risk profile, rehabilitation following ACLR, focused on progressive 

exercise therapy and education, is critical to reduce symptoms, restore knee range of motion, 

restore muscular strength and function, and aid in returning to pre-injury activity levels (Andrade 

et al., 2019). Restoration of strength and functional performance may be an important first step 

in preventing the development or progression of post-traumatic OA and symptomatic decline 

following ACLR. Based on the best available evidence, it is recommended that rehabilitation 

following ACLR consist of three distinct phases:  

i) early post-operative care to minimise pain and swelling and restore range of motion 

and normal walking gait. 

ii) resistance, neuromuscular, and sport-specific exercises. 

iii) graded return-to-sport. 

 

For the purpose of this thesis, resistance training is an “umbrella” term for exercises prescribed to 

address muscular strength and power deficits (i.e., includes plyometrics/hopping). Muscular 

strength is the ability to produce force against given resistance, while muscular power is the ability 

to produce force at a high speed (American College of Sports Medicine, 2009). Neuromuscular 

training refers to exercises which aim to improve movement control, balance, coordination, 

muscle activation patterns, and dynamic stability (Ageberg, 2002; Ageberg & Roos, 2015). Sport-

specific exercises include activities such as jogging, sprinting, agility, or kicking a ball. Exercise 
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therapy is the overarching term used to describe all forms of resistance, neuromuscular, and 

sport-specific training. Education interventions include provision of information, advice, or 

behavioural modification techniques that may influence patient knowledge, beliefs, and/or health 

behaviour. Rehabilitation aims to address impairments, and can include physical (e.g., exercise, 

cryotherapy) and non-physical (e.g., education) interventions. 

 

Clinical practice guidelines (CPGs) are a systematically developed set of evidence-based 

recommendations to guide clinical assessment and treatment of a condition. Six peer-reviewed 

CPGs (formulated with a systematic review and a team of multidisciplinary experts) were 

published in the last 20 years, providing recommendations for post-operative rehabilitation 

following ACLR in adults (Andrade et al., 2019; Arroll et al., 2003; Logerstedt et al., 2017; Meuffels 

et al., 2012; Shea et al., 2015; van Melick et al., 2016; Wright et al., 2008). The quality and 

consistency of the ACLR rehabilitation recommendations from the six CPGs were evaluated with 

the Appraisal of Guidelines for Research and Evaluation (AGREE II) instrument (Andrade et al., 

2019). The AGREE II is a 23-item tool that assesses six domains: scope and purpose, stakeholder 

involvement, rigour of development, clarity of presentation, applicability, and editorial 

independence (Agree Collaboration, 2003). The median AGREE II percentile score of the six CPGs 

was 63% (IQR: 48-83%), with scores under 50% indicating lower quality (Andrade et al., 2019). 

Table 7.1 is adapted from Andrade et al. (2019) and summarises the recommendations for 

interventions following ACLR.  

 

Consistent recommendations among CPGs include immediate range of motion exercises, 

resistance and neuromuscular training, and the use of patient-reported and physical outcome 

measures to monitor progress (Andrade et al., 2019) (Table 7.1). Progressive resistance and 

neuromuscular training from six weeks after ACLR should continue until physical and patient-

reported criteria are met (Andrade et al., 2019). All other recommendations were conflicting, 

highlighting the need for more high-quality original research via RCTs to evaluate interventions 

following ACLR.  
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Table 7.1. Recommendations related to rehabilitation following ACLR: Based on a review of six 
CPGs~ 
 

 Clinical Practice Guideline  
 NZGG DOA MOON AAOS KNGF APTA Consistency 
Year of publication 2003 2012 2008 2015 2016 2017  
Phase 1: Early post-operative*   
Immediate CPM        
Immediate knee ROM exercises        
Immediate full WB as tolerated         
Immediate post-operative bracing        
Immediate cryotherapy         
Neuromuscular electrostimulation        
Phase 2: Resistance, neuromuscular, and sport-specific exercises  
Strength/neuromuscular exercises        
OKC restricted ROM ≥4 weeks        
OKC full ROM ≥12 weeks         
Phase 3: Return-to-sport   
Criteria-based clearance using 
objective measures  

      
 

Delivery methods   
Supervised rehabilitation        
Rehabilitation can be home-based        
Outcome measures to monitor exercise progression      
Self-reported symptoms         
Self-reported function        
Self-reported psychological         
Self-reported quality of life        
Objective physical function        
Lachman/pivot shift test        
Activity level         

 
 No recommendations  
 Should be used (strong recommendation to use) 
 May be used (according to individual circumstances) 
 Uncertain recommendation (recommendation was not clear to authors) 
 Should not be used (strong recommendation not to use) 

 

AAOS=American Academy of Orthopaedic Surgeons (Shea et al., 2015); ACL=anterior cruciate ligament; 
APTA=American Physical Therapy Association (Logerstedt et al., 2017); DOA=Dutch Orthopaedic 
Association (Meuffels et al., 2012); KNGF=Royal Dutch Society for Physical Therapy (van Melick et al., 
2016); MOON=Multicenter Orthopaedic Outcomes Network (Wright, 2008); NZGG=New Zealand 
Guidelines Group (Arroll et al., 2003); OKC=open kinetic chain quadriceps or hamstring strengthening 
exercises; ROM=range of movement; WB=weight bearing. 
~ Table adapted from Andrade et al. (2019) systematic review of 6 CPGs.  
*Immediate=within 1 week following ACLR. 
Agreement amongst CPGs. 
Lack of agreement amongst CPGs. 
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The CPGs fail to provide clear recommendations for end-stage rehabilitation, particularly beyond 

12 months following ACLR. Yet, a high proportion of individuals present with persistent symptoms 

(~50%), poor knee-related QoL (~50%), and functional performance deficits (~80% failed the test 

battery) at one year following ACLR (Part B of this thesis), consistent with other reports (Hamrin 

Senorski et al., 2018; Ingelsrud et al., 2015; Wellsandt et al., 2017). Those failing to fully recover 

in the first year may require additional rehabilitation focusing on exercise therapy and education, 

tailored to their individual needs. However, the benefit of ongoing resistance, neuromuscular, and 

sport-specific exercises beyond 12 months is unclear (Andrade et al., 2019). The CPGs provide no 

clear recommendations for formal education throughout rehabilitation programs following ACLR 

(Andrade et al., 2019), but due to the potential to positively influence outcomes (Coronado et al., 

2018; Truong et al., 2020), education should be considered in future intervention trials.  

 

To develop an evidence-based exercise therapy and education intervention for the pilot RCT in 

this thesis (Chapter 8), the recommendations from the CPGs and wider literature were considered, 

together with interventions tailored to address specific impairments.  

7.3 Rehabilitation following ACLR 

7.3.1 Resistance, neuromuscular, and sport-specific training  

Resistance training  

Resistance training for knee extensor (quadriceps) and knee flexor (hamstrings) muscles should 

be included (Andrade et al., 2019) to target strength and power deficits (Lisee et al., 2019a; 

Petersen et al., 2014; Thomas et al., 2013; Turpeinen et al., 2020) (Table 7.2). Quadriceps and 

hamstring resistance training may include open kinetic chain and/or closed kinetic chain, 

concentric and/or eccentric exercises (Andrade et al., 2019; Kruse et al., 2012; van Melick et al., 

2016). Although the use of open kinetic chain quadriceps and hamstring strengthening exercises 

(particularly during the early post-operative phase) are widely debated, four of the six CPGs 

suggest that they may be introduced early (from four weeks) in the range of 45° to 90°, and from 

12 weeks through full range (Meuffels et al., 2012; Shea et al., 2015; van Melick et al., 2016; Wright 

et al., 2008) (Table 7.1). The early and/or late introduction of open kinetic chain exercises 

throughout ACLR rehabilitation is safe, and does not increase anteroposterior knee laxity 

(Perriman et al., 2018).  
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Table 7.2 Rehabilitation recommendations based on evidence-based impairments and CPG recommendations  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ACLR=anterior cruciate ligament reconstruction; CPGs=clinical practice guidelines; RCT=randomised controlled trial.  
evidence exists to suggest deficits exist; intervention is recommended by CPG.  
?evidence is limited to provide definite recommendation that deficits exist, or that interventions should be included following ACLR.   
not included in the control (trunk-focussed) intervention in Chapter 8.  
*evidence to support hip extensor deficits, but not hip abductors, adductors, internal and external rotators. 
a References: isokinetic muscle strength (Lisee et al. 2019a; Petersen et al. 2014; Thomas et al. 2013) and power (rate of force development) (Turpeinen et al. 2020), 
hop/jump performance (Abrams et al. 2014; Almangoush & Herrington, 2014; Thomee et al. 2012) deficits compared to the uninjured limb or healthy controls.  
b References: single-leg stance increased postural sway and reaction time to perturbation (Abrams et al. 2014; Ageberg, 2002; Culvenor et al. 2016a; Negahban et al. 
2014) compared to uninjured limb or healthy controls.  
c References: reduced knee flexion moment and/or lower knee power absorption in walking (Hart et al. 2016; Hart et al. 2010; Kaur et al. 2016; Slater et al. 2017), 
running (Hart et al. 2010; Pairot-de-Fontenay et al. 2019), or single-leg landing (Johnston et al. 2018; Kotsifaki et al. 2020).  
d References (Ageberg, 2002; He et al. 2020; Lisee et al. 2019a). 
e References: shuttle run, carioca test, or agility tests insufficient evidence to suggest deficits exist compared to healthy populations (Abrams et al. 2014). 
f  Reference from elite population data only regarding sport-specific statistics (e.g., shooting percentage) (Mohtadi & Chan, 2018). 
g  References: psychosocial factors (e.g., confidence, social support, athletic identity, motivation, stress, fear of re-injury) (Everhart et al. 2015; Truong et al. 2020; 
Walker et al. 2020) and contextual factors (e.g., knowledge, beliefs, expectations) (Bennell et al. 2016; Feucht et al. 2016) are evident and associated with worse 
outcomes. 

 INTERVENTION   

Type of intervention  Resistance training  Neuromuscular training  Sport-specific training Education 

Intervention target 
Muscle strength and/or powera Neuromuscular function Sport-specific function Psychosocial 

contextual  
Knee 

extensors 
Knee 

flexors Hip* Calf Trunk Combined 
(e.g., hop) 

Postural 
controlb 

Movement 
patternsc 

Muscle 
activationd 

E.g., fitness, 
speed,agilitye 

E.g., skill, 
performancef 

E.g., knowledge, 
fear,beliefsg 

  Deficits exist following ACLR  
Deficits up to 12 months    ? ?     ?   

Deficits >12 months    ? ?     ? f ? 
Interventions to address deficits are reccommended by CPGs   
Recommended by CPGs 
up to 12 months   ? ? ?     ? ? ? 

Recommended by CPGs 
>12 months ? ? ? ? ? ? ? ? ? ? ? ? 
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Resistance training for specific hip (e.g., extensors, abductors), ankle (e.g., calf), and/or trunk (e.g., 

core) muscle groups following ACLR is not mentioned in the CPGs (Table 7.2) (Andrade et al., 

2019). However, recent systematic reviews reveal deficits up to 24 months following ACL injury in 

hip extensor strength (Petersen et al., 2014; Thomas et al., 2013) and functional performance 

testing (e.g., hop tests) involving muscle power and strength in all lower-limb muscle groups 

(Abrams et al., 2014; Almangoush & Herrington, 2014; Noyes et al., 1991; Reid et al., 2007; 

Thomee et al., 2012) (Table 7.2). Calf, hip, and trunk muscles can dissipate ground reaction forces 

throughout the whole kinetic chain, and provide dynamic stability at the knee (e.g., resisting knee 

valgus) (Ageberg, 2002; Besier et al., 2003). Considering the wider literature, quadriceps, 

hamstring, calf, hip, and trunk muscle groups appear to be important inclusions for resistance 

training programs following ACLR. 

 

Exercises targeting strength and power should be prescribed and progressed according to age-

appropriate resistance training principles (American College of Sports Medicine, 2009; Behm et 

al., 2008). To improve strength, resistance or load sufficient to create fatigue after 8-12 repetitions 

(i.e., unable to physically complete two more repetitions), and repeated for three to five sets, is 

recommended (American College of Sports Medicine, 2009). Unilateral, bilateral, single (e.g., leg 

extension) and multiple joint (e.g., squat) strength exercises should be considered. Exercises to 

improve muscular power (American College of Sports Medicine, 2009) are required, to enable safe 

return to sporting activities, and considering the power deficits evident up to three years following 

ACLR (Ageberg et al., 2009; Neeter et al., 2006; Thomee et al., 2012; Turpeinen et al., 2020). 

Compared to strengthening exercise prescription, heavier loads (i.e., fatigue is reached after 3-6 

repetitions), or lighter loads performed at a faster contraction velocity, with a focus on multiple 

joint and whole-body movement (e.g., plyometric exercises such as box jumps) may be used to 

improve muscle power following ACLR (American College of Sports Medicine, 2009; Bieler et al., 

2014).  

 

Neuromuscular training 

Neuromuscular exercises are typically performed in functional weight-bearing positions, with a 

focus on targeting postural control and balance, movement, and muscle activation patterns 

(Ageberg & Roos, 2015) (Table 7.2). Neuromuscular exercises following ACLR can: (i) change 

movement patterns during walking (e.g., increase knee flexion during stance) (Chmielewski et al., 

2005; Risberg et al., 2009), (ii) increase quadriceps activation (i.e., number and frequency of motor 

unit recruitment) (Sonnery-Cottet et al., 2019), (iii) increase quadriceps strength (i.e., maximal 

isometric or isokinetic force output) (Cooper et al., 2005b), (iv) reduce co-contraction of the 
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quadriceps, hamstrings, and gastrocnemius during walking (Chmielewski et al., 2005), and (v) 

improve lower-limb functional performance in hop tests (Ageberg et al., 2001b) following ACLR.  

 

Neuromuscular exercises typically progress from standing on one leg, to squatting on one leg to 

jumping, landing, and cutting with perturbations, with a focus on dynamic alignment of the lower-

limb and trunk. Balance exercises may include internal perturbations (e.g., balancing on one leg 

while moving the upper limb) or external perturbations (e.g., landing on one leg while being 

pushed) (Ageberg & Roos, 2015). Some neuromuscular exercises (e.g., jumping and landing, 

unilateral squatting) may have crossover with strength and power-based exercises. Maximising 

force output (e.g., jump height or external load) and optimising movement quality (e.g., alignment 

of the lower-limb during take-off and landing) should be encouraged during these exercises. 

Neuromuscular training should be combined with resistance training following ACLR to optimise 

outcomes (Andrade et al., 2019) (Table 7.1). Most RCTs comparing neuromuscular and resistance 

training programs report large, but similar improvements in physical outcomes (e.g., strength, 

functional performance on hop tests) and PROs up to one year following ACLR (Arundale et al., 

2018; Cooper et al., 2005a; Hartigan et al., 2009; Liu-Ambrose et al., 2003).    

 

Sport-specific exercises 

Sport-specific exercises individualised to the patient’s goals may be incorporated as appropriate 

strength and neuromuscular control is gained. Programs to develop aerobic capacity, speed, 

deceleration, agility, and sports-related skills (e.g., kicking a ball) are advocated to progress 

towards return-to-sport (Burgi et al., 2019; Davies et al., 2017; Yabroudi & Irrgang, 2013). 

 

Exercise progression  

The use of physical strength and functional performance measures, patient-reported symptoms, 

QoL, function (i.e., KOOS or IKDC), activity level, or psychological readiness (ACL Return-to-sport 

after Injury scale (ACL-RSI)) to monitor exercise progression was agreed upon by four of the six 

CPGs (Logerstedt et al., 2017; Meuffels et al., 2012; Shea et al., 2015; van Melick et al., 2016) 

(Table 7.1). Exercise progression can based on: (i) resistance training principles (American College 

of Sports Medicine, 2009), (ii) ability to perform the activity with optimal movement quality and 

neuromuscular control, (iii) minimal pain and swelling response, and (iv) patient-specific 

psychosocial and contextual factors (e.g., goals, confidence, expectations, adherence, and 

motivation) (Davies et al., 2017).  
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7.3.2 Graded return-to-sport 

Resistance, neuromuscular, and sport-specific exercises should be progressed until the 

achievement of physical “return-to-sport” criteria (Table 7.1). Passing an extensive battery of 

strength and hop tests assessing quantity and quality of movement is encouraged, yet the exact 

cut-off scores or predictive ability of physical tests are uncertain. The most common physical 

criterion reported in the CPGs was achieving >90% LSI on a battery of strength (i.e., quadriceps 

and hamstrings) and hop tests (Logerstedt et al., 2017; van Melick et al., 2016). Given many 

patients (~50%) do not return-to-sport 12 months after ACLR (Ardern et al., 2014b) and few (~20%) 

meet recommended physical criteria prior to return (Webster & Hewett, 2019), the return-to-

sport phase may continue beyond 12 months following ACLR.   

 

Passing a battery of physical and patient-reported measures of function, and completion of sport-

specific rehabilitation, might reduce re-injury risk (Ashigbi et al., 2020; Grindem et al., 2016; 

Kyritsis et al., 2016). Kyritsis et al. (2016) reported that those completing sport-specific graded on-

field rehabilitation and agility testing, combined with meeting >90% strength and functional 

criteria, had a four-fold reduction in re-injury risk. Not everyone wants to return-to-sport following 

ACLR, but achieving physical and patient-reported criteria should be encouraged, due to the 

potential implications for future joint health (Chapter 6), and to facilitate return to other types of 

physical activities such as running (Rambaud et al., 2018).  

7.4 Education  

Education in the form of information and advice, or behaviour modification techniques (e.g., 

motivational interviewing), might enhance rehabilitation outcomes (De Oliveira Silva et al., 2020; 

O'Halloran et al., 2014). Understanding the rationale for the exercise program and criteria-based 

progression, combined with advice on goal setting and pain management, may be important 

following ACLR. Education can address knowledge gaps and unrealistic expectations regarding 

recovery, the risk of OA, and the potential benefits of exercise and joint loading (Bennell et al., 

2016; Feucht et al., 2016; Truong et al., 2020). Education and support strategies can change 

behaviour, facilitate lifestyle modifications (e.g., improve diet, optimise physical activity 

participation), and manage the psychosocial and contextual factors that may be implicated in poor 

outcomes after ACLR (Truong et al., 2020; Walker et al., 2020). Interventions targeting factors such 

as fear, anxiety, or confidence are effective in other musculoskeletal conditions (Ehde et al., 2014), 

and show promise following ACLR (Coronado et al., 2018). Identifying patient-specific social and 

contextual barriers (e.g., lack of gym access), and working through solutions (e.g., home-based 

alternatives) may enhance adherence.  
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7.5 Level of supervision and duration of rehabilitation following ACLR 

Exercise therapy is the cornerstone of ACLR rehabilitation. Yet, it is unclear whether exercises 

should be regularly supervised or progressed by a qualified health professional (e.g., 

physiotherapist) (Arroll et al., 2003; Logerstedt et al., 2017; van Melick et al., 2016; Walker et al., 

2020; Wright et al., 2008) (Table 7.1). Supervised exercise therapy may be valuable for some, or 

all patients, but there is little evidence in patients following ACLR, particularly for end-stage 

rehabilitation (Walker et al., 2020). The more recent publications from the Walker et al. (2020) 

review (i.e., those published since 2016) suggest that more frequent supervision (≥two 

appointments per month compared to less than once per month) and a longer duration (≥six 

months following ACLR) of supervised physiotherapy are associated with better PROs and physical 

outcomes (Walker et al., 2020).  While supervised rehabilitation may be important, it appears that 

few patients (<20%) continue supervised or guided exercise beyond six to nine months (Ebert et 

al., 2018; Greenberg et al., 2018; Rosso et al., 2018). The value of ongoing supervised rehabilitation 

for those with persistent symptoms is yet to be determined.  

 

An intervention for those with persistent symptoms one year following ACLR might consider 

physiotherapist-guided exercise therapy, combining elements of supervised and unsupervised 

exercise. The sub-group of individuals with persistent symptoms and functional impairments 

following ACLR might represent a group of individuals who require additional supervision to 

facilitate them to complete home exercises. Supervised one-to-one sessions may increase 

motivation, reduce fear of exercise, and progress exercises based on individual needs, response, 

and quality of technique. They may require additional education about future symptoms and OA 

risk, and the importance of exercise and weight management. Independent exercise is also 

important for this young population following ACLR in order to increase the feasibility of the 

intervention due to the known barriers for physiotherapy attendance and exercise adherence 

(e.g., financial costs; lack of time due to work, study, or family-related commitments (Truong et 

al., 2020; Walker et al., 2020). 
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8 Chapter Eight: Exercise therapy and education for individuals 

with persistent symptoms one year following ACLR: A pilot RCT 

8.1 Preface  

Chapter 7 highlighted that progressive exercise therapy and education should continue for 9 to 12 

months following ACLR, or until achievement of physical and patient-reported criteria. The work 

from this thesis indicates that many individuals will achieve these criteria within the first year 

following ACLR, but a subgroup of individuals will have persistent symptoms and functional 

impairments. This subgroup may have a higher risk of structural and symptomatic decline, and 

may benefit from ongoing and more individualised interventions targeting modifiable factors 

associated with poor prognosis. Yet, there is a lack of Level 1 evidence from RCTs to support the 

effectiveness of exercise and education interventions, beyond typical rehabilitation periods, for 

those who have not achieved an acceptable outcome one year following ACLR. Combining the 

evidence in Chapter 7 with clinical expertise, a physiotherapist-guided, lower-limb-focussed 

exercise therapy and education intervention was designed for individuals with persistent 

symptoms one year following ACLR. The pilot RCT in Chapter 8 evaluated the feasibility of this 

lower-limb-focussed exercise therapy and education intervention compared to a (control) trunk-

focussed intervention.  
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8.2 Introduction  

Following ACLR, CPGs recommend that post-operative rehabilitation continues for at least 9 to 12 

months, or until achievement of sport-specific strength, functional, and psychological criteria (van 

Melick et al., 2016). Yet, many patients have symptoms, muscle weakness, and functional deficits 

that persist beyond one year post-ACLR (Culvenor et al., 2016a; Patterson et al., 2020b; Xergia et 

al., 2013), which may increase the risk of re-injury, post-traumatic OA, and worse knee-related 

QoL (Culvenor et al., 2019a; Culvenor et al., 2017a; Culvenor et al., 2017b; Ericsson et al., 2013; 

Grindem et al., 2016; Patterson et al., 2020a). Yet, no clinical trials have evaluated exercise and 

education beyond the typical rehabilitation period for those who have not achieved an acceptable 

outcome within the first post-operative year.  

 

Approximately 50% of individuals report unacceptable knee symptoms and QoL one to two years 

after ACLR (Ingelsrud et al., 2015; Patterson et al., 2020c). Minimal improvement occurs beyond 

one to two years (Patterson et al., 2020c; Spindler et al., 2018), and symptoms and QoL remain 

worse than uninjured peers in the longer-term (>five years) (Filbay et al., 2015; Patterson et al., 

2020c). Persistent symptoms at one year post-ACLR often co-exist with impairments in functional 

performance and loss of knee confidence (Culvenor et al., 2016d; Hart et al., 2020). Functional 

performance impairments are typically defined as 10% lower performance in the ACLR compared 

to the contralateral limb on hop testing. Persistent symptoms and functional deficits at one year 

post-ACLR increase the risk of developing short-term (<five years) and longer-term (5 to 10 years) 

symptoms, impaired knee-related QoL, and OA on radiographs or MRI (Culvenor et al., 2016c; 

Ericsson et al., 2013; Filbay et al., 2018a; Patterson et al., 2020a). Therefore, the one-year post-

operative milestone provides an ideal window to identify “at-risk individuals” with persistent 

symptoms who have ceased supervised rehabilitation, and to implement interventions for these 

individuals. Physiotherapist-guided exercise therapy and education to address persistent physical 

impairments and symptoms may be important for the secondary prevention of re-injury, post-

traumatic OA, and poor QoL in young adults post-ACLR (Culvenor & Barton, 2017; Whittaker & 

Roos, 2019). 

 

The primary aim of this pilot study was to determine the feasibility of an RCT evaluating a 

physiotherapist-guided exercise therapy intervention for individuals with persistent symptoms 

one year post-ACLR. The secondary aim was to determine if a worthwhile treatment effect could 

be observed for the lower-limb-focussed intervention (compared to the trunk-focussed 

intervention), for improvement in knee-related QoL, symptoms, and function.  
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8.3 Methods  

8.3.1 Study design  

This double-blind (assessor and participant), parallel-arm, pilot feasibility RCT was conducted in 

accordance with the National Health and Medical Research Council ethical guidelines (National 

Health Medical Research Council, 2007), and reporting adheres to the Consolidated Standards of 

Reporting Trials (CONSORT) statement for pilot and feasibility studies (Eldridge et al., 2016) 

(Appendix R). Ethical approval was gained from the La Trobe University Human Ethics Committee 

(HEC 16-077) and all participants were provided with a written participant information statement 

and completed written informed consent prior to participating. The trial was prospectively 

registered through the Australia and New Zealand Clinical Trials Registry 

(ACTRN12616000564459).  

8.3.2 Setting  

All assessments and treatments were conducted at two private physiotherapy clinics in Australia, 

located in Hobart and Melbourne, respectively.  

8.3.3 Participant recruitment and eligibility  

Individuals 12-15 months following a hamstring-tendon autograft ACLR were recruited from five 

orthopaedic surgeons, advertisements at La Trobe University, and via social media (December 

2016 to August 2017). Individuals aged 18 to 50 years were considered eligible if they scored 

<87.5/100 on KOOS-QoL (threshold below which has been defined as a symptomatic knee 

(Englund et al., 2003)) and met one of the following criteria: a) <22 repetitions on the one-leg rise 

test, b) single-hop <90% LSI, or c) <87/100 on the Anterior Knee Pain Scale (AKPS) (Kujala et al., 

1993). These functional performance thresholds are associated with worse symptoms and poorer 

knee-related QoL (Culvenor et al., 2016c; Ericsson et al., 2013; Reinke et al., 2011), and the AKPS 

threshold is associated with worse functional performance at one year post-ACLR (Culvenor et al., 

2016d). The exclusion criteria were: i) >five years between injury and ACLR, ii) subsequent injury 

(for which medical treatment was sought) or follow-up surgery to the ACLR knee, iii) another 

condition influencing daily function, iv) unable to speak or read English, and v) unable to attend 

eight supervised sessions. 

8.3.4 Deviations from initial trial protocol 

Participants were initially deemed ineligible if they had sustained a previous ACL or knee injury to 

either limb prior to their recent ACLR. After commencing recruitment, it was evident that a 

previous knee injury was common in those with persistent symptoms, and these individuals are at 

http://www.anzctr.org.au/TrialSearch.aspx#&&conditionCode=&dateOfRegistrationFrom=&interventionDescription=&interventionCodeOperator=OR&primarySponsorType=&gender=&distance=&postcode=&pageSize=20&ageGroup=&recruitmentCountryOperator=OR&recruitmentRegion=&ethicsReview=&countryOfRecruitment=&registry=&searchTxt=An+exploration+of+the+feasibility+of+a+randomised+clinical+trial+for+physiotherapy+intervention&studyType=&allocationToIntervention=&dateOfRegistrationTo=&recruitmentStatus=&interventionCode=&healthCondition=&healthyVolunteers=&page=1&conditionCategory=&fundingSource=&trialStartDateTo=&trialStartDateFrom=&phase=
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increased risk of symptomatic post-traumatic OA (Wright et al., 2012). The inclusion criteria were 

adjusted at the start of recruitment to include those with a previous ACL or knee injury. Hypothesis 

testing in a regression model was not performed as initially planned, due to the limitations of 

significance testing in clinical research (Herbert, 2019), and was not considered appropriate for a 

feasibility trial. Instead, the between-group differences and 95% CIs were used to verify that a 

worthwhile effect was contained within the CI. We defined a worthwhile effect as greater than 

the MDC score for the respective outcome measure, where available. While the primary purpose 

of feasibility was implied throughout the trial registration and included as such in the trial title, we 

did not list feasibility as a separate outcome in the trial registration. We have maintained our focus 

on feasibility by including it as the primary aim of this pilot study. Several other exploratory PROs 

were outlined in the trial registration but were beyond the scope of this evaluation due to the 

primary aim of feasibility. 

8.3.5 Procedures 

Eligible participants underwent a baseline assessment with a blinded assessor (BP) and 

randomisation into one of two intervention groups. The same blinded assessor completed all 

follow-up assessments, unaware of group allocation. Participant age, sex, BMI, injury history, ACLR 

surgical details (i.e., meniscal procedures), and previous activity level were obtained at baseline. 

All PROs were completed via an online portal (Promptus, DS PRIMA, Melbourne, Australia).  

 

Randomisation and blinding  

Non-stratified, permuted block randomisation (random blocks of three or six) occurred at a 2:1 

(lower-limb-focussed: trunk-focussed) ratio. The randomisation sequence was computer-

generated using Excel. The administrative staff at the participating physiotherapy clinic revealed 

the allocation using sequentially numbered, sealed opaque envelopes. Administrative staff were 

blind to block size. They entered the group allocation into the participant’s clinical record for the 

treating physiotherapist. Participants were blind to group allocation to ensure allocation did not 

influence adherence, other treatment use, or drop-out. The physiotherapists could not be blinded 

to the allocation but were encouraged to deliver both interventions with equal enthusiasm and 

assertion of exercise value.  

 

Treating physiotherapists and treatment fidelity  

Treating physiotherapists were experienced (≥five years treating musculoskeletal conditions) in 

ACLR rehabilitation, and completed a four-hour training session (led by BP) related to delivering 

both interventions. A manual outlining the exercise prescription and progressions, manual 

treatment algorithm, education material, and trial procedures (attendance sheet, clinical notes, 
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adherence monitoring) was provided to each physiotherapist (Appendix S). Prescribed exercises 

were entered via the Physitrack© smartphone application for participants to access via the 

participant-facing application PhysiApp© (Physitrack Ltd, London, UK).  

8.4 Interventions 

Participants were randomised to a lower-limb-focussed or trunk-focussed exercise therapy 

intervention, which were both delivered in eight face-to-face 30-minute physiotherapy sessions 

over 16 weeks. Both interventions were reported according to the Template for Intervention 

Description and Replication (TIDieR) guidelines (Hoffmann et al., 2014) and the Consensus on 

Exercise Reporting Template (CERT) (Slade et al., 2016) (Table 8.1). The program included 

elements of supervised and unsupervised exercise, due to the potential benefits of one-on-one 

sessions in this group of individuals with a poor outcome, combined with the known barriers to 

attending supervised therapy and adherence to exercise following ACLR (Walker et al., 2020).  

 

Table 8.1. Summary of intervention delivery and components for both groups  
 

WHAT LOWER-LIMB-FOCUSSED 
INTERVENTION 

TRUNK-FOCUSSED 
INTERVENTION 

WHO  Physiotherapists who have all undergone study-specific training 
HOW 1-to-1 face-to-face sessions to assess and progress unsupervised exercise 

therapy program 
WHERE Physiotherapy sessions: Private clinics in Hobart and Melbourne 

Unsupervised exercise therapy program: Clinic/public gym or home 
WHEN & HOW 
MUCH 

Physiotherapy 1-to-1 sessions: 30 minutes duration, weekly for 4 weeks then 
every 2 to 3 weeks for 12 weeks 

Unsupervised exercise therapy program: instructions provided via 
PhysiApp©, 30 to 45 minutes duration, minimum 3 sessions per week, 

unsupervised 
TAILORING • Standardised lower-limb exercises 

(i.e., strength, power, balance), 
functional retraining (e.g., plyometric, 
agility), and cardiovascular program 

• Choice of priority exercises* (from the 
standard set) individualised  

• Exercise progression individualised 
• Individualised education (e.g., 

exercise rationale, goal setting) 
• Passive therapy treatment algorithm 

if appropriate (e.g., taping) 

• Standardised, non-specific 
trunk strengthening exercises 

• Progression of exercises 
individualised 

• Optional stretching 
• Standardised education (e.g., 

rationale for trunk exercises) 

 
Both groups: exercises progressed based on assessment of pre-defined criteria 
at each session (i.e., pain, swelling, technique) and resistance training 
principles 
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HOW WELL Attendance at physiotherapy recorded by physiotherapists 
Unsupervised exercise program adherence recorded by participants in 

PhysiApp© smartphone app or paper diaries, and monitored by 
physiotherapists via Physitrack© 

*Physiotherapists could choose 3 to 4 priority exercises (out of a possible 8), based on the 
participant’s needs and goals. If necessary, all 8 exercise types were included, but it was not 
compulsory for all 8 to be incorporated. 
 

8.4.1 Lower-limb-focussed exercise therapy intervention  

The lower-limb-focussed intervention included standardised (with individualised progression) 

lower-limb, functional, and cardiovascular exercises, and individualised, ACL-specific education 

(Appendix S). The protocol was informed by current evidence-based recommendations (Andrade 

et al., 2019) outlined in Chapter 7 (Table 7.1), and developed by the research team, two of whom 

regularly (weekly) treated patients after ACLR (CB and RC). The lower-limb-focussed exercise 

therapy program targeted typical strength, neuromuscular and functional impairments, and 

movement patterns during sport-specific tasks related to ACL injury mechanisms (i.e., landing and 

cutting) outlined in Chapter 7 (Table 7.2). The eight types of exercises in the program were: 1) 

movement retraining (e.g., landing); 2) lower-limb strength (e.g., squats); 3) balance (e.g., 

perturbation exercises); 4) hip-abductor strength; 5) calf strength; 6) trunk strength; 7) hip 

extensor and knee flexor strength; and 8) cardiovascular exercise (e.g., cycling, running, graded 

sport-specific activities). Each of the eight exercises had three or more phases of difficulty for 

individualised progression (Appendix S). Physiotherapists were provided with a summary of the 

participant’s injury history, goals, three to four priority exercises, and suggested starting phases 

based on baseline assessment of each area. Physiotherapists could add target exercises based on 

participant need, but it was not compulsory for all eight exercises to be incorporated. Exercise 

progression was based on: i) good technique; ii) minimal irritability (i.e., <2/10 pain during/after 

and no increase in swelling); iii) resistance training principles related to muscular strength and 

power(Garber et al., 2011); and iv) participant-specific goals and feedback. Strength exercises 

were prescribed in 3 sets of 12 repetitions (each repetition performed as 2 seconds concentric, 1 

second isometric, 2 seconds eccentric), and could be progressed to a power dosage prescribed in 

3 to 5 sets of 5 to 10 repetitions (<1 second concentric, 0 isometric, 2 seconds eccentric) (Garber 

et al., 2011). Treating physiotherapists were encouraged to use the face-to-face sessions to check 

exercise technique and adjust loads so that participants were reaching fatigue (i.e., they could not 

physically perform >two more repetitions) after their prescribed dosage (American College of 

Sports Medicine, 2009). Thirty minutes was considered an appropriate appointment duration to 

supervise at least one set of their prescribed exercises (where the other two sets could be 

completed unsupervised in the clinic gym) and provide education.      
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8.4.2 Trunk-focussed exercise therapy (control) intervention   

An active control intervention was chosen to ensure that both treatment groups received equal 

exposure to physiotherapy (Higgins & Green, 2011). The trunk-focussed intervention was 

considered the active control and included standardised (with individualised progression) trunk 

strengthening exercises, stretching, and education. Physiotherapists could choose a minimum of 

three trunk strengthening exercises (from a maximum of five options), and each exercise had three 

or more phases of difficulty (Appendix S). Exercises were prescribed according to resistance 

training principles; they were typically prescribed in 3 sets of 60 seconds (isometric), and 

progressed to achieve adequate fatigue (i.e., could not physically perform >five more seconds) 

(Garber et al., 2011). Lower-limb and trunk stretching appropriate to the participant could be 

prescribed (Appendix S). The trunk exercises were predominantly isometric, non-weight-bearing, 

and had minimal lower-limb involvement; thus, they were not expected to impact knee-related 

QoL, symptoms, or function. This was chosen as the control intervention as trunk muscle strength 

deficits have not been reported following ACLR, nor has addressing trunk strength been found to 

impact knee-related outcomes following ACLR. Trunk exercises were considered to provide a 

credible intervention to enhance control participants’ blinding to group allocation and minimise 

drop-outs.     

8.4.3 Unsupervised exercise therapy program (both groups)  

Participants in both groups were prescribed an unsupervised exercise therapy program relevant 

to their allocation, to be completed three times per week, at home or in a gym, to enhance 

likelihood of muscular strength and power improvements (Garber et al., 2011). Physiotherapists 

entered the participant’s exercises via the Physitrack© app, and the participant used the 

PhysiApp© to guide their exercises and record adherence on their own smartphone, tablet, or 

computer. Paper diaries of the exercise therapy programs were used as required. PhysiApp© 

included video examples (created specifically for the trial) of correct (and incorrect) technique for 

each exercise (Appendix T) and exercise dosage (e.g., number of sets/repetitions, time under 

tension, external load, rest time), according to resistance training and muscle adaptation 

guidelines (Garber et al., 2011; Toigo & Boutellier, 2006). Co-interventions were discouraged. If 

participants chose to receive other treatments, they recorded them on an “other treatments 

calendar”. The trunk-focussed unsupervised program could be completed at home with minimal 

equipment. When gym equipment was required for the lower-limb-focussed unsupervised 

program, gym access was provided at no cost to participants.  
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8.4.4 Education component (both groups) 

Both groups received education, including face-to-face discussion and/or provision of handouts 

(Appendix S). Handouts for the lower-limb-focussed group consisted of the following topics: i) 

surgical information and post-operative expectations; ii) goal setting and return-to-sport criteria; 

iii) injury prevention; iv) psychosocial influences on recovery; and v) post-traumatic OA risk. The 

purpose of the education for the lower-limb-focussed group was to provide informational support 

regarding ACL-specific topics, address common knowledge gaps regarding evidence-based 

rehabilitation (Bennell et al., 2016) and provide psychosocial support for kinesiophobia, fear of re-

injury, confidence, or negative lifestyle modifications due to their known relationships with 

functional recovery (Truong et al., 2020). For the trunk-focussed group, physiotherapists were 

asked to deliver standardised education on the rationale for trunk strengthening (e.g., theoretical 

influence of lumbo-pelvic stability on lower-limb biomechanics) and/or provide handouts/face-to-

face discussion on the topics “surgical information and post-operative expectations”, 

“psychosocial influences on recovery”, and “post-traumatic OA risk” (Appendix S). 

8.5 Feasibility outcomes 

Feasibility was assessed according to previously published recommendations (Lancaster et al., 

2004). Proceeding to a full-scale RCT was deemed feasible if all criteria were met or if reasonable 

amendments could be made to achieve these criteria in future trials (Avery et al., 2017).  

Recruitment, adherence, and retention were evaluated by: i) recruitment rate (criteria: four 

participants per month); ii) proportion of eligible participants who were willing to enrol (criteria: 

>80%); iii) physiotherapy attendance rate (criteria: >80%); iv) adherence to unsupervised exercise 

therapy program (criteria: >80%); and v) proportion of drop-outs (criteria: <20%).  

Acceptability of the study protocol was assessed via the appropriateness of the inclusion criteria 

(criteria: at least one in three eligible) and acceptability of the intervention content, delivery, 

adherence monitoring, and barriers or facilitators to adherence. Acceptability was determined via 

informal interviews conducted with the participants and physiotherapists (Appendix U). 

Adverse events (i.e., any injury or illness requiring medical attention as a result of participating in 

the trial) were noted by the physiotherapist on a standardised recording sheet (criteria: <10% of 

all participants). Pain level (on a visual analogue scale; 0=no pain, 10=worst possible pain) during 

the unsupervised exercise therapy program was entered on PhysiApp by participants (criteria: 

each participant mean <2/10 across all sessions).  

Randomisation integrity was determined by contamination between groups (reported by 

participant or physiotherapist) (criteria: 0% contamination) or knowledge of group allocation by 

the participants or assessor (criteria: <10% unblinded).  
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Acceptability of the outcome measures was determined by the time needed to collect the data 

and the completeness of the outcome measures at baseline and follow-up (criteria: >90%).  

8.6 Patient-reported outcomes  

Knee-related QoL was assessed via the KOOS-QoL and ACL-QoL. The KOOS-QoL is one of the five 

KOOS subscales and evaluates knee-related QoL (Roos & Lohmander, 2003). The KOOS-QoL has 

the highest content validity of all subscales and the greatest responsiveness in young adults 

following knee injury (Collins et al., 2016). The ACL-QoL was designed to assess additional domains 

(e.g., work-related, social and emotional) of knee-related QoL specific to a young, active ACL-

injured population (Mohtadi, 1998). The KOOS-QoL and ACL-QoL are converted to a total score 

out of 100 (0=extreme problems; 100=no problems). The KOOS-QoL and ACL-QoL have established 

content validity (Cronbach’s alpha >0.76), test-retest reliability (ICC>0.86), and responsiveness 

(effect sizes >0.5) (Collins et al., 2016; Lafave et al., 2017). The MDC is 8-10 points for KOOS-QoL 

(Roos & Lohmander, 2003) and 12 points for ACL-QoL (Lafave et al., 2017).  

 

The KOOS pain, symptoms, and sport subscales were assessed and all combined with the KOOS-

QoL to calculate an overall KOOS4 score. The KOOS is a valid, reliable, and responsive instrument 

for use following ACL injury (Collins et al., 2016). Psychological readiness for return-to-sport (a 

common goal of ACLR) and fear of re-injury were measured by the ACL-RSI (Webster et al., 2008). 

The ACL-RSI has established test-retest reliability (ICC=0.89), responsiveness (MDC=19 points) 

(Kvist et al., 2013), and validity, with higher scores associated with better return-to-sport rates, 

self-reported symptoms, and function (Kvist et al., 2013; Webster et al., 2018). The global rating 

of change (GROC), measured on a seven-point Likert scale (“much worse” to “much better”), was 

measured separately for knee pain and knee function. The change in proportion of patients 

answering “yes” to the PASS question (Ingelsrud et al., 2015) was evaluated. The GROC has good 

face validity (Pearson’s r=0.72 to 0.90), test-retest reliability (ICC>0.90), responsiveness following 

knee injury (0.5 to 2.7 points on seven-point scale), and construct validity (e.g., correlated with 

changes in hop tests) (Kamper et al., 2009). The PASS assists in the interpretation of improvement 

in PROs by evaluating the concept of “feeling good” as opposed to “feeling better” (Tubach et al., 

2006) and answering yes to “PASS” corresponds with better KOOS scores after ACL injury 

(Ingelsrud et al., 2015).  

8.7 Functional performance outcomes  

Functional performance outcomes were measured at baseline and follow-up, including the single-

hop (maximum distance on one hop forward) (Gustavsson et al., 2006), side-hop (maximum 
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number of hops over two parallel lines 40 cm apart in 30 seconds) (Gustavsson et al., 2006), and 

one-leg rise test (maximum number of repetitions from a standardised height) (Thorstensson et 

al., 2004). We recorded the raw score (e.g., cm hopped, repetitions) on the ACLR and contralateral 

limb, and calculated the LSI (score of ACLR knee divided by contralateral knee, multiplied by 100, 

expressed a percentage). The hop tests and one-leg rise have high intra-rater reliability (ICC>0.80) 

and responsiveness after knee injury (Bremander et al., 2007; Gustavsson et al., 2006; Reid et al., 

2007).  

8.8 Data analysis  

The sample size of 27 was not formally determined; it was based on previous pilot RCTs evaluating 

health-professional-guided interventions for musculoskeletal conditions (Kemp et al., 2018b; 

Stanton et al., 2020), and was deemed sufficient to assess the feasibility criteria. Participants who 

completed baseline and follow-up evaluations were included in the analysis, as recommended in 

the CONSORT guidelines (Moher et al., 2012). Feasibility outcomes were reported descriptively. 

Most (>50%) baseline and follow-up scores, and the change scores for the patient-reported and 

functional performance outcomes, were normally distributed (assessed with the Shapiro-Wilk’s 

test). Therefore, within-group and between-group differences were reported as mean±SD and 

mean and 95% CI, respectively (Lafave et al., 2017; Roos & Lohmander, 2003). The treatment 

effects for the respective outcome measures were considered potentially worthwhile if the MDC 

(Table 8.4) was contained within the 95% CI of the mean between-group difference. The GROC 

and PASS outcomes were reported descriptively. Decision criteria for progression to a full-scale 

RCT were based on: i) all feasibility criteria being met or recommendations to achieve criteria in 

future trials; and ii) presence of worthwhile treatment effects for knee-related QoL, symptoms, 

and function.  

8.9 Results 

8.9.1 Feasibility  

All feasibility criteria were met, or reasonable recommendations could be made to achieve the 

criteria in future trials (Table 8.2). Eighty people expressed interest in participation via response 

to letters from their surgeon (n=55) or advertisements on social media and at La Trobe University 

(n=25) over a nine month period. In total, 72% (n=57) agreed to be screened, with 47% of those 

screened (n=27) deemed eligible (Figure 8.1). The results of each aspect of feasibility are 

summarised in Table 8.2, with the detailed feedback provided by participants at follow-up 

provided in Appendix T.  
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Table 8.2. Feasibility outcomes 
 

 Criteria Lower-limb group (n=17) Trunk group (n=10) Proceed Proceed with amendments 
Recruitment, retention, adherence   

      Recruitment rate >4 per month 3 participants per month No Strategies to increase recruitment rate 
Enrolment rate   >90% 100% completed baseline assessment, were enrolled, and randomised  Yes  

      Drop-out rate <20% n=2 (12%)* n=2 (20%)** Yes  
     Physiotherapy attendance >80% Mean=89% of intended 8 sessions Mean=86% of intended 8 sessions Yes  

   Exercise adherence  >80% 52% of sessions completed 48% of sessions completed  No Strategies to increase adherence 
Study protocol acceptability   

Eligibility rate 1 in 3 47% of interested participants were eligible Yes  
Acceptability of intervention 
to physiotherapists 

Descriptive • Training and supportive material sufficient 
• Reflected clinical practice, but time allocation insufficient  

No 
Appointments >30 minutes or provide 

additional more frequent appointments 

Acceptability of intervention 
to participants 

Descriptive • Appointment duration/frequency and facilities appropriate 
• Interventions were credible and acceptable  

Yes 
 

Barriers to adherence Descriptive Work, study, and family commitments; lack of motivation; boredom with exercises  No Strategies to address common barriers 
Adverse events    

Injury or illness  <20% n=4 (24%) unrelated to exercise program^ Nil Yes  
Pain during/after exercise  <2/10 Mean pain <2/10 for each participant (across all sessions) Yes  

Randomisation integrity    

Integrity of blinding 90% Assessor unblinded for n=1  1 participant (medical professional) unblinded Yes   

Group contamination  0% Nil 
Physiotherapists discussed patient-specific 

topics 
No Control education difficult to standardise  

Acceptability of outcomes    
Time to collect data <90 minutes Baseline and follow-up assessments were completed in 60-90 minutes Yes  
Completeness of PROs >90% All 23 participants who finished the trial completed the PROs, with no missing data Yes  
Completeness of functional 
performance outcomes 

>90% 16% (n=4) did not complete follow-up^^ 
10% (n=1) did not complete follow-up 

(overseas) 
No 

Consider PROs as primary outcome for 
complete data 

Adherence monitoring Descriptive 
• 23 used PhysiApp and 2 used paper diaries  
• Enjoyed the accountability PhysiApp provided, and the exercise videos 
• Inconsistently used PhysiApp to record adherence (e.g. technical issues, forgot) 

No 
Strategies to increase adherence (e.g., 
incentives, interactive features such as 

benchmarking, education) 
 

*n=1 severe increase in knee pain; n=1 unable to commit to requirements. 
**n=2 decided they could not commit to the trial before commencing intervention. 
^n=1 severe increase in knee pain (group fitness class); n=2 hamstring strains (sprint training, sprint in basketball match); n=1 ankle sprain (football training). 
^^ n=2 could not complete hop test (recovering from ankle sprain and hamstring strain); n=2 could not attend (located internationally, work commitments).  
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Figure 8.1 Flow of participants through the study. 
 
ACL=anterior cruciate ligament; ACLR=anterior cruciate ligament reconstruction; KOOS-QoL=Knee injury 
and Osteoarthritis Outcome Score Quality of Life subscale.  
#n=2 unable to find appointments to suit work/study commitments. 
*n=1 severe increase in knee pain; n=1 unable to commit to requirements.  
 

8.9.2 Participant characteristics  

The trunk-focussed group had a higher proportion of men, a higher proportion of individuals 

participating in Level 1 or 2 sports pre-injury, and a higher proportion of concomitant meniscal 

surgery at the time of ACLR (Table 8.3).  
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Table 8.3. Participant characteristics at baseline  
 

 
 
 
 
 
 
 

SD=standard deviation. 
*Grindem classification system (Grindem et al., 2014). 
~at the time of ACLR, reported by participants at baseline assessment. 
 

8.9.3 Patient-reported outcomes  

The desired treatment effect for KOOS-QoL (improvement >8-10 points) and ACL-QoL 

(improvement >12 points) was contained within the 95% CI. Appendix V reports the individual 

treatment responses for KOOS-QoL and ACL-QoL, and the proportion of participants with 

improvements greater than the MDC. The MDC was contained within the 95% CI for KOOS-Pain, 

KOOS-Sport, and KOOS4 (Table 8.4). The GROC and PASS indicated that both groups improved, 

potentially to a greater extent in the lower-limb-focussed group. The majority (87%) were at least 

“better” in terms of knee function and knee pain in the lower-limb-focussed group, compared to 

50% and 75%, respectively, in the trunk-focussed group. Satisfaction (PASS question) with current 

knee function improved in the lower-limb-focussed group from 27% to 67%, but remained the 

same in the trunk-focussed group (63%).   

8.9.4 Functional performance outcomes  

The MDC (where available) was contained within the 95% CI for all functional performance tests, 

except for the side-hop ACLR limb performance (Table 8.4). Appendix V reports the individual 

treatment responses for the functional performance tests, and the proportion of participants with 

improvements greater than the MDC.

  
Lower-limb-focussed 

group (n=17)  
Trunk-focussed 

group (n=10)  
Age, mean±SD years 34±12 33±12 
Male sex, no. (%) 6 (35%) 7 (70%) 
Body mass index, mean±SD kg/m2 24.7±2.8 25.4±3.8 
Pre-injury activity level*, no. (%)  

Level 1 or 2 (e.g., jumping/pivoting sports) 19 (53%) 10 (100%) 
Level 3 (e.g., straight-line activities) 6 (35%) 0 (0%) 
Level 4 (sedentary) 2 (12%) 0 (0%) 

Concomitant meniscal procedure~, no. (%) 9 (50%) 3 (30%) 
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Table 8.4. Secondary outcomes at baseline and follow-up  
 

 Lower-limb-focussed intervention 
(n=15) Trunk-focussed intervention (n=8) Lower-limb vs 

trunk Previously published MDC values 

 Baseline 
mean±SD  

Follow-up^  
mean±SD 

Change 
mean±SD 

Baseline 
mean±SD 

Follow-up^ 
mean±SD  

Change  
mean±SD 

Mean difference in 
change* (95%CI) 

 

ACL-QoL 45±20 64±20 20±17 56±9 78±16 22±13 -2.5 (-18.2 to 13.2) 12 points (Lafave et al., 2017) 
KOOS-QoL 39±20 62±23 23±25 52±14 67±19 

 
16±12 7.1 (-12.3 to 26.4) 8 to 10 points (Roos & Lohmander, 2003) 

KOOS-Symptoms 68±23 74±19 7±17 81±9 90±9 9±7 -2.0 (-15.7 to 11.6) 8 to 10 points (Roos & Lohmander, 2003) 
KOOS-Pain 77±15 86±12 9±14 90±7 92±8 2±7 6.7 (-4.0 to 17.9) 8 to 10 points (Roos & Lohmander, 2003) 
KOOS-Sport  57±24 77±22 20±25 76±1 83±22 8±13 12.1 (-7.9 to 32.0) 8 to 10 points (Roos & Lohmander, 2003) 
KOOS4

  60±17 75±17 15±18 75±9 83±14 9±7 5.9 (-7.9 to 19.8) 8 to 10 points (Roos & Lohmander, 2003) 
ACL-RSI 36±18 53±22 17±18 41±18 67±24 26±22 -9.2 (-27.2 to 8.7) 19 points (Kvist et al., 2013) 
Single-hop         

ACLR (cm) 65±42 97±33 33±34 108±39 115±42 8±9 24.1 (-5.9 to 54.1) 14 cm (Kockum et al., 2015; Reid et al., 2007) 
CL (cm)  93±30 106±32 14±18 116±25 120±34 4±15 9.6 (-8.9 to 28.2) 14 cm (Kockum et al., 2015; Reid et al., 2007) 
LSI (%) 59±38 88±11 29±37 90±21 94±12 4±10 15.5 (-27.7 to 58.7) 8% (Kockum et al., 2015; Reid et al., 2007) 

Side-hop          
ACLR (reps) 8±8 16±12 9±9 20±13 29±19 9±8 -0.6 (-9.4 to 8.7) 11 reps (Kockum et al., 2015; Reid et al., 2007) 
CL (reps) 9±9 17±12 8±10 23±16 31±21 9±15 -0.5 (-13.4 to 12.2) 11 reps (Kockum et al., 2015; Reid et al., 2007) 
LSI (%)a 71±42 82±29 11±28 73±13 94±14 21±18 -10.4 (-43.1 to 22.2) ~10% (Kockum et al., 2015; Reid et al., 2007) 

One-leg rise         
ACLR (reps) 17±16 33±15 17±14 27±19 34±20 7±11 9.9 (-4.1 to 23.9) Not available 
CL (reps) 25±19 35±15 10±14 31±15 34±15 4±7 6.4 (-6.5 to 19.3) Not available 
LSI (%)b 67±57 98±9 31±54 68±32 83±47 16±32 15.7 (-40 to 71.5) Not available 

 

ACLR=anterior cruciate ligament reconstructed limb; ACL-RSI=ACL Return-to-sport Index; ACL-QoL=Anterior Cruciate Ligament Quality of Life questionnaire; 
CI=confidence interval; CL=contralateral limb; KOOS=Knee injury and Osteoarthritis Outcome Score; LSI=limb symmetry index; MDC=minimal detectable change; 
SD=standard deviation; QoL=quality of life.  
*Positive value indicates between-group differences are in favour of the lower-limb-focussed group. 
^n=3 participants did not complete functional performance follow-up (could not attend due to being overseas or work commitments). An additional 2 participants did 
not complete the single-hop and side-hop tests as they were recovering from adverse events (n=1 hamstring strain and n=1 ankle sprain). 
a n=3 not included in LSI calculation at baseline (3 in lower-limb-focussed) and n=3 not included at follow-up (2 in lower-limb-focussed, 1 in trunk-focussed) as unable 
to perform a valid score on either limb. 
b n=5 not included in LSI calculation at baseline (n=3 in lower-limb-focussed group and n=2 in trunk-focussed group) and n=1 (in trunk-focussed group) not included at 
follow-up as unable to perform a valid score on either limb.
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8.10 Discussion  

The results of this study suggest that it is worthwhile proceeding to a large-scale RCT evaluating 

the effectiveness of a physiotherapist-guided lower-limb-focussed exercise therapy and education 

intervention for young adults who have persistent symptoms one year post-ACLR. All feasibility 

criteria were either met or reasonable recommendations could be made to achieve the criteria in 

future trials. Additionally, worthwhile treatment effects were observed in participants receiving 

the lower-limb-focussed intervention for knee-related symptoms, function, and QoL.   

 

Feasibility: Recruitment, retention, adherence, study protocol acceptability  

Of those screened, almost half (47%) were eligible, and we achieved a modest recruitment rate 

(three per month). For a large-scale RCT, the number of participating surgeons (and study 

advertising) would need to be increased, which is possible due to the large number of ACLRs 

performed worldwide (Moses et al., 2012). Although all eligible participants were willing to enrol, 

two participants did not commence the intervention and two others dropped out during the 

intervention, resulting in an overall drop-out rate of 16%, which is considered acceptable (Furlan 

et al., 2009). Physiotherapy attendance was high (>85%), similar to previous physiotherapist-

guided exercise therapy RCTs (>80%) for lower-limb musculoskeletal conditions in young adults 

(Arundale et al., 2018; Kemp et al., 2018b). Suggestions and feedback provided by the five 

participants who dropped out or attended less than 80% of study appointments align with 

previous reported strategies to maintain attendance – i.e., increasing appointment availability 

after hours and exercise variety, and implementing strategies to increase motivation (Pizzari et al., 

2002; Walker et al., 2020). These strategies, in addition to consideration of telehealth 

appointments and multiple clinic locations, might reduce drop-outs and improve attendance in 

future trials. Physiotherapist feedback indicated that longer appointment duration or more 

frequent appointments may be required in future trials to provide physiotherapists with sufficient 

time to review exercise programs and provide education. Those with persistent symptoms may 

also require additional informational and emotional support, given that their knee-related QoL, 

symptoms, and function is much lower than most patients one year post-ACLR (Granan et al., 

2009; Patterson et al., 2020c; Spindler et al., 2018).  

 

Feasibility: Adherence to the unsupervised exercise therapy program  

According to Physitrack© adherence data, only half of the prescribed unsupervised exercise 

therapy program sessions were completed. However, these data may under-estimate true 

exercise adherence in this trial as participants reported inconsistently entering their adherence 
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data in Physiapp© due to technical difficulties, and rarely using the app once familiar with their 

exercises. Regardless of true adherence rates, participants did report typical barriers to exercise 

adherence (Pizzari et al., 2002; Truong et al., 2020), including other commitments (work, study, 

and family) and reduced motivation. Exercise adherence rates were lower than previously 

reported for rehabilitation during the first six months following ACLR (75-80%) (Brewer et al., 

2000; Pizzari et al., 2005). This may reflect the burden of exercise therapy on participants who 

have already attempted unsuccessful rehabilitation with the physical, mental, and time 

commitment it entails. Strategies to increase adherence to the unsupervised exercise therapy 

program may include goal setting (Wilson & Brookfield, 2009), motivational interviewing 

(O'Halloran et al., 2014), supervised group classes, or alternate exercise options (e.g., non-gym-

based) (Goddard et al., 2020). Personalised adherence monitoring data collection methods, 

including paper diaries and email or text message reminders, and strategies to maintain 

engagement with apps (e.g., incentivisation, positive reinforcement, benchmarking) should be 

considered (Nussbaum et al., 2019; Reynoldson et al., 2014).   

 

Feasibility: Adverse events, integrity of group allocation, acceptability of outcomes 

Two participants sustained hamstring strains in their ACLR limb and one sustained an ankle sprain 

as they returned to sporting activities. Graded return to high-speed running protocols should be 

emphasised in future trials to reduce soft tissue injury risk, especially given that ACL injury is a 

well-recognised risk factor for hamstring strain (Green et al., 2020). Future trials should include 

strategies to maintain participant blinding (e.g., control interventions that are acceptable) and 

sufficient study personnel to maintain blinding of assessors. Completion of follow-up PROs (100%) 

and functional performance measures (81%) suggests that PROs may be the most appropriate 

outcome tool to maximise data completion in future trials.  

 

Future trial recommendations: Treatment effects for knee-related QoL  

A worthwhile within-group effect (>MDC) was observed in the lower-limb- and trunk-focussed 

interventions for the ACL-QoL and KOOS-QoL. Our results concur with other trials comparing two 

types of physiotherapy-guided exercise interventions (Arundale et al., 2018; Kruse et al., 2012). 

The trunk-focussed intervention was hypothesised to produce a minimal effect on knee-related 

QOL, but greater trunk strength and endurance may have improved perceived performance in 

sport and work-related activities, resulting in better QoL. Improvements in knee-related QoL might 

be strongly influenced by education (provided in both groups). In both groups, physiotherapists 

were able to educate participants and address psychological factors (e.g., kinesiophobia, fear, 

confidence), which are known determinants of adherence, recovery, and self-reported outcomes 
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after sports-related knee injury (Goddard et al., 2020; Truong et al., 2020). The physiotherapists 

reported discussing patient- and ACL-specific topics with the trunk-focussed participants, although 

directed not to do so in the study protocol, which may have had a direct or indirect effect on knee-

related QoL. Future trial designs might consider comparing exercise therapy and education with a 

comparator that better reflects usual care (e.g., self-directed exercise). Given that health-

professional-delivered education alone may be effective in young people with persistent knee pain 

(De Oliveira Silva et al., 2020), future RCTs might compare: (i) exercise therapy versus education 

alone and/or (ii) exercise therapy with and without education, to guide interventions for those at 

risk of post-traumatic OA after ACLR.   

 

Future trial recommendations: Treatment effects for knee-related function  

While the study was not powered to detect between-group differences, the lower-limb-focussed 

group exhibited improvements in KOOS-Sport, single-hop, and one-leg rise that are likely to be 

clinically meaningful in a larger trial. However, these findings should be interpreted with caution 

due to the wide CIs and differences in baseline scores between groups. The LSI improvements for 

the single-hop (29%) were larger than those in the ACL-SPORTS trial (10%) with a similar lower-

limb-focussed intervention (Arundale et al., 2018). This larger improvement we observed may be 

due to the lower baseline function of our participants (particularly in the lower-limb-focussed 

group) compared to the ACL-SPORTS trial where all participants had already achieved ≥80% LSI, 

had begun running, and had no pain (Arundale et al., 2018). Future studies should also consider 

that LSI improvement can reflect worsening contralateral limb function, rather than improved 

ACLR limb function (Patterson et al., 2020b). Therefore, it is important to note that in the current 

interventional study, LSI improvements occurred alongside clinically meaningful improvements in 

both limbs, indicating that the increase in LSI was due to greater improvement in the ACLR limb. 

Given that poor function on hop tests at one year post-ACLR may be associated with an increased 

risk of future OA (Patterson et al., 2020a; Pinczewski et al., 2007) and re-injury (Grindem et al., 

2016), addressing persistent functional deficits may be an important step forward in secondary 

prevention of post-traumatic knee OA. Considering the influence of the lower-limb-focussed 

intervention in this study on OA risk factors, future larger-scale trials should consider longer-term 

follow-up including imaging outcomes, physical activity monitoring, healthcare utilisation, and 

cost-effectiveness evaluation.  

 

Recommendations for future trials: Intervention content and format  

Despite improvements, knee-related function and QoL remained lower than uninjured normative 

values (Baltaci et al., 2012; Kockum & Heijne, 2015; Paradowski et al., 2006) and satisfaction with 
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knee function was less than 70% in the lower-limb-focussed group at follow-up, indicating that 

the lower-limb-focussed intervention could be improved for future trials. The participants were 

low functioning and may not have had sufficient time to progress exercises and improve function 

to an acceptable level. Future trials may consider a longer intervention with more frequent 

supervised sessions (either one-on-one or group exercise classes) to provide further opportunity 

for education and exercise progression in order to address persistent functional and QoL 

impairments. Some lower-functioning patients with persistent symptoms at one year post-ACLR 

may not wish to return-to-sport, and therefore, have reduced motivation to adhere to plyometric 

and agility exercises. Future trials should consider a pragmatic individualised approach to exercise 

prescription, similar to the current study, allowing the physiotherapist to choose from a set of 

exercises according to the participant’s needs and goals. Isolated quadriceps exercises (e.g., leg 

extension) may be important to include in future interventions for those with persistent 

symptoms, due to the known association between quadriceps weakness and development of 

symptomatic OA in the general population (Culvenor et al., 2017b).  

 

Limitations and recommendations for full-scale RCT 

Given that this was a pilot feasibility study, it did not have adequate power to establish superiority 

of one intervention over the other. Further, the lower-limb-focussed group started with worse 

knee-related QoL and functional performance, allowing greater room for improvement compared 

to the trunk-focussed group (Table 8.4). A larger sample size would reduce the likelihood of 

baseline between-group heterogeneity. Future RCTs should consider factors that may affect 

baseline status or treatment response (e.g., sex) (Culvenor et al., 2019c). Many participants (>50%) 

had a routine surgical review during the trial and were given “clearance for return-to-sport”, which 

may have improved PROs or physical activity in both groups. Future trials should regularly (weekly 

or monthly) monitor all types of physical activity completed during the intervention period. 

Consistent with other ACLR cohorts (Risberg et al., 2016b) and RCTs (Arundale et al., 2018), there 

was large individual variation in baseline scores (i.e., SDs) in both groups and large changes 

between baseline and follow-up for all outcomes (Appendix V). We did not assess lower-limb or 

trunk strength so we cannot determine if the improvements in functional performance or PROs 

were mediated by strength increases. Future trials should consider including muscle capacity 

(strength, power) testing to also ensure that adequate loading and progression has occurred to 

stimulate muscle capacity improvements (Culvenor et al., 2016b). Moreover, participating 

surgeons and clinic locations were limited to metropolitan Melbourne and Hobart. Future trials 

should be aware that recruitment, eligibility, attendance, and adherence rates may differ in other 

settings.  



  
 

148 
 

8.11 Conclusion 

A large-scale trial to evaluate the effectiveness of a physiotherapist-guided exercise therapy and 

education program for individuals with persistent symptoms at one year post-ACLR is feasible. All 

feasibility criteria were met, or reasonable recommendations could be made to achieve the 

criteria in future trials. Strategies to increase recruitment rate, adherence to exercise, and data 

completion are required. Potential worthwhile treatment effects for knee-related QoL, symptoms, 

and function were observed, indicating that a fully-powered RCT may detect a clinically 

meaningful difference. 
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Part D: Discussion and conclusions 
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9 Chapter Nine: Discussion and conclusions  

9.1 Summary of thesis findings  

The overarching aims of this thesis were to evaluate changes in OA features on MRI, PROs, and 

functional performance between one and five years following ACLR (Part B), to identify factors 

associated with worse prognosis (Part B), and to evaluate an intervention targeting individuals 

with persistent symptoms one year following ACLR (Part C). To address these aims, five studies 

were completed. Key outputs for each study are summarised below and in Figure 9.1. This final 

chapter will summarise the clinical and research implications of this thesis and the strengths and 

limitations of the research designs. 

  

The findings of Chapter 3 revealed high rates (up to 44%) of worsening OA features on MRI and 

incident radiographic OA between one and five years following ACLR, particularly in the 

patellofemoral compartment. The estimated rates of worsening were substantially higher than 

young uninjured adults (Ding et al., 2005; Pan et al., 2011) and similar to older adults with 

established knee OA (Cooper et al., 2000; Ding et al., 2010; Runhaar et al., 2014). Factors that 

increased the odds of worsening OA features on MRI included an elevated BMI and older age. 

Surgical delay increased the risk of worsening tibiofemoral osteophytes and meniscal lesions, but 

decreased the risk of patellofemoral cartilage worsening.  

 

In Chapter 4, longitudinal evaluation of knee symptoms revealed improvement in KOOS and IKDC 

scores between one and five years following ACLR; however, some individuals failed to return to 

levels reported by their uninjured peers. Notably, those with a combined injury tended to report 

significantly worse symptoms and QoL than those with an isolated ACL injury. Participant-level 

analyses revealed unacceptable symptoms and QoL for half of the participants at one year and 

two-thirds at five years, regardless of (isolated or combined) injury type. Patellofemoral cartilage 

lesions on MRI at one and five years were associated with worse KOOS and IKDC scores at five 

years post-ACLR, indicating that the patellofemoral joint may be a potential source of symptoms 

after ACLR (Culvenor & Crossley, 2016; Culvenor et al., 2014b).
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Figure 9.1 Summary of thesis findings and key additions to the literature.  
 
ACL=anterior cruciate ligament; ACLR=anterior cruciate ligament reconstruction; BMLS=bone marrow lesions; OA=osteoarthritis; PROs=patient-reported outcomes; 
LSI=limb symmetry index; QoL=quality of life; MRI=magnetic resonance imaging.



  
 

152 
 

Chapter 5 demonstrated improvements in functional performance up to five years following ACLR 

using the common LSI approach, but these improvements were largely driven by worsening 

contralateral limb function. Therefore, the LSI may overestimate functional recovery following 

ACLR, emphasising that caution is needed when relying on the LSI alone to assess changes in 

functional performance. Other reference standards, such as pre-operative or early post-operative 

contralateral limb function or uninjured controls, migth be more valid (Engelen-Van Melick et al., 

2013; Gokeler et al., 2017; Wellsandt et al., 2017). Functional performance on the ACLR limb for 

the single-hop at one year was lower than healthy controls, with LSIs for all four tests being lower 

than healthy controls at one and five years following ACLR.  

 

In Chapter 6, the influence of impaired function at one year post-ACLR (Chapter 5) on worsening 

MRI OA features at five years was evaluated, taking into account both the LSI and raw performance 

score (e.g., repetitions). Fewer repetitions on the side-hop test and poor functional performance 

(defined as <90% LSI) on the test battery were associated with an increased risk of worsening 

patellofemoral OA features on MRI. These findings extend cross-sectional data linking poor 

function and patellofemoral OA (Culvenor & Crossley, 2016; Culvenor et al., 2014b) and highlight 

the potential importance of optimising function in the context of secondary prevention of post-

traumatic OA.   

 

Findings from Part B of the thesis, together with CPGs, informed the development of a lower-limb-

focussed intervention for those with persistent symptoms one year following ACLR, which was 

assessed for feasibility in Chapter 8. The results from the pilot RCT indicated that a larger-scale 

trial is feasible, with all feasibility criteria met or the ability to implement reasonable trial 

alterations to achieve the criteria identified. Strategies to increase recruitment rate, adherence to 

prescribed exercise, and data completion are required. Worthwhile treatment effects for knee-

related symptoms, function, and QoL were observed, indicating that a fully-powered RCT may 

detect a clinically meaningful difference.  

9.2  Clinical implications  

9.2.1 Accelerated nature of post-traumatic OA following ACLR  

Clinicians may be aware that patients are at increased risk of developing knee OA within 10 to 15 

years following ACLR. However, this thesis found that post-traumatic OA was evident within the 

initial years following ACL injury, and structural joint degeneration was accelerated compared to 

non-traumatic knee OA. While most other imaging findings on MRI were not associated with 

symptoms, worsening OA features on MRI might precede symptom development and may 
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represent an individual on an accelerated trajectory towards more severe and symptomatic 

radiographic post-traumatic OA. For example, early changes to cartilage, bone, and menisci 

captured on MRI are associated with more severe future radiographic OA in the general 

population (Katsuragi et al., 2015; Liebl et al., 2015; Roemer et al., 2015; Sharma et al., 2016), 

persistent or incident symptoms (Javaid et al., 2010; Sharma et al., 2014; Sharma et al., 2016), 

and/or future TKR (Hunter et al., 2011b; Liu et al., 2017; Nagai et al., 2018). Further research is 

needed before MRI could be used to guide clinical management for patients following ACLR.  

9.2.2 Patellofemoral joint considerations  

Higher rates of worsening, and greater associations with symptoms and objective function, were 

observed in the patellofemoral compartment in studies forming this thesis. Therefore, clinicians 

need to evaluate and address factors that may be associated with patellofemoral joint health 

following ACLR. The high rates of patellofemoral worsening may be surprising to clinicians; the 

ACL is not structurally or functionally related to the patellofemoral joint, acute trauma related to 

ACL rupture is typically observed in the tibiofemoral joint, and all participants had an ACLR using 

a hamstring-tendon autograft. The results of this thesis highlight that clinicians should be mindful 

that a hamstring-tendon autograft ACLR does not protect against accelerated development and 

progression of patellofemoral OA. The rates of patellofemoral radiographic OA (Chapter 3) are 

similar to those reported up to five years following bone-patella-tendon-bone autograft (Belk et 

al., 2018). While patellofemoral joint damage could occur at the time of injury, this is unlikely given 

only 9% of KOALA cohort participants had a patellofemoral cartilage lesion assessed 

arthroscopically at the time of ACLR.  

 

Improving functional performance and quadriceps strength may benefit patients, due to the 

associations between poor function and worsening patellofemoral OA features (Chapter 6) and 

between quadriceps weakness and development of (patellofemoral) OA in the general population 

(Amin et al., 2009; Culvenor et al., 2017b; Culvenor et al., 2019c). Clinicians may also consider 

assessing and treating biomechanical factors such as patellofemoral malalignment, increased 

tibial rotation, and increased knee valgus (Andriacchi et al., 2006; Culvenor et al., 2014c; Macri et 

al., 2019; Paterno et al., 2010; Scanlan et al., 2010; Webster & Feller, 2011), due to their potential 

influence on patellofemoral joint loading (Lee et al., 2003; Powers, 2003) and structural 

deterioration. In the KOALA cohort, greater lateral displacement and lateral tilt of the patella, and 

greater medial trochlea inclination, increased the risk of worsening lateral patellofemoral cartilage 

and patellofemoral BMLs, respectively (Macri et al., 2019). Movement retraining during functional 

tasks may be needed to optimise patellofemoral loads. In the KOALA cohort, smaller knee flexion 

moments (e.g., possibly due to landing on a more extended knee, having less knee flexion 
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excursion, or altered trunk lean) during a hop-landing task were associated with an increased risk 

of patellofemoral OA features on MRI (Culvenor et al., 2016e). Clinicians should be mindful that 

the mechanisms by which strength, function, and/or biomechanics influence patellofemoral joint 

health are largely theoretical and may be due to a combination of mechanical underloading or 

overloading in the setting of a vulnerable biochemical joint environment.  

 

The patellofemoral joint should be considered a potential source of symptoms following ACLR 

(Culvenor & Crossley, 2016). Patellofemoral cartilage lesions were associated with worse PROs 

five years following ACLR (Chapter 4), and patellofemoral radiographic OA has been associated 

with worse function and symptoms compared to tibiofemoral OA in the longer-term (Culvenor et 

al., 2013; Culvenor et al., 2014b). Anterior knee pain was common (~30% scored ≤87 on the AKPS) 

one year following ACLR in previous reports from the KOALA cohort, and was associated with 

worse functional performance on hop testing (Culvenor et al., 2014a). Clinicians should aim to 

improve patellofemoral-related pain following ACLR, as it might enhance quadriceps activation, 

improve strength and/or functional performance (Lepley et al., 2018). However, clinicians should 

be mindful that post-operative imaging findings on MRI may not be the source of patient 

nociception or symptoms following ACLR, especially since most other OA features on MRI were 

not associated with PROs in Chapter 4. The relationship between patellofemoral cartilage damage 

and knee-related symptoms is likely to be indirect, and may be mediated by physical impairments 

or nociception from other joint structures, especially given cartilage is considered aneural and 

avascular (Miller et al., 2015). Patellofemoral cartilage lesions can co-exist with persistent 

inflammation or irritation of the infra-patellar fat pad and surrounding ligaments, tendons, and 

muscles, which may drive nociception (Miller et al., 2015).  

 

Specific evidence for treating patellofemoral pain or OA following ACLR is limited, but CPGs for 

patellofemoral pain and OA recommend incorporating exercise therapy (e.g., knee and hip muscle 

strengthening, neuromuscular exercises) and education (e.g., pain coping skills) (Collins et al., 

2018; van Middelkoop et al., 2018; Willy et al., 2019), similar to the CPG recommendations for 

post-ACLR rehabilitation. How the quadriceps are strengthened should be considered, as high 

patellofemoral joint forces can occur during some exercises (e.g., leg extension in the range of 45◦ 

to 0◦ flexion) (Escamilla et al., 1998). Some patellofemoral specific treatment options might also 

include other physical interventions (e.g., taping, bracing, orthoses, gait retraining) (Collins et al., 

2018; van Middelkoop et al., 2018; Willy et al., 2019).  
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9.2.3 Clinical assessment of PROs and objective function  

This thesis highlights the importance of assessing both self-reported and objective function 

following ACLR in clinical practice. While only 18% passed the functional performance test battery 

(>90% in all four tests) one year following ACLR (Chapter 6), more than 75% reported acceptable 

function in sport and recreation (KOOS-Sport and IKDC) at one year (Chapter 4). Furthermore, 

poor objective functional performance was not associated with worsening KOOS or IKDC scores 

over the proceeding four years in Chapter 6. The mismatch between objective function and self-

reported symptoms and function is not uncommon (Losciale et al., 2019), highlighting the need to 

assess multiple constructs throughout rehabilitation and prior to discharge. While the patient’s 

own perception of their function is important, physical deficits could have future implications 

unbeknown to them, such as structural deterioration (Chapter 6) (Pinczewski et al., 2007) or future 

symptoms (Losciale et al., 2019).  

 

The results of this thesis suggest that clinicians should use a battery of functional tasks assessing 

different aspects of function (e.g., strength, power, endurance, balance, coordination). Traditional 

linear and non-fatigued tests such as the single- and triple-crossover hop tests could be 

complemented with the side-hop and one-leg rise tests. Deficits were most evident in the side-

hop and one-leg rise tests, which assess other aspects of lower-limb function (i.e., mediolateral 

power and coordination, endurance). This is important as poor performance on the side-hop and 

the test battery was associated with the greatest risk of worsening patellofemoral BMLs (Chapter 

6). Expanding the hop test battery will also increase the chance of identifying those at higher risk 

of re-injury (Grindem et al., 2016; Kyritsis et al., 2016) or future symptoms and QoL impairments 

(Bodkin et al., 2017; Culvenor et al., 2016c; Ericsson et al., 2013; Losciale et al., 2019). Even for 

those who do not wish to return-to-sport, restoring and maintaining full function via ongoing 

exercise therapy has future joint health and general health benefits (Skou et al., 2018). Regular re-

assessment and performance benchmarks on a range of tests patient-specific tests may enhance 

motivation and exercise adherence (Grindem et al., 2015b; Walker et al., 2020).   

 

The LSI should be interpreted with caution, as this thesis found it may overestimate improvement 

when the contralateral limb function is used as the reference standard. The potential 

overestimation of functional ability calls into question the wide use of the LSI following ACLR for 

return-to-sport clearance in clinical settings (Almangoush & Herrington, 2014; Burgi et al., 2019; 

Engelen-Van Melick et al., 2013) or as an outcome measure in research. Over-reliance on the LSI 

as part of return-to-sport clearance might contribute to the high rates of subsequent ACL injury 

(Wiggins et al., 2016). Clinicians might consider using pre-operative or early post-operative 
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assessment of contralateral limb hop test performance (once acute pain and swelling have 

resolved) as the performance benchmark (Wellsandt et al., 2017), or comparing performance to 

normative data from age-, sex-, and activity-matched healthy individuals (Ageberg et al., 2001a; 

Baltaci et al., 2012; Engelen-Van Melick et al., 2013; Kemp et al., 2013; Kockum & Heijne, 2015; 

Myers et al., 2014).  Pre-operative or early post-operative assessment of contralateral limb 

function also has inherent limitations, as pre-injury physical performance may be poor and set the 

bar too low. Rehabilitation should aim to improve functional performance to a level appropriate 

for the patient’s age, sex and desired activity level. Published normative data may not be 

generalisable, as it is often determined from college athletes (Myers et al., 2014) or small sample 

sizes (Baltaci et al., 2012; Kemp et al., 2013; Kockum & Heijne, 2015;). College athlete performance 

values may be unrealistic for amateur athletes to achieve. Clinicians should use a combination of 

pre-operative, early and late post-operative assessment of contralateral limb performance to 

calculate the LSI, and compare both limbs to normative data. 

9.2.4 Secondary prevention strategies    

Secondary prevention interventions aim to prevent or slow post-traumatic OA or knee-related 

symptoms by targeting modifiable factors associated with disease onset and/or progression. This 

thesis identified individuals at one year who were at risk of a worse structural or symptomatic 

prognosis five years following ACLR and in greatest need of early secondary prevention 

interventions. Individuals most at risk of worsening OA features were those with: (i) a high BMI 

>25 kg/m2 (Chapter 3) and (ii) poor functional performance (Chapter 6) one year post-operatively. 

Individuals with worse PROs at five years had: (i) a combined injury (and were older and heavier) 

(Chapter 4) and (ii) lower KOOS/IKDC scores one year post-operatively. While there is little 

evidence supporting interventions to slow or prevent symptomatic post-traumatic OA following 

ACLR, current best practice for clinicians should address modifiable prognostic factors (Whittaker 

& Roos, 2019). The intervention in Chapter 8 was based on current recommendations for post-

operative rehabilitation and secondary prevention strategies.  

 

Clinicians may consider applying dietary and/or exercise-based interventions to optimise body 

weight in the post-traumatic OA population. Weight gain is common following ACLR (Toomey et 

al., 2017; Whittaker et al., 2019), and in this thesis BMI increased (by 4%) between one and five 

years post-ACLR, and the cohort was classified as overweight at both time-points. Importantly, a 

higher BMI at one year was associated with an increased risk of worsening of most OA features on 

MRI. Weight gain can cause mechanical overload on joint tissues and/or, via fat mass have a 

biological pro-inflammatory effect on the joint environment (Malfait, 2016). Therefore, achieving 

and maintaining a healthy body weight may prevent or slow OA progression, particularly as obesity 
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is one of the strongest risk factors for incident non-traumatic OA (Blagojevic et al., 2010). Further, 

weight loss can reduce compressive joint load, inflammatory markers, and meniscal worsening 

(Loeser et al., 2017; Messier et al., 2020; Messier et al., 2011; Munugoda et al., 2020), and improve 

OA symptoms (Chu et al., 2018) in the general population. The intervention evaluated in Chapter 

8 was not specifically designed to address weight gain or body composition; however, the 

education component included topics such as the importance of weight management.  

 

Addressing patient-specific lower-limb impairments with exercise therapy might assist with 

secondary prevention of post-traumatic OA, given the association between poor functional 

performance and worsening (patellofemoral) OA features identified n Chapter 6. Persistent lower-

limb strength and functional deficits may contribute to joint overload, impairing the ability to 

dissipate forces (Bennell et al., 2013; Palmieri-Smith & Thomas, 2009; Segal & Glass, 2011). 

Alternatively, strength and functional deficits may underload joint tissues, as they are often 

associated with lower peak knee moments during functional tasks (Gardinier et al., 2014; Schmitt 

et al., 2015). Underloading might cause cartilage thinning and weakness, contributing to post-

traumatic OA development (Chaudhari et al., 2008; Clark et al., 2006; Herzog et al., 1993; Shiomi 

et al., 2010). Quadriceps weakness can increase the risk of symptomatic radiographic non-

traumatic knee OA development in the general population (Culvenor et al., 2019c; Oiestad et al., 

2015; Segal & Glass, 2011), but this relationship is not clear in those with post-traumatic OA 

(Oiestad et al., 2010b; Wellsandt et al., 2018). Chapter 8 indicates that exercise therapy and 

education have potential to improve functional performance one year following ACLR, but a fully-

powered RCT is required to determine if the improvements are clinically meaningful and if 

improved strength and/or function can prevent or slow the progression of structural features of 

OA.   

 

In this thesis, the presence of a combined injury at the time of ACLR as well as worse PROs at one 

year after ACLR were the biggest predictors of worse PROs at five years. Clinicians should consider 

ongoing education and exercise therapy for individuals with persistent symptoms and impaired 

QoL at one year. Having “failed” their first attempt at recovery, it is likely that individuals with 

persistent symptoms may present with unique challenges (e.g., misguided beliefs, decreased 

motivation, negative experiences with rehabilitation). In Chapter 8, exercise adherence was low; 

therefore, developing strong rapport and providing education regarding criteria-based 

progression and the rationale for ongoing rehabilitation may be particularly important for this 

group of individuals in order to increase motivation (Truong et al., 2020; Walker et al., 2020). 

Individuals who are willing to accept changes to their lifestyle or activity preferences may have 

better longer-term QoL (Filbay et al., 2016). Despite low adherence, Chapter 8 indicated that 
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exercise therapy and education have the potential to provide worthwhile effects on knee-related 

symptoms and QoL in a full-scale RCT. Health professional delivered education and exercise 

therapy can improve knee-related QoL, lower use of medications, and delay the need for TKR in 

those with non-traumatic knee OA (Skou et al., 2018; Thorlund et al., 2020), supporting their use 

for those with or at risk of post-traumatic OA following ACLR until further research is conducted.  

9.3 Future perspectives and research implications  

9.3.1 Future directions for observational cohort studies  

This thesis has highlighted important considerations for future observational cohort studies 

investigating the early stages of post-traumatic OA following ACLR.  

 

Confirming patellofemoral and tibiofemoral OA trajectory following ACLR 

The patellofemoral and tibiofemoral compartments should be evaluated separately, due to their 

apparent differences in OA progression (Chapter 3), associations with symptoms (Chapter 4), and 

prognostic factors (Chapter 6). Compared to the tibiofemoral joint, the patellofemoral joint is 

under-researched following ACLR. The sequelae of OA development is of interest, as 

patellofemoral OA may precede tibiofemoral OA, whereby joint disease is initially isolated to the 

patellofemoral compartment (i.e., without tibiofemoral involvement), proceeded by whole knee 

joint degeneration (Stefanik et al., 2016; Stefanik et al., 2013). The higher rates of patellofemoral 

worsening in this thesis require confirmation in future longitudinal MRI evaluations due to 

conflicting results in other cohorts (van Meer et al., 2016; Whittaker et al., 2018). The lower rates 

of patellofemoral OA on MRI in the KNALL (van Meer et al., 2016) and PrE-OA study (Whittaker et 

al., 2017) may be due to their different MRI acquisition methods (i.e., lower magnetic field 

strength), or their younger, more active populations, with a lower BMI and fewer concomitant 

patellofemoral chondral lesions. Further investigation of the factors and mechanisms 

underpinning structural degeneration in each compartment is needed, ideally in studies with 

larger samples and consistent MRI evaluation methods. In this thesis, worse functional 

performance was associated with increased risk of worsening patellofemoral OA features, but not 

tibiofemoral OA. This appears consistent  with prior work in the general population where 

quadriceps strength is more strongly associated with risk of patellofemoral than tibiofemoral OA 

(Amin et al., 2009; Culvenor et al., 2019c). Future studies should investigate the influence of other 

modifiable factors with potential to influence post-traumatic patellofemoral structural 

degeneration in the KOALA cohort, such as patellofemoral alignment (Macri et al., 2019) and 

biomechanics during functional tasks (Culvenor et al., 2014c; Culvenor et al., 2016e; Sritharan et 

al., 2020).  
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Determine a core set of outcome measures for longitudinal cohort studies  

Future studies should aim to utilise a core set of structural (OA features on MRI), patient-reported 

(e.g., KOOS, IKDC), and physical measures (e.g., functional performance, BMI) that are responsive 

to change and/or have prognostic capabilities following ACLR. The worsening OA features on MRI 

over four years supports the feasibility and sensitivity of the MOAKS for monitoring structural 

changes over short periods of time, and informing future effect sizes for natural changes. The 

relationship between early OA features on MRI with future symptomatic radiographic post-

traumatic OA requires further investigation. Future longer-term cohorts should include 

concurrent radiographic examinations, healthcare system (e.g. TKR rates, risk of other chronic 

diseases) and societal costs (e.g., absenteeism, early retirement) (Ackerman et al., 2017). Chapter 

4 and 5 highlighted the importance of considering individual patient data as well as mean group-

level scores in longitudinal cohorts evaluating patient-reported and functional performance 

outcomes following ACLR. Future studies should consider reporting the proportion of individuals 

who improve, remain stable, or worsen.  

 

The KOOS is widely used and is valid for ACLR populations and older individuals with knee OA, but 

ceiling effects were observed in a substantial  proportion of KOALA participants for the KOOS-

Symptoms (9%), KOOS-Pain (17%), and KOOS-Sport (21%) subscales. Future cohort studies may 

consider valid, ACL-specific measures such as the ACL-QoL, which have minimal ceiling effects and 

evaluate different aspects of knee-related QoL (e.g., emotional and social impact) not evaluated 

by the KOOS (Lafave et al., 2017). For functional performance, the hop tests and one-leg rise test 

can identify individuals who are at risk of structural degeneration. Importantly, these tests were 

responsive to change following a 16-week exercise therapy and education intervention in Chapter 

8. However, less challenging tests may be required across the OA disease continuum for lower-

functioning individuals. In the KOALA cohort, 6% at one and five years, and 30% in the pilot RCT at 

one year, were unable to complete a successful side-hop on their ACLR limb. The one-leg rise may 

be suitable for individuals unable to hop, but easier tests (e.g., a sit to stand test) should be 

considered to monitor functional changes across the lifespan (Emery et al., 2019), as the one-leg 

rise also had floor effects (score of 0) in 10% of the KOALA cohort participants at one and five 

years, and 17% in the pilot RCT.  

 

To advance understanding of the relationships between functional performance, structure, and 

symptoms observed in this thesis, replication in multiple independent studies and a meta-analysis 

of individual participant data may be required (Nielsen et al., 2020; Riley et al., 2013). Therefore, 

researchers should decide on a standardised set of structural, patient-reported, and functional 
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performance measures and their reporting methods, to facilitate evidence synthesis and data 

sharing initiatives (Emery et al., 2019). Additional outcomes might include - physical outcomes 

(return-to-sport, muscle strength, biomechanics, body composition) and psychosocial and 

contextual factors, to provide insight into the mechanisms underpinning symptomatic decline and 

post-traumatic OA progression.  

 

Determine the role of other physical outcomes in post-traumatic OA 

The role of physical activity and sports participation on development and/or progression of post-

traumatic OA and symptoms should be investigated. The relationship between poor function at 

one year post-ACLR and increased risk of worsening (patellofemoral) OA features (Chapter 6) 

might be moderated by return-to-sport. Returning to sport is not associated with an increased risk 

of worsening OA features on MRI at 5-years (Haberfield et al., 2020), and might  protect against 

longer-term radiographic or symptomatic OA at 15 years (Oiestad et al., 2018). However, larger 

prospective cohort studies with sufficient power to detect the longer-term risks or benefits of 

return-to-sport are required, and if the effect is moderated by the type of sport, timing of return, 

physical impairments at time of return, or participant characteristics (e.g., sex). Longitudinal 

assessment of structural outcomes, muscle strength, body composition (e.g., BMI, fat mass), and 

biomechanics during sport-specific tasks, at the (expected) time of return-to-sport with a short- 

to medium-term follow-up (two to five years), combined with regular (i.e., monthly) activity 

monitoring, may provide insight into the potential loading mechanisms underpinning post-

traumatic OA. Given that surgical success is often judged on a return to pre-injury sport, and some 

patients have misguided beliefs that repetitive joint loading (e.g., running) will increase their risk 

of OA (Bennell et al., 2016), prospective cohorts designed to evaluate the impact of return-to-

sport on structural and patient-reported outcomes are required. 

 

Determine the role of psychosocial and contextual factors  

In this thesis, functional deficits and persistent symptoms were noted in many individuals at one 

and five years following ACLR, but psychosocial and contextual factors contributing to inadequate 

recovery were not explored and warrant investigation. Psychosocial factors such as self-

motivation, optimism, and athletic identity can influence patient-reported and physical recovery 

(Everhart et al., 2015; Truong et al., 2020; Walker et al., 2020). Greater fear of re-injury is common 

following ACLR (Flanigan et al., 2013), and greater fear is associated with knee load avoidance 

during single-leg landing tasks (Trigsted et al., 2018). Underloading may increase the risk of post-

traumatic OA development (Wellsandt et al., 2018; Wellsandt et al., 2016); hence, future studies 

should evaluate the relative contribution of psychological factors to joint loading or avoidance of 

physical activity, and their effect on structure over time. Importantly, factors such as confidence, 
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fear, and emotional impacts are potentially modifiable as evidenced by the improvements in the 

ACL-RSI and ACL-QoL in Chapter 8. Contextual factors such as participation in rehabilitation may 

also impact functional recovery (Walker et al., 2020). Retrospective participant recall from the 

KOALA cohort at one year suggests that there is underutilisation of rehabilitation, with 

approximately 70% ceasing prior to six months post-ACLR (Patterson et al., 2016). However, future 

prospective studies designed to assess rehabilitation participation, via regular independent 

assessment methods (e.g., clinical notes) to avoid recall and reporting bias, will provide insight 

into current practice and can inform strategies to increase uptake of evidence-based care.  

 

Include surgical and non-surgically treated ACL-injured patients 

The KOALA cohort only included individuals who underwent ACLR, as this is the treatment of 

choice in Australia (Moses et al., 2012; Rooney, 2016).  Emerging evidence suggests that on 

average, there are few differences between those who undergo ACLR compared to those with 

non-surgical management with respect to symptoms, function, return-to-sport, QoL, and 

prevalence of radiographic OA (Chalmers et al., 2014; Filbay et al., 2015; Filbay & Grindem, 2019; 

Lien-Iversen et al., 2020; Smith et al., 2014). The KOOS scores and prevalence of tibiofemoral 

radiographic OA in the KOALA cohort at 5 years were similar to those treated non-surgically in the 

KANON trial at 5 years post-injury, while patellofemoral radiographic OA was higher in the KOALA 

cohort (Frobell et al., 2013). Most other surgical and non-surgical management comparisons have 

focussed on long-term (>5 years) radiographic OA and QoL outcomes (Chalmers et al., 2014; Filbay 

et al., 2015 Lien-Iversen et al., 2020). Given the equally high risk of post-traumatic OA and poor 

QoL, future prospective cohorts should evaluate if early prognostic factors differ between surgical 

and non-surgical management.  Evaluation shorter-term structural (MRI), patient-reported 

(confidence, physical activity) and physical performance (e.g., muscle strength, hop tests) 

prognostic factors in both ACL-deficient and ACLR populations may help inform treatment choice 

and rehabilitation after ACL injury.  

 

9.3.2 Future directions for secondary prevention trials 

The findings of this thesis can inform larger secondary prevention trials to evaluate the 

effectiveness of interventions aiming to slow or prevent structural or symptomatic deterioration 

(poor prognosis) following ACLR. A physiotherapy-guided intervention is feasible, and the target 

population at higher risk of poor prognosis appears to be those with either a higher BMI, combined 

injury, poor functional performance, and/or worse PROs one year following ACLR.  

 

Eligibility criteria  
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Future clinical trials should select individuals who are at greatest risk of a worse prognosis. While 

individuals with a combined injury have worse outcomes (Hamrin Senorski et al., 2019; van Meer 

et al., 2015), not everyone with a combined injury had persistent symptoms or worsening OA 

features (Chapter 3 and 4 and 8).  Eligibility for secondary prevention clinical trials should be 

focused on the presence of symptoms and functional or QoL impairments. The large individual 

variation in PROs at one year following ACLR in this thesis indicates that trial design might need to 

take factors affecting baseline status or treatment response (e.g., age, sex, pre-injury activity level) 

into consideration. Future trials could include patients from public and private healthcare settings 

as well as rural and lower socioeconomic areas, who may have more limited access to evidence-

based rehabilitation to enhance external validity. Clinical trials in ACL-deficient populations are 

also required, due to their equally high risk of post-traumatic OA development (Lien-Iversen et al., 

2020).   

 

Study design: Comparator group  

The comparator group for future RCTs evaluating exercise and education interventions requires 

careful consideration. A wait-list or no/minimal-intervention control group might better represent 

standard care 6 to 12 months following ACLR than the trunk-focussed intervention provided in 

Chapter 8. However, a minimal intervention control group poses problems with uneven contact 

with clinicians between groups due to the non-specific effects of therapeutic alliance and placebo 

(Chen et al., 2020).  Minimal intervention control groups would require reliable monitoring of 

participation in co-therapies, exercise, physical activity, and sport. 

 

Intervention content: Weight management  

Given that a higher BMI increased the risk of worsening OA features on MRI, interventions 

targeting weight loss in those who are overweight or obese may prove powerful in improving 

symptoms and structural progression after ACLR, based on results in older adults with knee OA 

(Chu et al., 2018; Loeser et al., 2017; Messier et al., 2020; Munugoda et al., 2020). Future trials 

may consider including more advanced assessments of body composition (e.g., dual-energy X-ray 

absorptiometry) and evaluating the effect of multidisciplinary diet and/or exercise-based 

interventions.   

 

Intervention content: Education and psychological interventions  

The effects of education and/or psychological interventions should be determined in future 

studies. Education alone may as effective as exercise therapy (De Oliveira Silva et al., 2020), and 

future trials could evaluate the effect of formalised education by assessing changes in participant 

knowledge, beliefs, and psychosocial factors in addition to changes in symptoms. Future 
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evaluation of psychological interventions (e.g., motor imagery, role modelling, or motivational 

interviewing) that target known psychological impairments following ACLR (e.g., fear, confidence, 

self-efficacy) might be effective for those with persistent symptoms one year following ACLR in 

order to increase exercise adherence (Everhart et al., 2015; Truong et al., 2020; Walker et al., 

2020).  

 

Intervention format: Duration, frequency, and individualisation  

Further research is required to determine the optimal dose and duration of supervised 

rehabilitation following ACLR, particularly for those with persistent symptoms and previous 

burden (e.g., time, financial, inconvenience, emotional) of rehabilitation over an extended period 

(Walker et al., 2020). The influence of a longer, more intense, and individualised intervention 

could be evaluated in future trials, given that the 16-week intervention (Chapter 8) may have been 

insufficient to achieve optimal patient-reported and functional performance outcomes. Future 

trials might consider a pragmatic approach, whereby those who are progressing independently 

attend less frequently, and those not improving have increased supervision. Exercises should be 

prescribed according to individual needs and preferences (e.g., duration, gym- or non-gym, 

individual or group) to maximise adherence (Aboagye, 2017). In Chapter 8, participants reported 

that there were too many exercises to complete in addition to their sports-related activities (e.g., 

running, team-based training). Future trials may consider three to four priority exercises combined 

with optional additional exercises to enhance adherence (Chapter 8). Supervised group classes 

provide opportunity for peer support, and are equally effective as one-to-one physiotherapy at 

improving pain and function in musculoskeletal conditions, with lower healthcare costs (O'Keeffe 

et al., 2017). Group-based exercise can improve symptoms, function, and QoL in individuals with 

knee OA (Skou & Roos, 2017), but evaluation of its effectiveness in a younger post-traumatic OA 

population is required.  

 

Strategies to increase unsupervised exercise adherence 

To increase effectiveness of future interventions, strategies to increase exercise adherence (<52% 

in Chapter 8) are required. Adherence monitoring following ACLR is prone to attrition bias and 

lacks consistent definition of parameters (e.g., frequency, duration, intensity) and reliable 

measurement tools (Walker et al., 2020). The use of mobile apps (such as Physiapp© in Chapter 

8) can increase adherence to data entry initially, but may be less useful once patients are familiar 

with their program. Increasing the interactivity (e.g., progress reports, informational or peer 

support) or incentivising use (e.g., gamification) of apps to promote adherence and data 

completion may be required (Nussbaum et al., 2019; Reynoldson et al., 2014). Regular goal setting 

and re-assessment may facilitate adherence (Walker et al., 2020), concurring with participant 
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feedback in Chapter 8. Social support (i.e., from family) can allow patients to prioritise time to 

complete their rehabilitation (Brewer et al., 2003).  

 

Future perspectives: Determining treatment effects and mechanisms 

While this thesis highlights that exercise therapy and education have the potential to improve 

knee-related QoL, symptoms and function in those at higher risk of post-traumatic OA, the 

mechanisms underpinning their concurrent improvement are likely to be multifactorial and 

require further investigation. Improved physical function may increase activity level, confidence, 

and QoL, or reduce nociception by optimising joint load (Bennell et al., 2013; Palmieri-Smith et al., 

2013). Conversely, improvement in symptoms or confidence via co-therapies (education) or the 

placebo effect may moderate improvements in physical outcomes. Future trials might evaluate 

individual treatment responses across multiple constructs (e.g., do improvements in physical 

function correlate with improved confidence?) to understand these mechanisms. Future trials are 

needed to determine if improved function can slow the progression of OA or symptoms, and if 

interventions are cost-effective. Future RCTs may include structural measures in the short- (e.g., 

quantitative MRI), medium- (e.g., semi-quantitative MRI), and longer-term (e.g., X-ray). Short 

follow-ups (<2-years) utilising MRI may be appropriate given the sensitivity to change noted in 

Chapter 3. Intervention costs evaluated against potential benefits at a societal (work productivity), 

healthcare system (e.g., surgery), and individual level (e.g., symptoms, function, health-related 

QoL, co-morbidities) should be assessed in the short- and long-term. Findings from the pilot RCT 

have provided guidance for a large-scale RCT commencing in 2021, titled “SUpervised exercise 

therapy and Patient Education Rehabilitation after knee injury” (SUPER knee trial). The trial will 

evaluate quantitative cartilage changes on MRI following a 12-month physiotherapist-guided 

exercise and education program for individuals with poor knee-related QoL following ACLR, and 

will include health economic evaluation.  

 

9.4 Strengths of the research design 

The KOALA cohort, from which Study 1 to 4 is based, is one of the few longitudinal prospective 

cohort studies evaluating structural outcomes alongside symptomatic and functional outcomes 

beyond the first post-operative year. The natural course and relationships between structural, 

patient-reported, and functional performance outcomes are highlighted in an under-investigated 

time-period after acute recovery, but prior to end-stage disease. Utilising the sensitivity of MRI 

and semi-quantitative scoring systems, this cohort has built upon other large ACL-injured and 

ACLR cohorts by evaluating worsening of focal OA features (i.e., cartilage, bone, and menisci) in 

both the tibiofemoral and patellofemoral compartments and modifiable prognostic factors. While 

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=373730
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imaging evaluation following ACL injury cannot determine if the pathology was pre-existing, using 

a worsening definition of OA features incorporates baseline lesions which may have pre-existed. 

 

Most characteristics of the KOALA cohort are similar to previous reviews and registry data, 

increasing the generalisability of the findings of this thesis. The proportion of female participants 

(Ahldén et al., 2012; Sarraj et al., 2019; Spindler et al., 2018), the prevalence of concomitant 

injuries (Granan et al., 2009; Sarraj et al., 2019; Spindler et al., 2018), re-injuries (Wright et al., 

2011), radiographic OA (Belk et al., 2019; Cinque et al., 2018), and the KOOS (Ahldén et al., 2012; 

Spindler et al., 2018) and IKDC (Sarraj et al., 2019) scores at one and five years were similar to 

previous reviews and registry data. While participants from the KOALA cohort were slightly older 

at the time of ACLR compared to registry data (Ahldén et al., 2012; Spindler et al., 2018), age was 

adjusted for in all regression models, and did not strongly influence patient-reported or structural 

outcomes. At five years, the follow-up rate of 70% minimises the risk of attrition bias. There were 

no differences between those who did and did not participate at five years regarding participant 

characteristics and structural, patient-reported, and functional performance outcomes at the one-

year assessment. This was except for medial meniscal lesions on MRI at one year, which were 

more prevalent in those who participated in the five-year assessment.  

 

The research design in Part B and Part C minimised potential systematic biases by using 

recommended study designs, outcome measures (Emery et al., 2019), and reporting methods (Elm 

et al., 2007). All ACLRs used consistent surgical techniques, by one of two high-volume orthopaedic 

surgeons. All MRIs were evaluated by an experienced musculoskeletal radiologist with established 

inter- and intra-rater reliability (Hunter et al., 2011a), who was blind to clinical and radiographic 

information. The reliability of the KOOS, IKDC, ACL-QoL, and ACL-RSI is well-established (Chapter 

2). All objective functional performance measures were collected by a researcher blind to the side 

of surgery. Procedures for the functional performance tests (Chapter 2,) were completed with 

standardised procedures (e.g., testing order, landing requirements, hand placement) according to 

reporting standards (e.g., best or mean score) for hop testing (Read et al., 2020). Reporting in Part 

B adhered to the STROBE guidelines (Elm et al., 2007) for observational cohort studies, while the 

pilot RCT in Part C was prospectively registered, and reporting complied with the CONSORT 

guidelines for pilot feasibility RCTs (Eldridge et al., 2016). The exercise intervention in Chapter 8 

adhered to resistance training principles (American College of Sports Medicine, 2009) and was 

reported according to the TiDier (Hoffmann et al., 2014) and CERT templates (Slade, 2016). 

Detailed descriptions of the exercise therapy program and education materials used in Chapter 8 

are available online. Clinicians could replicate the intervention, increasing the potential real-world 

https://task.trekeducation.org/
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impact of the research in this thesis and meeting the call for better reporting of exercise dosage 

(Goff et al., 2018).   

 

The studies in Part B adopted statistical methods recommended for prognostic and sports injury 

research (Riley et al., 2013;Nielsen et al., 2020). The analysis of longitudinal data poses many 

challenges, such as handling dependencies due to repeated measures on each individual, the 

complexity of OA disease over time, and multiple confounding variables (Nielsen et al., 2020). 

Study 1 and 4 accounted for correlated data (e.g., worsening OA features between subregions 

within the same participant) by using an appropriate statistical approach (GEE). This approach also 

increased the statistical power of the analysis, as each participant contributed multiple data points 

for each worsening model, according to the number of subregions (e.g., 10 subregions for 

tibiofemoral cartilage worsening). Age, sex, BMI, and presence of a combined injury were adjusted 

for in regression analyses, given the potential influence of these factors and the previous 

underutilisation of multivariate analyses (An et al., 2017; van Meer et al., 2015). The one-year 

KOOS and IKDC scores were adjusted for in Study 2 and 4 (when five-year KOOS/IKDC scores were 

the outcome variable), due to the known associations between baseline PROs and future 

outcomes (Spindler et al., 2018).  

9.5 Limitations of the research design 

Specific limitations of each study are reported in their respective chapters. Generally, there was 

potential for selection bias at entry into the KOALA cohort study at one year. All consecutive 

eligible patients with an ACLR from the two privately operating orthopaedic surgeons were invited 

to participate at one year, but only two-thirds accepted the invitation and enrolled. However, 

there were no differences between those who did and did not participate in the one-year 

assessment with respect to age, sex, pre-injury level of sports activity, time from injury to ACLR, 

and prevalence of concomitant injuries (Culvenor et al., 2015a). The ACL-injured individuals 

accessing the private healthcare system in metropolitan Melbourne for ACLR may differ to other 

ACL-deficient and ACLR individuals in the public healthcare system or in rural areas, decreasing 

the generalisability of the findings in the KOALA cohort. Lack of private healthcare access or 

geographic location may limit the ability to have an ACLR for a ruptured ACL, and may reflect 

different socioeconomic status, cultural beliefs (e.g., about pain), access to evidence-based 

rehabilitation, motivation to return to full function, and lifestyle (e.g., diet). Hence, the results of 

this thesis may not accurately reflect the burden of post-traumatic OA following ACLR. The KOALA 

cohort had lower return-to-sport rates and inferior function compared to several other cohorts 

(Abrams et al., 2014; Ardern et al., 2014b; Lepley, 2015), potentially reflecting the slightly older 
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age of the KOALA cohort or the lack of standardised rehabilitation in the first post-operative year, 

which was not part of this thesis.   

 

The small sample size resulted in low numbers of participants with worsening of some OA features 

(e.g., osteophytes, BMLs), which may have affected the statistical stability of the regression 

models in Chapter 3 to 6. The risk estimates for prognostic factors identified in this thesis (BMI, 

patellofemoral cartilage lesions, functional performance) had wide CIs and may be due to chance. 

Clinical interpretation of the findings was difficult as the CIs ranged from clinically unimportant 

(e.g. those with a patellofemoral cartilage lesion had on average 3-points lower KOOS-Symptom 

score compared to those without a patellofemoral cartilage lesion) to clinically important (e.g. 17 

points lower). Further adequately powered cohort studies, and individual participant data meta-

analyses amongst other ACLR cohorts are required to validate these prognostic factors. A larger 

sample size might facilitate adequately powered sub-group analyses (e.g. sex, subsequent injuries) 

in future studies. Osteophytes and radiographic OA were excluded from prognostic evaluations in 

Chapter 3, 4, and 6, due to the low numbers of osteophytes ≥grade 2 reported at one and five 

years. As many patients as possible were recruited into the KOALA cohort at study inception over 

a 12 month period; due to the feasibility of the original PhD project, an a-priori power calculation 

was not completed.  

9.6 Conclusions  

This thesis aimed to evaluate changes in OA features on MRI, PROs, and functional performance 

between one and five years following ACLR (Part B), identify factors associated with worsening OA 

features and change in PROs (Part B), and determine the feasibility and effectiveness of a 

physiotherapist-guided intervention for individuals with persistent symptoms at one year 

following ACLR (Part C).  

 

Worsening of OA features was most frequent in the patellofemoral compartment, particularly 

cartilage lesions (44%), which were associated with worse symptoms and QoL at five years. 

Approximately half of the KOALA cohort had unacceptable symptoms and QoL one year following 

ACLR, which persisted in one-third at five years. Individuals with a combined injury were older and 

heavier, and had worse patient-reported symptoms, function, and QoL than their peers with an 

isolated injury. Only one in five passed the functional performance test battery at one year, a time 

when most patients expect to be fully recovered and participating in high-demand sports. This 

thesis builds upon previous cohorts and registry data by identifying modifiable factors (poor 

functional performance, high BMI) associated with OA development and/or progression, much 

earlier in the disease process than previously described due to utilisation of MRI. Together these 
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findings indicate that interventions should aim to reduce body weight, improve patient-reported 

symptoms and QoL, and improve functional performance, particularly in older individuals with a 

combined injury, in order to improve prognosis for young adults following ACLR.  

 

The physiotherapist-guided lower-limb-focussed exercise therapy and education intervention 

appears feasible to test in a larger-scale clinical trial. It also demonstrated potential to provide 

worthwhile treatment effects for knee-related symptoms, function, and QoL, even beyond the 

typical rehabilitation period. Future trials will assist in evaluating the effect of improved function 

and strength via exercise therapy and education on structural outcomes, longer-term knee-related 

QoL, and cost-effectiveness in those at risk of post-traumatic OA following ACLR.  

 

In summary, this thesis combines three important steps integral to prognostic research and 

secondary prevention of post-traumatic OA following ACLR: (i) an improved understanding of the 

natural trajectory of structural, patient-reported, and functional performance outcomes in a 

critical time-period after acute recovery, but prior to established OA; (ii) early identification of 

modifiable factors associated with worse prognosis; and (iii) development of a feasible and 

potentially effective intervention for individuals with a worse prognosis, that can now be tested 

in a larger RCT. The findings of this thesis provide an important step forward in reducing the 

burden of post-traumatic OA on young adults following ACLR.  
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Appendices  
 
The following section contains all appendices associated with Chapters 1 to 9, including: 

• Publications and supplementary files associated with this thesis 

• Copyright permissions and restrictions  

• Confirmation of authorship  
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Appendix A: Ethical approval letter for studies in Part B 
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Appendix B: Participant information statement for studies in Part B 
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Appendix C: Participant consent form for studies in Part B 
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Appendix D: Participant recruitment letter at five years following ACLR 
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Appendix E: KOOS questionnaire  
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Appendix F: IKDC questionnaire  
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Appendix G: Customised activity level questionnaire 
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Appendix H: Chapter 3 original publication: American Journal of Sports Medicine  
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Appendix I: Chapter 4 original publication: Arthritis Care and Research 
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Appendix J: Chapter 4 Supplementary File A, Relationship between participant characteristics and PROs at one and five years 

 
  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
*Values represent coefficient and 95% confidence interval. Univariate linear regression was used to determine the relationship between the demographic factor and 
KOOS and IKDC scores. Values in bold represent statistically significant associations (p<0.05). 
~Participants were defined as a combined injury at 1 and 5 years if they had a significant cartilage lesion/meniscectomy assessed at the time of ACLR.  
◊Level 1 sport=jumping, cutting, pivoting as per Sports Activity Classification based on Grindem et al. 2012. 
¥Performed at the time of ACLR. 
¤Assessed arthroscopically at time of ACLR, cartilage defect defined as Outerbridge (2) grade ≥2 (i.e., at least a partial-thickness defect). 
Ϡ Assessed using a KT-1000 arthrometer.   
 

 
Supplementary File A, Table 1. Participant characteristics and univariate associations with KOOS and IKDC scores at one year (n=111)* 
  

Participant characteristics at 1 year 
1 year PROs* 

KOOS-Symp KOOS-Pain KOOS-Sport KOOS-QoL IKDC 

Age at time of surgery, weeks -0.26 (-0.55, 0.03) -0.16 (-0.36, 0.04) -0.55 (-0.90, -0.20) -0.15 (-0.56, 0.25) -0.45 (-0.71, -0.20) 

Sex, (ref female) -0.05 (-5.22, 5.13) 0.64 (-2.89, 4.19) -0.72 (-7.08, 5.64) 2.67 (-4.37, 9.71) 1.45 (-3.18, 6.08) 
Participating Level 1 sport pre-injury◊ (ref 
no.) -0.54 (-6.11, 5.02) -0.50 (-4.31, 3.32) 1.99 (-4.85, 8.82) 3.96 (-3.60, 11.52) 1.21 (-3.76, 6.21) 

Time injury to surgery, weeks -0.00 (-0.06, 0.05) 0.02 (-0.02, 0.07) 0.03 (-0.04, 0.09) -0.06 (-0.14, 0.01) 0.00 (-0.05, 0.05) 

Combined injury at time of ACLR~ (ref no.) -6.57 (-11.41, 1.73) -2.36 (-5.76, 1.03) -10.40 (-16.23, -4.58) -6.65 (-13.35, 0.05) -9.00 (-13.15, -4.86) 

Meniscectomy at time of ACLR¥ (ref no.) -5.26 (-10.3, -0.18) -1.38 (-4.92, 2.15) -8.22 (-14.39, -2.05) -7.92 (-14.82, -1.02) -7.00 (-11.45, -2.56) 

Cartilage defect at time of ACLR¤ (ref no.) -8.04 (-14.02, -2.06) -1.85(-6.07, 2.35) -8.71 (-16.11, -1.30) -9.02 (-17.27, -0.78) -10.15 (-15.33, -4.96) 
Returned to Level 1 sports at 1 year post-
ACLR◊ (ref no.) 3.45 (-3.46, 10.36) 1.54 (-3.21, 6.30) 3.98 (-4.53, 12.48) 13.63 (4.51, 22.76) 9.05 (3.06, 15.03) 

Body mass Index at 1 year post-ACLR, kg/m2 -0.22 (-0.84, 0.41) -0.12 (-0.55, 0.32) -0.72 (-1.48, 0.04) 0.10 (-0.75, 0.96) -0.69 (-1.24, -0.14) 
Anteroposterior laxity between-limb 
difference at 1 yearϠ, millimeters 0.79 (-0.47, 2.05) 0.75 (-0.10, 1.61) 1.42 (-0.11, 2.95) 0.18 (-1.54, 1.91) 0.66 (-0.47, 1.79) 
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* Values represent coefficient and 95% confidence interval. Univariate linear regression was used to determine the relationship between the demographic factor and 
KOOS and IKDC scores. Values in bold represent statistically significant associations (p<0.05). 
◊Level 1 sport=jumping, cutting, pivoting as per Sports Activity Classification based on Grindem et al.2012. 
~Participants were defined as a combined injury at 1 and 5 years if they had a significant cartilage lesion/meniscectomy assessed at the time of ACLR.  
¤ Assessed arthroscopically at time of ACLR, cartilage defect defined as Outerbridge et al. (1961) grade ≥2 (i.e., at least a partial-thickness defect). 
✪New (between 1 and 5 years) ACLR limb knee injuries/surgery n=10 (n=3 ACLR revision, n=6 meniscectomy, n=1 lateral collateral ligament sprain). 
★New (between 1 and 5 years) contralateral limb knee injuries/surgery n=6 (combined: n=2 ACLR, n=1 meniscectomy; isolated: n=1 ACLR, n=1 meniscectomy, n=1 lateral 
collateral sprain). 
Ϡ Assessed using a KT-1000 arthrometer.   
 

 
 
 
Supplementary File A, Table 2. Participant characteristics and univariate associations with KOOS and IKDC scores at five years (n=81) 

 

Participant characteristics at 1 year 
5 years PROs* 

KOOS-Symp KOOS-Pain KOOS-Sport/Rec KOOS-QoL IKDC 

Age at time of surgery, weeks -0.07 (-0.44, 0.29) -0.09 (-0.31, 0.12) -0.04 (-0.44, 0.37) -0.32 (-0.74, 0.09) -0.33 (-0.60, -0.06) 

Sex, (ref. female) 3.98 (-2.51, 10.47) 3.78 (-0.07, 7.64) 7.57 (0.51, 14.64) 9.45 (2.16, 16.74) 4.02 (-0.92, 8.97) 
Participating Level 1 sport pre-injury◊ (ref 
no.) 1.45 (-5.43, 8.34) 2.32 (-1.79, 6.45) 0.34 (-7.29, 7.99) 1.29 (-6.68, 9.27) 4.99 (-0.17, 10.17) 

Time injury to surgery, weeks 0.00 (-0.07, 0.08) 0.01 (-0.03, 0.06) 0.00 (-0.08, 0.08) -0.04 (-0.12, 0.05) 0.02 (-0.04, 0.07) 

Combined injury at time of ACLR (ref no.) -6.36 (-12.57, -0.15) -4.63 (-8.32, -0.94) -6.42 (-13.24, 0.50) -12.71 (-19.51, -5.90) -5.86 (-10.58, -1.15) 

Meniscectomy at time of ACLR¥(ref no.) -3.98 (-10.44, 2.46) -3.66 (-7.50, 0.17) -5.63 (-12.75, 1.48) -11.29 (-18.40, -4.18) -4.21 (-9.12, 0.69) 

Cartilage defect at time of ACLR (ref no.) -6.08 (-13.96, 1.79) -1.55 (-6.36, 3.25) 1.01 (-7.86, 9.88) -7.89 (-16.98, 1.20) -5.63 (-11.64, 0.38) 

New knee Injuries (either limb) (ref no.) -6.62 (-14.48, 1.22) -4.90 (-9.59, -0.21) -7.16 (-15.89, 1.56) -14.74 (-23.40, -6.09) -6.94 (-12.88, -1.00) 
ACLR limb✪ (ref no.) -5.07 (-15.68, 4.53) -5.78 (-11.47, -0.09) -7.99 (-18.57, 2.60) -13.75 (-24.53, -2.97) -6.47 (-13.76, 0.82) 
Contralateral limb★ (ref no.)  -7.32 (-19.36, 4.72) -2.2 (-9.51, 5.11) -3.96 (-17.42, 9.50 -12.37 (-26.18, 1.42) -5.83 (-15.08, 3.41) 

Returned to Level 1 sports 1 year post-ACLR◊ 

(ref no.) -0.53 (-8.96, 7.88) 1.62 (-3.43, 6.69) 5.61 (-3.64, 14.87) 7.05 (-2.57, 16.67) 4.20 (-2.19, 10.60) 

Body mass Index at 1 year post-ACLR, kg/m2 -0.44 (-1.29, 0.42) -0.73 (-1.22, -0.23) -1.48 (-2.38, -0.58) -0.91 (-1.88, 0.07) -0.93 (-1.56, -0.30) 
Anteroposterior laxity between-limb 
difference at 1 yearϠ, millimeters 1.33 (-2.1, 2.87) 0.75 (0.18, 1.69) 1.45 (-0.25, 3.17) 1.44 (-0.35, 3.23) 0.71 (-0.48, 1.91) 

KOOS/IKDC 1 year value, raw score out of 
100  0.28 (0.04, 0.53) 0.47 (0.30, 0.65) 0.31 (0.14, 0.48) 0.40 (0.21, 0.60) 0.48 (0.33, 0.64) 
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Supplementary File A, Table 3. Participant characteristics five years following ACLR and associations with KOOS and IKDC scores at five 
years (n=75)~ 
  

Participant characteristics at 5 years 
5 years PROs* 

KOOS-Symp KOOS-Pain KOOS-Sport/Rec KOOS-QoL IKDC 

Returned to Level 1 sports at 5 years 
post-ACLR◊ (ref no.) 1.04 (-5.76, 7.84) 2.86 (-1.19, 6.91) 3.46 (-3.16, 10.08) 8.54 (0.61, 16.47) 4.82 (-0.27, 9.91) 

Body mass Index at 5 years post-ACLR, 
kg/m2^ -0.41 (-1.39, 0.47) -0.56 (-1.08, -

0.04) -0.96 (-1.80, -0.12) -0.78 (-1.82, 0.27) -0.96 (-1.61, -0.32) 

 
~n=75 participated in PROs and clinical assessment at 5 years.  
* Values represent coefficient and 95% confidence interval. Univariate linear regression was used to determine the relationship between the demographic factor and 
KOOS and IKDC scores. Values in bold represent statistically significant associations (p<0.05). 
◊ Level 1 sport=jumping, cutting, pivoting as per Sports Activity Classification based on Grindem et al. (2012).  
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Appendix K: Chapter 4 Supplementary File B, Participant characteristics for those 

participating and not participating in the five-year assessment 

 

Supplementary File B, Table 1. Demographic and surgical characteristics of those participating 
and not participating in the five-year assessment 
 

 Not participating at 5 
years (n=31)£ 

Participating in  
5-year assessment (n=81) 

Participant characteristics 1 year post-ACLR 1 year post-ACLR 5 years post-
ACLR 

Age, median+IQR (range) 27±12 (20-50) 28±14 (19-52) 32±14 (23-56) 

Male sex, no. (%) 21 (68%) 50 (62%) 50 (62%) 

Sports activity level pre-injury, no. (%)§ 
Level 1. Jumping, cutting, pivoting sports 
Level 2. Lateral movement sports 
Level 3. Straight-line activities 
Level 4. Sedentary 

 
25 (81%) 
4 (13%) 
2 (6%) 
0 (0%) 

 
56 (69%) 
19 (23%) 

6 (8%) 
0 (0%) 

 
56 (69%) 
19 (23%) 

6 (8%) 
0 (0%) 

Sports activity at time of MRI, no. (%)§ 
Level 1. Jumping, cutting, pivoting sports 
Level 2. Lateral movement sports 
Level 3. Straight-line activities 
Level 4. Sedentary 

 
8 (26%) 
4 (13%) 
7 (23%) 

12 (38%) 

 
20 (25%) 
10 (12%) 
20 (25%) 
31 (38%) 

 
26 (32%) 
11 (14%) 
32 (39%) 
12 (15%) 

Surgery delay, median±IQR (range), weeks 12±13 (2.5-241) 14±20 (1-232) 14±20 (1-232) 
Body mass index^, median±IQR (range) kg/m2 25±7 (21-37) 26±4 (19-37) 26±5 (20-35) 
Concomitant injuries at time of ACLR, no. (%) 

Medial meniscectomy¥ 
Lateral meniscectomy¥ 
Patellofemoral chondral defect¤ 
Medial tibiofemoral chondral defect¤ 
Lateral tibiofemoral chondral defect¤ 

 
6 (19%) 
5 (16%) 
3 (10%) 
4 (13%) 
3 (10%) 

 
17 (21%) 
19 (23%) 

7 (9%) 
8 (10%) 
4 (5%) 

 
17 (21%) 
19 (23%) 

7 (9%) 
8 (10%) 
4 (5%) 

Anteroposterior laxity between-limb 
difference^, median±IQR (range), millimetres 

1.3±2.5 (-1.9 to 5.0) 1.6±2.6 (-3.75 to 7.17) n.a 

 
ACLR=anterior cruciate ligament reconstruction; IQR=interquartile range; n.a.=not assessed at 5 years. 
§ Activity level classification based on Grindem et al. (2012). 
¥ Performed at the time of ACLR. 
¤ Outerbridge grade ≥2 assessed arthroscopically.  
^Assessed using a KT-1000 arthrometer. 
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Supplementary File B, Table 2. Imaging results of those participating and not participating in the 
five-year assessment 
 
 Not participating in 

5-year assessment 
(n=33) 

 Participating in  
5-year assessment (n=78) 

 
 

1 year post-ACLR  1 year post-
ACLR  

5 years post-
ACLR*  

OA features on MRI, no. (%)* 
Cartilage defect (>grade 1, full- or 
partial-thickness) 

Patellofemoral  
Medial tibiofemoral 
Lateral tibiofemoral  

Bone marrow lesion (>grade 1) 
Patellofemoral  
Medial tibiofemoral 
Lateral tibiofemoral  

Osteophyte (>grade 2)¶ 
Patellofemoral  
Medial tibiofemoral 
Lateral tibiofemoral  

Meniscal lesion (>grade 1)^ 
Medial tibiofemoral 
Lateral tibiofemoral 

Radiographic OA, no. (%) 

 
13 (39%) 
9 (27%) 

11 (33%) 
 

6 (18%) 
4 (12%) 
8 (24%) 

 
0 (0%) 
0 (0%) 
2 (6%) 

 
18 (55%)# 
20 (60%) 

 

 
37 (48%) 
23 (29%) 
18 (23%) 

 
20 (26%) 
14 (18%) 
14 (18%) 

 
3 (4%) 
1 (1%) 
6 (8%) 

 
52 (67%) 
38 (49%) 

 
47 (60%) 
28 (36%) 
26 (33%) 

 
18 (23%) 
13 (17%) 
16 (21%) 

 
7 (9%) 

10 (12%) 
9 (12%) 

 
53 (68%) 
40 (52%) 

Patellofemoral (ACLR | CL limb) 1 (3%) | 2 (6%)  4 (5%) | 2 (3%) 19 (22%) | 5 (6%) 
Medial tibiofemoral (ACLR | CL limb) 1 (3%) | 1 (3%)  2 (3%) | 2 (3%) 4 (5%) | 2 (3%) 
Lateral tibiofemoral (ACLR | CL limb) 2 (6%) | 0 (0%)  1 (1%) | 1 (1%) 4 (5%) | 1 (1%) 

 
ACLR=anterior cruciate ligament reconstructed limb; CL=contralateral limb. 
# Characteristic statistically significant (p<0.05) compared with participating group. 
^ Meniscal lesion includes tear (vertical/horizontal/complex), maceration (partial/degenerative), or 
extrusion.   
*Three participants had an MRI on a different scanner at 5 years due to being interstate. 
¶ Given that the definition of a definite osteophyte has not been delineated, an osteophyte was considered 
present when it was scored ≥2. 
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Appendix L: Chapter 4 Supplementary File C, Patient-reported outcomes at one and five years for all subgroups 

Supplementary File C, Table 1. Patient-reported outcomes from one to five years following ACLR for the whole group (n=81)  
 

 Group** 
Raw group scores# 

Median(IQR) | Mean(SD) 
Between-group 

differences^ 
Absolute change 1-5 years~ 

Median(IQR) | Mean(SD) 

Between-group 
differences for 

change ^^ 
1 year  5 year  1 year 5 years   

KOOS-Pain Whole group 92(8) | 91(9) 97(8)*| 93(9)     2.6(9.1) | 2.8 (9.1)  

 Isolated 92(10) | 91(10) 99(6)*| 96(5) 
0.236 0.006 

5.1(8.4) | 4.3 (9.3) 
0.117 

 Combined 92(7) | 90(8) 94(11) | 91(10) 2.6(6.2) | 1.2 (8.8) 
KOOS-
Symptoms Whole group 86(18) |84(13) 89(21) | 84(14)     

0.1(14.5) | 0.5(16.1)  

 Isolated 88(18) | 85(13) 93(18) | 89(12) 
0.236 0.026 

3.6(13.6) | 2.3 (16.2) 
0.319 

 Combined 84(21) | 83(12) 82(24) | 81(15) -0.3(15.8) | -1.3 (15.8)  

KOOS-Sport Whole group 83(15) | 81(17) 90(20)* | 87(16)     5.0(20) | 6.0(18.2)  

 Isolated 90(22) | 85(16) 95(15)* | 91(11) 
0.006 0.061 

0.0(15) | 4.9 (16.3) 
0.506 

 Combined 75(20) | 76(16) 90(25)* | 84(18) 10.0(19.5) | 7.3 (20.2) 

KOO-QoL Whole group 69(25) | 68(18) 81(25)*| 78(17)     12.5(19) | 10.0(18.9)  

 Isolated 75(19) | 71(16) 88(13)* | 86(11) 
0.232 <0.001 

13.0(25) | 13.7 (16.8) 
0.079 

 Combined 65(31)| 66(20) 75(25)* | 72(18) 9.4(21.6) |6.3 (20.3) 

IKDC Whole group 86(16) | 84(12) 91(15)* | 88(11)     4.0 (10) | 4.7(10.9)  

 Isolated 87(11) | 88(9) 93(10)*| 92(7) 
0.003 0.002 

2.3(10.3) | 3.2 (9.6) 
0.241 

 Combined 82(25) | 79(13) 89(18)*| 85(13) 6.3(13.1) | 6.2 (12.0) 
 
** At 1 year; n=40 combined, n=41 isolated. At 5 years; n=46 combined, n=35 isolated.  
# The majority of KOOS and IKDC scores were non-normally distributed at 1 and 5 years; therefore, median(IQR) was used for analysis in this study.  
*Indicates a significant within-group change in KOOS or IKDC score between 1 and 5 years (Wilcoxon signed rank tests for non-parametric data).  
^Mann-Whitney U tests were used to compare PROs at 1 and 5 years (non-parametric data) between the combined and isolated groups. Values in bold represent 
statistically significant difference (p<0.05) between groups.   
~Absolute change was calculated by subtracting the raw score at 1 year from the raw score at 5 years. A positive value represents an “improved” score (i.e., less knee 
problems). ^^Independent t-tests (parametric data) were used to compare the absolute change scores between the combined and isolated groups. Values in bold 
represent a statistically significant difference (p<0.05) between groups. 
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Appendix M: Chapter 4 Supplementary File D, Sensitivity analysis excluding 

individuals with a secondary injury to the index knee between one and five years  

 

Supplementary File D, Table 1. Sensitivity analysis excluding individuals with a secondary 
injury (n=10) between one and five years: Number of participants with “acceptable” KOOS 
and IKDC scores~ (as per Table 4.2 in thesis)  

  Number (%) 
“acceptable”~ 

Between-group 
differences^ 

Outcome measure 
(cut-off score) Group* 1 year 5 years 1 year 5 years 

KOOS-Pain (88) Whole group 63 (78) 58 (82) 
0.601 0.012   Isolated 33 (80) 33 (94) 

  Combined 30 (75) 25 (69) 
KOOS-Symptom (83) Whole group 47 (58) 41 (58) 

0.180 0.031  Isolated 27 (65) 25 (72) 
 Combined 20 (50) 16 (44) 

KOOS-Sport (73) Whole group 60 (75) 63 (89) 
0.455 0.260   Isolated 32 (78) 33 (94) 

  Combined 28 (70) 30 (83) 
KOOS-QoL (73) Whole group 38 (47) 51 (72) 

0.268 0.017  Isolated 22 (54) 30 (86) 
 Combined 16 (40) 21 (58) 

IKDC (75) Whole group 62 (77) 62 (88) 
0.004 0.002   Isolated 37 (90) 35 (100) 

  Combined 25 (63) 27 (75) 
 
KOOS=Knee injury and Osteoarthritis Outcome Score; IKDC=International Knee Documentation 
Committee knee evaluation. 
~Reported as the number of individuals (%) in the group with a raw score above “acceptable” cut-off 
using previously published data in ACLR individuals for the KOOS (Ingelsrud et al., 2015) and IKDC 
(Muller et al., 2016).  
*Whole group at 1 year n=81; 5 years n=71. Participants were defined as having a combined injury at 1 
year if they had a concomitant injury (significant cartilage lesions/meniscectomy assessed at the time 
of surgery). Participants with a new knee injury to the ACLR knee between 1 and 5 years post-ACLR were 
excluded from this sensitivity analysis. All other participants were defined as having an isolated injury. 
At 1 year; n=40 combined, n=41 isolated. At 5 years; n=36 combined, n=35 isolated.   
^ Fisher's exact tests were used to compare the proportions of the isolated and combined groups above 
the acceptable cut-off value. Values in bold represent p<0.05.  
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Supplementary File D, Table 2. Sensitivity analysis excluding individuals with a secondary 
injury (n=10) between one and five years: Multivariable linear regression analysis of OA 
features on MRI associated with PROs at one and five years following ACLR~ (as per Table 4.3 
in thesis) 
 

1 year OA feature 
on MRI^ (% with 

feature)~ 

5 years PROs** 

KOOS-Symp KOOS-Pain KOOS-
Sport/Rec KOOS-QoL IKDC 

PF Any cartilage (41) -8.01                    
(-15.42, -0.60) 

-3.11                         
(-6.75, 0.51) 

-5.96                     
(-14.65, 2.73) 

-6.20                       
(-14.16, 1.76) 

-2.87                  
(-7.85, 2.12) 

PF Any BML (26) -4.37                   
(-11.97, 3.21) 

-0.48                    
(-4.13, 3.16) 

-1.10                    
(-9.85, 7.64) 

1.80                      
(-6.12, 9.71) 

-0.39               
(-5.29, 4.51) 

TF Any cartilage (46) -1.72                         
(-8.63, 5.19) 

0.74                  
(-2.60, 4.09) 

1.72                       
(-6.13, 9.57) 

3.81                     
(-3.44, 11.06) 

2.12                      
(-2.45, 6.67) 

TF Any BML (31) 1.14                     
(-6.03, 8.33) 

2.06                     
(-1.37, 5.48) 

3.30                       
(-4.84, 11.44) 

-2.13                       
(-9.67, 5.39) 

0.52                  
(-4.19, 5.22) 

Meniscal lesion (77) -6.58                   
(-14.79, 1.61) 

-0.77                    
(-4.80, 3.25) 

2.81                       
(-6.71, 12.34) 

-2.99                     
(-13.41, 3.04) 

-2.46                  
(-7.91, 3.00) 

5 years OA features 
on MRI^ (% with 

feature)~ 

5 years PROs* 

KOOS-Symp KOOS-Pain KOOS-
Sport/Rec KOOS-QoL IKDC 

PF Any cartilage (54) -6.28                        
(-12.94, 0.37) 

-2.27                
(-5.81, 1.26) 

-2.59                     
(-10.16, 4.97) 

-11.68                            
(-19.32, -4.04) 

-2.71             
(-7.97, 2.55) 

PF Any BML (21) -0.24                       
(-8.63, 8.16) 

-2.07                 
(-6.19, 2.06) 

0.76                      
(-8.53, 10.06) 

-0.78                                 
(-10.85, 9.29) 

-2.72                   
(-9.18, 3.73) 

TF Any cartilage (54) -1.94                  
(-8.68, 4.79) 

0.35                
(-3.18, 3.88) 

2.10                       
(-5.35, 9.56) 

8.73                        
(0.96, 16.5) 

4.89                    
(-0.18, 9.96) 

TF Any BML (26) 2.04                          
(-5.84, 9.93) 

3.21                  
(-0.83, 7.26) 

8.05                        
(-0.45, 16.54) 

12.77                       
(3.90, 21.65) 

6.01                    
(0.09, 11.92) 

Meniscal lesion (79) -7.81                   
(-16.16, 0.54) 

-1.91                    
(-6.37, 2.56) 

0.29                       
(-9.22, 9.81) 

-1.66                  
(-11.97, 8.64) 

-4.10                     
(-10.69, 2.49) 

 

MRI=magnetic resonance imaging; OA=osteoarthritis; PROs=patient-reported outcomes; KOOS=Knee 
injury and OA Outcome Score; IKDC= International Knee Documentation Committee knee evaluation; 
QoL=quality of life; PF= patellofemoral; TF=tibiofemoral; BML=bone marrow lesion. 
~ Values represent coefficient and 95% confidence interval. Values in bold represent statistically 
significant associations (p<0.05).   
#1 year MRI associations with 1 year PROs, n=111; for 1 year MRI association with 5 years PROs, n=70; 
for 5 years MRI associations with 5 years PROs, n=68. Participants with a new knee injury to the ACLR 
knee between 1 and 5 years following ACLR were excluded from this sensitivity analysis. 
^Cartilage, BMLs, and meniscal lesions were graded as present if ≥grade 1 in size as per the MRI OA 
Knee Score (MOAKS). Meniscal lesions include any type of tear, maceration, or extrusion ≥grade 1 in 
either the medial or lateral tibiofemoral compartment.  
*Adjusted for age, sex, body mass index, and presence of a combined injury.  
**Adjusted for age, sex, body mass index, presence of a combined injury, and 1 year following ACLR 
KOOS and IKDC scores.   
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Appendix N: Chapter 4 Supplementary File E, Unadjusted regression analysis 

Supplementary File E, Table 1. Unadjusted linear regression analysis of MRI lesions associated 
with PROs at one and five years following ACLR~~ (as per Table 4.3 in thesis) 

 
MRI=magnetic resonance imaging; OA=osteoarthritis; PROs=patient-reported outcomes; KOOS=Knee injury 
and OA Outcome Score; IKDC= International Knee Documentation Committee knee evaluation; QoL=quality 
of life; PF= patellofemoral; TF=tibiofemoral; BML=bone marrow lesion. 
~ Values are coefficient and 95% CI. Values in bold represent statistically significant associations (p<0.05).   
*1 year MRI associations with 1 year PROs, n=111; for 1 year MRI association with 5 years PROs, n=80 (n=1 
no MRI assessment at 1 year); for 5 years MRI associations with 5 years PROs, n=73 (n=2 no MRI at 5 years; 
n=5 no BMI (covariate) assessment at 5 years). Refer to Figure 4.1 for flow of participant recruitment   
^Cartilage, BMLs, and meniscal lesions were graded as present if ≥grade 1 in size as per the MRI OA Knee 
Scoring system. Meniscal lesions include any type of tear, maceration, or extrusion ≥grade 1 in either the 
medial or lateral tibiofemoral compartment.  

1 year OA features* (% 
with feature)~ 

1 year PROs 

KOOS-Symp KOOS-Pain KOOS-
Sport/Rec KOOS-QoL IKDC 

PF Any cartilage (45) -2.95                   
(-7.95, 2.04) 

-1.60                  
(-5.00, 1.80) 

2.33                    
(-8.53, 3.86) 

2.68                      
(-4.19, 9.56) 

-3.91                      
(-8.33, 0.52) 

PF Any BML (23) -2.05                   
(-7.98, 3.87) 

-2.29               
(-6.30, 1.73) 

-7.67                     
(-14.82, -0.52) 

-2.27                    
(-10.29, 5.76) 

-2.43                           
(-7.69, 2.83) 

TF Any cartilage (48) 0.72                    
(-4.28, 5.73) 

0.29                  
(-3.11, 3.69) 

-3.97                          
(-10.11, 2.17) 

0.42                      
(-6.44, 7.30) 

-0.71                    
(-5.18, 3.75) 

TF Any BML (31) -0.32                   
(-5.78, 5.15) 

0.67                   
(-3.04, 4.38) 

-1.35                      
(-8.06, 5.35) 

-2.20                         
(-9.58, 5.18) 

-0.25                      
(-5.12, 4.60) 

Meniscal lesion (72) -0.69                      
(6.27, 4.88) 

-1.56                
(-5.34, 2.21) 

-6.87                     
(-13.63, -0.11) 

-2.28                 
(-9.92, 5.35) 

-5.29                     
(-10.16, -0.42) 

1 year OA features* (% 
with feature)~ 

5 years PROs 

KOOS-Symp KOOS-Pain KOOS-
Sport/Rec KOOS-QoL IKDC 

PF Any cartilage (46) -9.35                    
(-15.41, -3.29) 

-4.50                       
(-8.21, -0.78) 

-7.25                  
(-14.23, -0.27) 

-10.80                     
(-17.88, -3.71) 

-7.03                   
(-11.72, -2.33) 

PF Any BML (26) -5.21                
(-12.38, 1.96) 

-3.10                
(-7.41, 1.20) 

-5.61                   
(-13.63, 2.42) 

-0.83                  
(-9.32, 7.65) 

-4.33                    
(-9.86, 1.19) 

TF Any cartilage (47) -6.10                       
(-12.35, 0.15) 

-2.35              
(-6.16, 1.45) 

-2.82                   
(-9.95, 4.30) 

-2.26                     
(-9.72, 5.20) 

-1.09                     
(-6.03, 3.85) 

TF Any BML (30) -1.88                    
(-8.85, 5.08) 

1.04                       
(-3.14, 5.22) 

0.89                    
(-6.91, 8.68) 

-4.65                      
(-12.74, 3.43) 

0.35                      
(-5.03, 5.75) 

Meniscal lesion (79) -8.95                    
(-16.51, -1.41) 

-2.54        (-
7.20, 2.11) 

-1.83                   
(-10.56, 6.90) 

-8.87                 
(-17.78, 0.04) 

-6.36                     
(-12.23, -0.49) 

5 years OA features* (% 
with feature)~ 

5 years PROs 

KOOS-Symp KOOS-Pain KOOS-
Sport/Rec KOOS-QoL IKDC 

PF Any cartilage (58) -6.89                         
(-12.79, -0.99) 

-3.61                 
(-7.45, 0.24) 

-5.61                   
(-12.83, 1.59) 

-14.21                          
(-20.91, -7.51) 

-7.13                   
(-11.91, -2.34) 

PF Any BML (22) 0.64                        
(-6.39, 7.69) 

1.51                
(-3.23, 6.26) 

1.67                      
(--6.76, 10.12) 

2.92                                 
(-5.63, 11.47) 

-2.34                   
(-8.15, 3.46)  

TF Any cartilage (56) -6.31                    
(-12.25, -0.38) 

-3.19                    
(-7.05, 0.67) 

-4.58                     
(-11.83, 2.67) 

-2.29                         
(-9.71, 5.12) 

-1.44                     
(-6.48, 3.60) 

TF Any BML (27) -1.88                       
(-8.41, 4.66) 

-0.25                      
(-4.46, 3.97) 

2.67                       
(-5.15, 10.51) 

0.79                   
(-7.18, 8.76) 

1.53                     
(-3.87, 6.94) 

Meniscal lesion (81) -8.80                    
(-16.21, -1.38) 

-1.76                  
(-6.68, 3.16) 

-0.86                   
(-10.01, 8.35) 

-6.27                     
(-15.51, 2.96) 

-5.56                   
(-11.78, 0.67) 
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Appendix O: Chapter 5 original publication, Physical Therapy in Sport 
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Appendix P: Chapter 6 original publication, British Journal of Sports Medicine 
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Appendix Q: Chapter 6 Supplementary File A, Sensitivity analysis 

 

LSI=limb symmetry index; BML=bone marrow lesion; PF=patellofemoral; TF=tibiofemoral; MRI=magnetic resonance imaging.  
~Values are risk ratios (95% confidence intervals). Analysis performed in n=73; 5 participants were not included as they could not perform a valid test on both the ACLR 
and contralateral limb for the one-leg rise.  
^A risk ratio >1 represents a greater risk of the OA feature worsening in the presence of poor functional performance. For example, individuals with <90% LSI on the one-
leg-rise were 3.67 times more likely to have worsening patellofemoral BMLs, than those with >90% LSI. Bold values indicate a statistically significant association (p<0.05). 
*Poor functional performance was defined as <90% LSI.  
 
 
 
 
 
 
 
 
 
 

Chapter 6 Supplementary File A, Table 1. Functional performance at one year and risk of worsening early osteoarthritis features up to 
five years~ 

 

  Worsening osteoarthritis features on MRI^ 
  PF Cartilage PF BML TF Cartilage TF BML TF Meniscal 

  n=136/312(44%) n=56/780 (18%) n=160/780 (21%) n=120/780 (15%) n=102/468 (22%) 

Functional battery 
(ref ≥90% LSI all tests; 
n=13(18%) 

n (%) meeting 
criteria Ref ≥90%LSI all 4 Ref ≥90%LSI all 4 Ref ≥90%LSI all 4 Ref ≥90%LSI all 4 Ref ≥90%LSI all 4 

Poor function any 3 tests* 13(18%) 1.37 (0.34, 5.51) 3.95 (1.02, 15.36) 0.85 (0.16, 4.61) 1.56 (0.16, 14.62) 1.77 (0.41, 7.59) 
Poor function any 2 tests* 19(26%) 1.70 (0.53, 5.45) 1.44 (0.23, 9.03) 2.84 (0.92, 8.74) 1.10 (0.10, 11.74) 1.24 (0.28, 5.40)  
Poor function any 1 test* 19(26%) 1.18 (0.32, 4.31) 0.31 (0.03, 3.26) 3.41 (0.78, 14.86) 2.83 (0.20, 40.15)  1.11 (0.26, 4.83) 
Poor function ≥ 3 tests* 60(83%) 1.40 (0.74, 2.66) 5.65 (1.87, 16.99) 0.42 (0.12, 1.54) 1.03 (0.30, 3.52) 1.49 (0.53, 4.12) 
Poor function ≥ 2 tests* 41(56%) 1.49 (0.77, 2.90) 6.92 (1.87, 21.22) 1.04 (0.22, 4.91) 0.64 (0.23, 1.78) 1.41 (0.52, 3.82) 
Poor function ≥ 1 test* 22(30%) 1.21 (0.58, 2.56) 2.24 (0.56, 8.98) 1.52 (0.54, 4.26) 0.72 (0.15, 3.49) 1.23 (0.42, 3.66) 
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Chapter 6 Supplementary File A, Table 2. Functional performance at one year post-ACLR: Relationships with change in KOOS and IKDC between one and five years~ 

 
  Change in KOOS and IKDC between 1 and 5 years^ 
  KOOS-Symptoms KOOS-Pain KOOS-Sport KOOS-QoL IKDC 
Functional battery 
(ref ≥90% LSI all tests; n=14(18%) 

n (%) meeting 
criteria 

     

Poor function all 4 tests* 10(13%) 2.94 (-8.83, 14.72) -1.11 (-7.33, 5.11) 5.53 (-9.27, 20.33) 4.78 (-7.68, 17.25) 3.19 (-4.68, 11.07) 
Poor function any 3 tests*  14(18%) 8.27 (-2.72, 19.27) 1.71 (-4.01, 7.45) 3.24 (-8.62, 15.10) 1.97 (-9.09, 13.04) 1.12 (-5.82, 8.06) 
Poor function any 2 tests*  20(27%) 10.45 (0.31, 20.59) 4.01 (-1.27, 9.30) 7.49 (-3.49, 1848) 11.75 (1.79, 21.70) 8.79 (2.50, 15.07) 
Poor function any 1 test* 18(24%) 0.52 (-9.35, 10.41) 1.19 (4.01, 6.38) 4.34 (-6.43, 15.12) 1.72 (-8.18, 11.63) 0.46 (-5.73, 6.67) 
Poor function ≥ 3 tests* 24 (32%) 0.87 (-6.74, 8.50) -1.63 (-5.44, 2.27) -0.64 (-8.96, 7.68) -2.84 (-10.77, 5.07) -2.43 (-7.53, 2.68) 
Poor function ≥ 2 tests* 44 (58%) 7.89 (0.60, 15.18) 1.64 (-2.15, 5.44) 3.46 (-4.45, 11.36) 6.78 (-0.42, 13.97) 5.34 (0.67, 10.02) 
Poor function ≥ 1 test* 62 (82%) 5.04 (-3.36, 13.44) 1.72 (-2.63, 6.08) 5.06 (-3.87, 13.98) 5.20 (-3.40, 13.79) 3.30 (-2.20, 8.85) 

 
LSI=limb symmetry index; KOOS=Knee injury and Osteoarthritis Outcome Score; QoL= quality of life; IKDC= International Knee Documentation Committee subjective 
knee evaluation.  
~Values are beta co-efficient (95% confidence intervals). Analysis performed in n=76; 5 participants were not included as they could not perform a valid test on both the 
ACLR and contralateral limb for the one-leg rise.  
* Poor functional performance was defined as <90% LSI.  
^The beta coefficient represents the adjusted difference in KOOS or IKDC in the presence of the dichotomous exposure variables (i.e., poor function defined as <90% 
LSI).  
For example, those with <90% LSI had on average 7.89 points greater improvement on the KOOS-QoL than those with >90%. Bold values indicate a statistically significant 
association (p<0.05). 
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Appendix R: Chapter 8 Supplementary File A – CONSORT checklist 
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Appendix S: Chapter 8 Supplementary File B – Physiotherapy manual 

To download the PDF of the physiotherapy intervention manual please click here. 

 

https://task.trekeducation.org/wp-content/uploads/sites/32/2020/05/Physiotherapy-Manual-1.pdf
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Appendix T: Chapter 8 Supplementary File C–Intervention material  

Go to the website to view the videos of the lower-limb-focussed and trunk-focussed exercise 
therapy program.  (www.task.trekeducation.org) 
 

 

 
 The exercise videos with detailed descriptions, were uploaded to PhysiApp© for participants  

 

 

https://task.trekeducation.org/acl-specific-lower-limb-focussed/
https://task.trekeducation.org/exercise-therapy-programs/
http://www.task.trekeducation.org/
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The education leaflets can be viewed on the website here, and are shown below:   

  
 

https://task.trekeducation.org/education-content/
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Appendix U: Chapter 8 Supplementary File D – Participant feedback  

Questions each participant (n=23) was asked at follow-up  
1. Were you aware which intervention group you were in? Did you think you were in 

the control group? 
2. Do you have any feedback on the exercise program (specifically the content, and 

any barriers to completing the program in own time)? 
3. Do you have any feedback on the exercise program delivery (specifically the 

physiotherapist, duration and frequency of appointments, and any barriers to 
attending physiotherapy)?  

4. Do you have any feedback on Physiapp?  
5. Do you have any feedback on the trial as whole? (i.e., would you participate again, 

recruitment methods)? 
 

1. Were you aware which intervention group you were in? Did you think you were in 
the control group? 

ID#  
1 Wasn’t sure  
2  My initial concern was that if I was in control group or not. But I wasn’t sure.  
3 No 
4 No 
5 No 
6 No 
7 No 
8 No 
12 No 
13 No 
14 No 
15 No 
16 I had fair idea early on I might be in the control group; however, I thought it was a valid 

treatment  
17 No 
18 No 
19 No 
20 I thought was in the control group/standard program against a new innovative program, but 

I wasn’t worried what group was in 
22 No 
24 No 
25 No, as I felt like I needed the core strength once I started 
26 Didn’t know didn’t think about it 
28 Didn’t know, wasn’t concerned 
30 No 



  
 

257 
 

2. Do you have any feedback on the exercise program (specifically the content, 
and any barriers to completing the program in own time)?   

ID#  
1 The exercises were good additions to the current program, sometimes I would do my own 

program sometimes I would do the trial exercises  
2  - 
3 Too much, especially every day, not striving for elite sport, exercise 3 x week running in off 

days. Hard to fit it in  
4 All got too much, life and work and study and travel 
5  I felt benefit of core strength for work (standing all day bar work)  
6 Difficult to find motivation as didn’t feel was assisting knee, but overall gradual build into 

hockey confidence and knee coping better and better 
7 Too many exercises time constraints 
8 It was good  
12 Great to see progression in exercises and have consistent physiotherapy monitoring at this 

time-point otherwise would have just continued and done nothing 
13 Type of exercise needs to take into account activities that doing throughout the day. I am 

squatting all day at work,  
14 Wasn’t sure exercises were going to help knee 
15 Good, challenging progressing all the time, 1 rep max squat improvement 105-135 very happy 

with that 
16 Felt was improved deficiencies in core strength, which helped with LBP, golf swing, standing 

for longer periods at work, and tightness through hip flexors, good workout, good variety of 
different muscles and positions 

17 Felt personalised and modified to make challenging for me, core strength useful for my 
sport/throwing athletics,  

18 Good exercises 
19 Didn’t notice much improvement but wasn’t working hard on the exercises 
20 I struggled with motivation at the end as I was doing the same exercises, bored, felt wasn’t 

progressing, as wasn’t able to move forward before reaching a certain weight. Felt a bit limited 
by being in a trial that exercises couldn’t be individualised for me 

22 Felt was catered to me and specific to ACL 
24 Good to begin with then felt bit boring as same exercise just increased weight 
25 Really good exercises have taken photos of them all to continue doing them 
26 Loved variety of exercises, but it was time consuming, I hated the bridges, favourite exercise 

was jumping and hopping  
28 Good variety and always challenging  
30 Good amount of exercises 1-hour sessions, good how was progressing each week initially, felt 

good to squat and increase the weight to almost body weight and see tangible improvements, 
would be better if there was a home option for every exercise as only couple needed gym 
could do most at home didn’t seem worth it, bit boring in the end same exercises just more 
weight would like variety.  
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3. Do you have any feedback on the exercise program delivery (specifically the 
physiotherapist, duration and frequency of appointments, and any barriers to 
attending physiotherapy)?  

ID#  
1 physio good at giving demonstrations  
2  Dave was excellent 
3 physio really good in terms of explanation, need time to be able to fully understand what 

meant to do at home or more regular check-ups as forget and couldn’t interpret exercise 
program 

4 Dave was excellent but overall got too much and wasn’t priority at the time due to work, 
study, and travel commitments 

5 difficulty with doing exercises and attending appointments due to newborn, work, lacking 
motivation to return-to-sport 

6 nil 
7 good explanation of why core was needed 
8 some of the instructions on video hard to understand, can’t remember which ones 
12 good 
13 good demo and explanations  
14 nil 
15 structure and timing no issue, 30 mins enough, 1 week initially good, 2-3 weeks then suitable 
16 Dave was great, explaining reasons for exercises and simple instructions 
17 structure was good, enough time 
18 good spacing of appointments, more the better 
19 3 weeks too long, need motivation, 30 mins good, difficulty with missing school and work to 

make appointments 
20 30-40 mins was enough time to go through everything 
22 30 mins enough time, structure good able to self-progress 
24 Dave was great, worked really well to update program on app if it was just an increase in 

weight  
25 good amount of time and constantly challenged 
26 Dave very accommodating, right amount of appointments once a week for any longer would 

be too much and inconvenient, 30 mins enough time 
28 good structure of appointments, enough time 
30 3-4 months good, feel like need to learn how to self-manage now with guidance as required, 6 

days a week exercises too much. Will struggle once go back to work, spacing of appts good. 
Not as rigid for 3-week follow-ups if need to come in for a question  
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4. Do you have any feedback on Physiapp©?   
ID#  
1 too hard and clunky 
2  good for accountability, useful for exercise technique 
3 little bit clunky, not updating all the time, like the pain and additional comments section, 

number of sets and reps confusing and to do each side or not, videos really good, bit too 
wordy descriptions  

4 too much to have to fill out all the time 
5 remembering to fill out an issue 
6 nil 
7 good, easy to use 
8 easy to use, kept accountable 
12 good easy to use intuitive, great to keep track of progression, unable to change comments 

section 
13 clunky, not updating, have to log in and out again, videos good but music irritating, technique 

good vs bad really good 
14 good 
15 good at times, frustrating at times, especially if got a new program/program ended. Videos 

and instructions good for new exercises 
16 bit clunky, didn’t always load and update, also hard to go back and enter retrospectively, 

videos good reminder for new exercises 
17 couldn’t go back and enter in completion, would like to enter 1 x week, didn’t always have 

phone, videos and text useful to make individualised comments 
18 useful videos and instructions 
19 instructions helpful, clear reps and sets, no technical issues 
20 really liked the app, no issues, something good would be an idea of how long they should take, 

best order of exercises, amount of rest time 
22 couldn’t go back more than 5 days to enter in, used the text more than the videos, good to 

track progress and help with motivation, individual notes good 
24 great, used text rather than videos as reception not great and videos used battery, no issues 

with filling in compliance, ability to have order of exercises would be good as figured out was 
better to do gluteal stuff first before squats 

25 used paper logbook, liked this, would just take photo of it and then fill it in later 
26 trouble with writing comments on specific exercises, video and written instructions very good, 

used both, clear on reps and sets, sometimes too much info/contradicting what Physio was 
saying on the written instructions 

28 Some difficulty at times with new program loading and going back to enter in completion of 
exercises 

30 Great! Loved the app for self-monitoring and motivation. Issue with messaging not directly 
linking to the exercise referring to. Would be great to be able to continue using independently. 
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5. Do you have any feedback on trial as a whole (i.e., would you participate again, 
recruitment methods)? 

ID#  
1 overall happy with program; however, didn’t feel like it helped with pain or range of motion, 

improved strength, still lacking confidence to go bush walking 
2  Excellent result improvement in all measures, would participate again, going to miss not having 

the accountability  
3 expectations should be set by surgeon - so much more to it than what they say, overall, I felt like 

I got stronger, but sickness, other injuries (sesamoiditis) got in way of making more progress and 
doing exercises. I had a much better physiotherapy experience in terms of treating whole body 
not just the knee.  

4 nil  
5 nil 
6 nil  
7 overall happy with program, felt was beneficial. Function likely improved from increased 

basketball 1 - 4 x week and gradual loading back into basketball, pain settling to manageable 
level 

8 overall was doing quite well until strained hamstring in basketball 6 weeks ago. Found that my 
body awareness was quite poor, I found it difficult to be able to correct techniques very well  

12 overall good improvement in measures, very happy with program and progress, plans to 
continue to increase running and maintain gym program and see PT as required 

13 overall felt good improvement in feeling of the knee and strength, hope to continue doing the 
program, will likely come back and see Nick for clearance for RTS, pes anserine pain flare up 

14 nil 
15   
16 overall good to be a part of  
17 overall felt improvements and increased confidence in knee with time. Core strength helped 

athletics, going to netball tryouts on Monday 
18 overall felt good improvement in strength and reduced amount of "instability" and effusions, 

will continue to do strengthening exercises, some pain with exercises but would settle back to 
norm  

19 nil 
20 overall noticed significant decrease in pain, increase in strength and really enjoyed being a part 

of the trial 
22 overall very glad participated, overall improvement in pain and strength  
24 overall felt really improved confidence and ability to do full moves at cheerleading and 

noticeable decrease in pain 
25 overall have I learnt that needs to me that is ready to return-to-sport, not the surgeon saying 

graft is okay 
26 would like to return to tennis and skiing, get into some kind of sport for competitive needs, start 

yoga/Pilates  
28 aiming to go to world champs athletics 
30 overall very happy with improvements in pain and everyday activities, would like to be able to 

increase running tolerance and confidence in skiing. Worried about how will go without the 
motivation of the trial, the app, the physio  
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Appendix V: Chapter 8 Supplementary File E – Secondary outcomes 

 

 
Supplementary File E, Figure 1. Individual participant changes for the KOOS-QoL and ACL-QOL 

KOOS=Knee injury and Osteoarthritis Outcome Score; ACL-QoL=Anterior Cruciate Ligament Quality of Life survey; MID=minimal important difference for KOOS-QoL (10 
points) and ACL-QOL (12 points).  
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Supplementary File E, Figure 2. Individual participant changes for the functional performance in the ACLR limb 

 
MDC=minimal detectable change for the single-hop (14 cm) and side-hop (11 repetitions) from Kockum et al. (2015). No known MIC for the one-leg rise.  
~n=20 out of 23 completed follow-up functional performance assessment (n=2 overseas, n=1 work commitments).  
* single-hop and side-hop, n=18 (n=2 could not complete the hop tests at follow-up as they were still recovering from adverse events; n=1 hamstring strain, n=1 ankle 
sprain). 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MDC (11 reps) 

4/12 (33%) 
improved >MDC 

2/6 (33%) improved 
>MDC 

MDC (14cm) 

1/6 (16%) 
improved >MDC 

8/12 (67%) 
improved >MDC 
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