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Abstract 

Osteoarthritis (OA) is the most common musculoskeletal disease, affecting not 

only articular cartilage but also the subchondral bone and surrounding soft 

tissues. OA affects ~8% of the Australian population. It is a major cause of 

disability and poor quality of life. Importantly, there is currently no cure for OA.  

 

Radiography has long been considered the gold standard for measuring OA. 

However, the use of magnetic resonance imaging (MRI) is increasingly 

common, given its non-invasive nature, ability to directly visualise articular 

cartilage in vivo, and lack of exposure to radiation. MRI has enabled the study of 

OA along the disease continuum, from its asymptomatic stages through to 

established and end-stage disease. 

 

A number of the risk factors that influence OA as well as the underlying 

pathogenesis of disease are still unclear. Thus this thesis aims to contribute to 

current knowledge by examining novel relationships in musculoskeletal disease. 

This thesis includes community-based populations as well as osteoarthritic 

populations to allow examination of structural changes not only in the presence 

of disease but also before disease development or at early stages of disease.  

 

Papers 1 and 2 examined the relationship between bone marrow lesions (BMLs) 

and subchondral bone cysts, and how they influence progression of disease in 

tibiofemoral OA. BMLs and cysts were found to commonly co-exist, with 98% 

of participants who had a cyst also having a BML. Importantly, those with both 
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a BML and cyst had worse structural outcomes than those with a BML only, or 

those with neither BML nor cyst.  

 

Paper 3 examined the patellofemoral compartment to determine how 

patellofemoral geometry is associated with knee pain and patella cartilage 

volume. A more medially inclined patella was associated with reduced pain and 

increased medial patella cartilage volume. On the other hand, a higher riding 

patella was associated with detrimental effects on medial patella cartilage. 

 

Paper 4 aimed to better understand the role of obesity in musculoskeletal disease. 

Gaining ≥ 5% of body weight over ~2 years was associated with incident knee 

symptoms (pain, stiffness and functional difficulties) compared to remaining 

stable in weight, whilst losing ≥ 5% of body weight was associated with 

improved knee symptoms. Similar effects were seen in relation to knee structure, 

whereby those who gained weight had increased cartilage loss whilst those who 

lost weight had reduced cartilage loss.  

 

Paper 5 examined the role of obesity in the foot, and describes the differential 

contributions of different components of body composition. Whilst fat mass was 

positively associated with foot pain, there was no association between muscle 

mass and foot pain. Moreover, a gynoid fat distribution was favourable over an 

android distribution as gynoid fat was associated with reduced foot pain. 

 

Taken together, this thesis attempted to fill some of the gaps in the literature in 

relation to some more novel risk factors and their relationship with 
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musculoskeletal disease. Further research is still required to build on the findings 

in this thesis, with the potential to contribute to the development of more 

effective prevention strategies. 
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Chapter 1. Introduction 

1.1     Organisation of Thesis 

This is a thesis by publication and is organised as follows: 

Chapter 1 is the literature review which provides the background relevant to this 

thesis as well as the aims 

Chapters 2-5 present the publications that comprise the main findings of this 

thesis 

Chapter 6 is an overview of the findings in this thesis  

Chapter 7 presents the main conclusions of this thesis  
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1.2     What Is Osteoarthritis? 

1.2.1     Definition  

Osteoarthritis (OA) is a degenerative condition that is hallmarked by cartilage 

loss, but is also known to affect the underlying bone and surrounding soft tissues 

such as tendons, ligaments and muscles. The most widely used definition for OA 

is that by the American College of Rheumatology (ACR), which states that OA 

is “a heterogeneous group of conditions that lead to joint symptoms and signs, 

which are associated with defective integrity of articular cartilage in addition to 

related changes in the underlying bone margins” (1). 

 

1.2.2     Prevalence 

Osteoarthritis is the most common musculoskeletal disease, representing a 

significant burden to society. The National Health Survey 2007-08 reported 

approximately 7.8% of Australians living with the disease (2). The prevalence 

increases with age and is more common in females (33.5%) than in males 

(21.9%).  Compounded with the fact that there is currently no treatment for OA, 

the prevalence of OA will only continue to rise, fuelled by the increase in life 

expectancy and the aging of society as well as the obesity epidemic. The 

proportion of OA that is attributable to obesity is between 8% in China to 50% in 

the United States, depending on its prevalence in the population (3).  Between 

the years 2000 to 2025, the number of normal weight adults is estimated to 

decrease from 40.6% to 28.1% and number of obese adults to increase from 

20.5% to 33.9%, such that if current trends continue, normal weight adults will 
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constitute less than a third of the population by 2025 (4). Taken together, this 

would have a significant impact on the prevalence and incidence of OA. 

  

1.2.3     Burden of Disease 

Osteoarthritis is a major cause of disability, psychological distress and poor 

quality of life. In 2007-08, there were 86,000 hospitalisations with OA as the 

principal diagnosis, 26% of which involved total knee replacements (5). More 

than 50,000 knee and hip joint replacements are performed in Australia annually 

and OA is the most common reason for these (6). Individuals with arthritis 

experience a lower quality of life when compared to those without arthritis (7). 

Psychological distress is reportedly much higher in individuals with OA 

compared to those without the disease (8). OA contributes to more functional 

limitations, such as dependency in walking and stair climbing, than any other 

disease (9).  

 

Moreover, despite being considered a chronic, non-fatal condition, the mortality 

rate for OA has increased from 4.3 per 100,000 population in 1998 to 4.6 per 

100,000 population in 2007 (10). Although the association between OA and 

mortality, independent of age and other confounding factors, has been 

demonstrated by several studies (11-13), it is acknowledged that OA itself is not 

likely to be the direct cause of death but rather it is the side-effects of OA 

medication (10) and surgical procedures for OA that may increase the risk of 

death (14). Functional limitations associated with OA, such as decreased 

mobility and physical activity, may further increase the risk of obesity and 
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cardiovascular diseases, which may also subsequently increase the risk of death 

(15).  

 

In 2004-05, health expenditure for arthritis and musculoskeletal conditions was 

the fourth largest at $4.0 billion, of which $1.2 billion (31%) was due to OA 

alone (5).  At $898 million, admitted patient services in hospitals represented the 

biggest component of this expenditure. In the public sector, total hip and knee 

replacement procedures cost an average of $14,000 to $29,500 each in 2004-05, 

which increased to $15,500 to $31,900 in 2006-07 (5).  

 

1.3     Clinical Features of Osteoarthritis 

1.3.1     Signs and Symptoms 

The signs and symptoms of OA are heterogeneous, with pain as one of the 

primary symptoms (16).  The pain is usually intermittent and is worst during and 

after weight-bearing activities. It is commonly the first symptom of OA which 

prompts a visit to the doctor (17). Other symptoms of OA include tenderness and 

stiffness of the affected joints (6). These symptoms may develop gradually over 

many years, and may contribute to a range of clinical signs which include altered 

gait patterns as the patient attempts to protect the painful joint, instability due to 

ligament laxity or deficiency (18, 19), and joint swelling due to synovitis, 

synovial effusion, or abnormal bony enlargement. Movement in the affected 

joints may also be limited and deformities may occur, such as Heberden’s nodes 

in the interphalangeal joints of the hand (18). Another sign of OA is ‘crepitus’, 
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thought to arise from the rolling of uneven surfaces across each other and is 

experienced as a grinding, crackling or crunching sensation (18). 

 

1.3.2     Diagnosis  

According to the ACR diagnostic criteria for OA, both radiological and other 

visible evidence of OA (such as joint swelling), as well as patient-reported 

symptom is required to make a diagnosis (18, 20). Radiographic evidence of OA 

includes joint space narrowing (JSN), where the distance between two 

articulating surfaces is decreased as a result of cartilage loss (21). JSN can 

progress until there is no longer any space between the two surfaces. Other 

radiographic features of OA are osteophytes (bony spurs that occur on the 

surface of subchondral bone (22)), subchondral bone cysts and subchondral 

sclerosis.  

 

1.3.3     Treatment  

There is currently no cure for OA and treatments are predominantly aimed at 

symptom alleviation. In the early stages of disease, treatment is usually focused 

on the reduction of pain and stiffness, and on the maintenance and improvement 

of functional abilities. Eventually as the disease progresses, the goal is to improve 

quality of life either via non-pharmacological, pharmacological (medication), or 

surgical means (17). Non-pharmacological methods include exercise (23, 24), 

weight reduction (25, 26), braces (27), insoles (28), and acupuncture (29). 

Commonly used medications include paracetamol, non-steroidal anti-

inflammatory drugs (NSAIDS), glucosamine and opioids (30), though these may 
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cause side effects ranging from patient discomfort to morbidity and mortality 

(31). Once the disease reaches end-stage, surgery can become the only option, 

though joint replacement surgeries are usually only considered as a last resort 

when all other treatments have been proven ineffective. Nevertheless, joint 

replacements may greatly improve quality of life for the patient and restore joint 

function (30). 

 

1.4     Methods of Imaging Used in Osteoarthritis  

1.4.1      Radiography 

Radiography is currently considered the gold standard for measuring OA. Its 

advantages include simplicity, low cost, and clear visualisation of bony features 

within the joint, such as osteophytes and subchondral sclerosis. Several grading 

systems for OA assessment have been developed using radiographic features. 

The two most widely employed systems are the Kellgren-Lawrence (K-L) 

grading scheme and the Osteoarthritis Research Society International (OARSI) 

grading system (32, 33). The K-L grading system was developed in 1957 and was 

the first standardised scoring system for radiographic knee OA that was 

available. It is commonly used in epidemiological studies and clinical trials to 

classify participants as having OA (K-L grade ≥2) or no OA (K-L grade <2). The 

OARSI system is also used to grade osteophytes and joint-space, and is 

commonly used in epidemiological studies and clinical trials.  

 

Radiography has played a great role in furthering our understanding of risk 

factors for OA. For example, one study found an increased risk of radiographic 
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OA in persons over the age of 60 (34), whilst another found that rate of incident 

OA was increased by ~2% annually, particularly in females (35). A female 

sibling study found a genetic contribution to the risk of radiographic OA in the 

hand and knee, with an estimated 39% to 65% of OA attributable to genetic 

factors, independent of known environmental or demographic confounders (36). 

Obesity has also been associated with both the development and progression of 

radiographic OA (34, 37, 38). 

 

1.4.1.1     Limitations of Radiography 

Despite its advantages, radiography remains greatly limited by its inability to 

directly visualise soft tissues within the joint. Consequently, assessment of the 

joint space (joint space width (JSW) or JSN) is used as a surrogate measure of 

cartilage. JSN can be measured manually with the use of callipers or a simple 

graded ruler and a micrometric eye piece, or it can be measured with the use of 

computer software (39). Unfortunately, the use of JSN as an indicator of 

cartilage loss may be problematic given the presence of structures other than 

articular cartilage in the joint space. These may result in apparent increases in 

JSN that, for example, could be a result of meniscal extrusion rather than loss of 

cartilage itself (40, 41).  

 

There are also reliability issues with using JSN as its measure requires the 

observer to determine the narrowest point, which is highly observer dependent 

and can result in large inter-observer variations (42). The measure of JSW is also 

affected by the alignment and positioning of the knee with respect to the x-ray 
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and source of radiation (21, 43, 44). Even slight variations in joint flexion or x-

ray beam alignment can lead to great variations in the size of the joint space (43). 

 

Furthermore, evidence suggests that radiography is insensitive to structural 

changes and once radiographic changes are detected significant disease is usually 

already present.  It was found that knees with grade 1 JSN have lost ~11% to 

13% of cartilage (45), and that bone marrow lesions (BMLs), meniscal extrusion 

and tibiofemoral cartilage defects were prevalent in 14%, 4% and up to 62% 

respectively of subjects without radiographic OA (46-49). This likely relates to 

the fact that radiographic grading systems predominantly employ ordinal 

measures which have only a limited number of categories (50). These measures 

can therefore be crude and insensitive to change, given that small changes to 

individual structures may not necessarily translate into a change in grade. 

Consistently, recent findings from the Multicentre Osteoarthritis Study (MOST) 

demonstrated that in participants with risk factors for OA but without any 

radiographic structural damage, magnetic resonance imaging (MRI)-detected 

cartilage lesions, osteophytes, BMLs, and subchondral cysts were common (51). 

 

1.4.2     Magnetic Resonance Imaging 

MRI provides excellent tissue contrast and anatomical resolution, allowing in 

vivo visualisation of a joint. Its major advantage over radiography lies in its 

ability to directly visualise articular cartilage. Other advantages include lack of 

exposure to radiation which makes it ideal for research studies, as well as its 

three-dimensional nature of imaging which means that it does not suffer from the 

reproducibility issues related to repositioning as found with radiography (50). 
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Although more expensive than radiography, MRI has enabled studies to 

examine changes to joint structure from early/pre-OA through to established 

disease. Standard MRI techniques, such as fat-saturated, T1-weighted, spoiled 

gradient echo sequences and T2-weighted, proton density-weighted fast-spin 

echo sequences have been used to directly examine changes to knee structure 

(52). These include examinations of cartilage volume, cartilage defects, 

subchondral bone changes and meniscal lesions.  

 

A recent systematic review of the diagnostic performance of MRI in identifying 

early and advanced OA (53) reported that whilst there was a significant range in 

sensitivities (26% to 96%), specificities (50% to 100%) and accuracies (49% to 

94%), the majority of the high level of evidence studies reported sensitivities over 

80%, specificities over 90% and accuracies over 85%. This is supported by the 

findings of another systematic review which demonstrated that structural change 

in OA can be measured reliably using both quantitative and semi-quantitative 

measures, and with good responsiveness on MRI (54). As such, given the 

exposure to radiation and poor utility of radiography in identifying early 

structural changes, MRI may offer a more superior diagnostic tool for identifying 

early structural damage, particularly as imaging technology continues to improve 

(53). Indeed MRI is now recommended by the OARSI working group for 

clinical trials that involve the assessment of cartilage morphology (55). 

 

1.4.2.1     Limitations of MRI 

MRI remains limited by its long imaging time, the need of expert input to 

adequately utilise the technology (particularly in choosing pulse sequences), the 
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need to be aware of artefacts during image interpretations, and the potential 

contraindication to MRI in some patients, such as the presence of a pacemaker 

and pregnancy (56).  

 

1.5     Knee Osteoarthritis 

Osteoarthritis can affect both weight bearing joint (such as the hips, knee, and 

the first metatarsophalangeal joint) and non-weight bearing joints (such as the 

interphalangeal joints and the shoulder). However, the knee is the most 

commonly affected joint in OA. The knee joint consists of three separate 

compartments: two compartments in the tibiofemoral joint (medial and lateral 

tibiofemoral compartments) and one in the patellofemoral joint (patellofemoral 

compartment).  

 

Although it is common for OA to co-exist in both the tibiofemoral and 

patellofemoral compartments (57, 58), it is possible for the compartments to be 

affected independently. In a middle-aged population with knee pain, 40% of 

subjects reportedly had combined tibiofemoral and patellofemoral OA, whilst 

24% and 4% had isolated patellofemoral and tibiofemoral OA respectively (57). 

Despite commonly existing together, the disease pattern can differ between 

tibiofemoral and patellofemoral OA in that they do not necessarily share 

common risk factors. Furthermore, tibiofemoral disease is more common in the 

medial compartment while patellofemoral disease is more common in the lateral 

compartment (59-61). This is not surprising given that the two joints differ in 

both structure and function. The tibiofemoral joint is formed by the articulation 

of the femoral and tibial condyles. It is a hinged joint, which allows knee flexion 
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and extension, as well as inward and outward rotation of the tibia when the knee 

is in the flexed position. The patellofemoral joint is formed by the articulation of 

the posterior surface of the patella along the anterior surface of the femoral 

condyle heads. It is a saddle joint which allows superior and inferior glide of the 

patella associated with knee extension and flexion.  

 

Of note, OA was traditionally thought to be a disease of the tibiofemoral 

compartment, which may at least in part explain why a large body of work 

related to knee OA has been done in relation to the tibiofemoral compartment. 

Earlier assessment of OA was also done using anteroposterior x-ray views (35, 

62), which restricted assessment to the tibiofemoral compartment. However 

more recently the incorporation of skyline and lateral x-ray views has enabled 

the study of the involvement of the patellofemoral compartment (63, 64). 

 

1.6     Risk Factors for Knee Osteoarthritis 

There are many risk factors that have been shown to be associated with the 

incidence and prevalence of OA. Evidence suggests that factors that influence 

the development and progression of disease may differ given the different 

processes involved. For example, studies of OA progression in different 

communities have shown that whilst the disease may remain stable for many 

years in some patients, it can progress very quickly in others (35, 65-68). Whilst 

there are many more risk factors for OA, for the purposes of this thesis I will 

only discuss those that are relevant to the work presented in this thesis. Briefly, 

other risk factors for OA include ethnicity (69), genetics (36), trauma (70), 

meniscal pathology (71), occupation (72), muscle weakness (73), hormonal 
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status, bone density (74) and nutritional factors (75). Some of these have been 

discussed in the following papers, which have been included in the appendices: 

 

Tanamas SK, Wluka AE, Jones G, Cicuttini FM. Imaging of knee osteoarthritis. 

(Report). Therapy. 2010;7(6):635(13).  

 

Tanamas SK, Wijethilake P, Wluka AE, Davies-Tuck ML, Urquhart DM, Wang Y, 

Cicuttini FM. Sex hormones and structural changes in osteoarthritis: a systematic review. 

Maturitas. 2011; 69(2):141-56.  

 

1.6.1     Age 

Although OA can affect a person at any age, it is more common in older adults. 

The average age of onset for OA is around 45 years, however there is suggestion 

that osteoarthritic changes to the joint begin from the age of 30 and continue to 

rise (76). Age has been correlated with both the incidence and progression of OA 

(34, 35). It is estimated that around 80% of the population over the age of 65 

years has some radiographic evidence of OA (77).  

 

How age is related to increased risk of OA is unclear, though it has been 

suggested that the aging cartilage may be more susceptible to fatigue fractures 

(78). Increased subchondral stiffness or neuromuscular changes associated with 

aging may also play a role (78, 79). 
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1.6.2     Gender 

It is well known that the prevalence, incidence and severity of OA differ between 

men and women (80, 81). Knee, hip and hand OA are more common in women 

than men, and further increases around the time of menopause (81, 82). This 

prompted many to consider the role of hormones in the progression and 

development of OA. It was found that 87% of women aged between 55 and 64 

years had radiographic OA, compared to only 83% of men (83). Furthermore, 

OA is reportedly more widespread in women, affecting more than 4 joints in 

47% of women compared to only 27% of men (83).  

 

1.6.3     Physical Activity 

One of the non-pharmacologic treatment methods recommended for OA is 

physical activity (84), which is aimed at improving pain and disability associated 

with the disease. Although physical activity has been shown to produce 

symptomatic benefits in OA patients (85), the evidence on its association with 

structural benefits is rather conflicting. Earlier radiographic studies have found 

adverse (86, 87) or no effect (88, 89) of physical activity on risk of OA. Notably 

these studies often did not exclude those with previous knee injury (86, 87), a 

known risk factor for OA (70), and despite adjusting for knee injury in the 

statistical analyses, residual confounding may have remained as those who 

exercise more vigorously are at greater risk of injury.  

 

Moreover, radiography is a less sensitive measure which may have missed the 

potential benefits of physical activity on joint structure that have subsequently 

been demonstrated by MRI studies: increased cartilage volume and reduced 
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prevalence of cartilage defects with vigorous exercise (90), reduced prevalence of 

BMLs in those who walk regularly (90), and reduced cartilage loss associated 

with greater muscle strength and fitness endurance (90, 91). This is further 

supported by a recent systematic review of 22 studies which concluded that 

current evidence suggests that physical activity may be beneficial rather than 

detrimental to joint health (92). 

 

1.6.4     Biomechanical Factors 

1.6.4.1     Tibiofemoral Alignment 

The medial compartment of the knee generally bears 60-80% of the compressive 

load that passes through the joint (93). However, tibiofemoral malalignment can 

affect this load distribution such that a 4-6% increase in tibiofemoral angle in the 

varus direction may increase the loading in the medial compartment by up to 

20% (94). A varus-load bearing axis passes though the medial compartment 

while a valgus-load bearing axis passes through the lateral compartment (94).  

 

Radiographic studies have shown a relationship between tibiofemoral alignment 

and JSN and JSW (95-97). MRI studies have further demonstrated a relationship 

between tibiofemoral alignment and cartilage defects (98), subarticular bone 

oedema, meniscal tear and subluxation, bone attrition, and cartilage morphology 

(99), as well as cartilage loss in the femoral and tibial compartments (100, 101). 

With the majority of studies examining the prevalence or progression of OA, the 

association between tibiofemoral alignment and the development of OA has 

received less attention. To our best knowledge, only one study has examined this 
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relationship, reporting an increased risk of incident OA over ~6.6 years in 

subjects with varus or valgus knees (95).  

 

Tibiofemoral alignment has also been shown to influence joint forces within the 

patellofemoral compartment (59, 60). A radiographic study of subjects with 

patellofemoral OA reported that 57% of subjects with lateral patellofemoral OA 

had valgus malalignment compared to only 24% of subjects with medial 

patellofemoral OA (60). Varus malalignment was associated with increased odds 

of medial patellofemoral OA progression whilst valgus malalignment was 

associated with increased odds for lateral patellofemoral OA progression (60).  

 

Whether malalignment of the knee predicts disease or is simply a marker of 

disease is still unclear. It is possible that malalignment as a result of genetic, 

environmental and/or traumatic factors predispose the knee to degenerative 

changes. Nevertheless the effect of malalignment appears most significant once 

OA is present.   

 

1.6.4.2     Patellofemoral Geometry 

Patella malalignment is a translational or rotational deviation of the patella 

relative to any axis, which can cause an aberrant dispersion of patellofemoral 

joint reaction force, subsequently resulting in pain and/or structural progression 

(102-104). For example, patella alta or patella baja are conditions where the 

patella lies too far proximally or distally relative to the trochlea, respectively. 

Patella alta is often associated with patellofemoral instability and pain, which is 

thought to be due to the reduced osseous stability provided by the femur (105-
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107) given that a high-riding patella articulates with the shallower portions of the 

proximal trochlear groove (106-108). Patella baja may occur after trauma or 

surgery to the knee, particularly after the harvesting of a patellar tendon 

autograft, which leads to the progressive shortening of the patellar tendon (109, 

110). Patella baja has also been associated with deleterious effects in the knee 

(110).  

 

The patella may also have an excessive lateral tilt, which can cause maltracking 

of the patella. Merchant and Mercer in California (111) and Ficat and colleagues 

in France (112) were among the first to propose that a patella that is tilted with 

the lateral side down would lead to excessive pressures in the lateral 

patellofemoral compartment. This was subsequently supported by CT scan 

evidence demonstrating hyper-pressure on the subchondral bone of the lateral 

patella in subjects who had a lateral patella tilt (113). Another condition affecting 

patellofemoral geometry is where the femoral sulcus in which the patella sits is 

too shallow, which is commonly associated with patellofemoral instability and 

thus thought to predispose to patellofemoral subluxation (114, 115). 

Nevertheless, although these parameters of patellofemoral geometry have been 

associated with aberrant biomechanics in the knee, how they may relate to knee 

pain and structure is not well understood. 

 

1.6.5     Obesity 

Obesity has long been recognised as a risk factor for OA, with the one of the first 

studies to show an association dating back to 1945 (116). Now obesity is 

considered one of the most important risk factors for OA, with its epidemic 
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contributing to the rising numbers of OA cases. In 2008, 24.5% of OA in 

Australia was attributable to obesity, compared to 14% in 2006 (117).  

 

Evidence from the first National Health and Nutrition Examination Survey 

(NHANES) showed that in subjects with a BMI >27 kg/m2, for each subsequent 

unit increase in BMI the risk for knee OA is increased by approximately 15% 

(69). The Framingham Study found that for every 5 kg/m2 increase in BMI at 

baseline, the risk for incident knee OA is increased by 60% over 7-10 years (118), 

while a decrease in BMI of 2 kg/m2 or more over 10 years decreased the odds for 

the development of knee OA by over 50% in women (119). A recent systematic 

review, which identified 36 studies that have examined BMI in relation to OA 

development between 1996 and 2008, reported that overweight and obesity are 

risk factors for incident OA in older adults (120).  Another systematic review that 

examined BMI in relation to OA progression up to the year 2010 found that 

BMI was a strong predictor for long term OA progression (>3 years) (121).   

 

Data from 2001 suggests that ~11% of OA cases could potentially be eliminated 

if all overweight and obese individuals reduced their weight by 2 kg or until their 

BMI is within the recommended normal range (18.5 – 24.9 kg/m2) (122). 

Furthermore, almost 24% of OA cases may be eliminated if all overweight and 

obese individuals reduced their weight by 5 kg or until their BMI is within the 

normal range, increasing to as much as 57% if all overweight and obese 

individuals reduce their weight until their BMI is within the normal range (122). 

Taken together, it is clear that obesity plays a great role in musculoskeletal 
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disease, and continued research to improve our understanding of how obesity 

influences the disease and how it can be managed is of great importance. 

 

1.6.5.1     Body Composition 

A major disadvantage of using BMI as an indicator for obesity is that BMI 

measurements do not provide information on the independent contributions of 

fat and lean mass to the total body mass. Given the evidence that obesity affects 

non-weight bearing joints such as the hand (123, 124), and that different 

parameters of body composition have differing effects on the joints (125-129), 

this indicates that it is important to assess body composition as well as the more 

traditional measures of obesity such as weight and BMI. For example, a study of 

235 Japanese women reported that lower but not upper or total lean body mass 

was significantly less in people with knee OA compared to normal controls 

(125), while other studies have demonstrated beneficial effects of increased 

muscle mass for protection against OA development (126) and loss of tibial 

cartilage (127, 128). In contrast, fat mass has been shown to adversely affect the 

risk of OA, whereby higher fat mass increased the risk for tibial cartilage defects 

(128) and was associated with greater loss of patella cartilage volume (129) in 

healthy adults. 

 

1.7     Knee Structural Changes Assessed Using MRI 

The use of MRI in studies of OA is becoming increasingly common, given its 

ability to identify structural changes prior to the presence of radiographic disease 

as well as its sensitivity to change. MRI is able to directly visualise the whole 
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joint in vivo, including articular cartilage, the menisci, the synovium and 

subchondral bone abnormalities such as BMLs and subchondral bone cysts. The 

use of MRI in studies has enhanced the understanding of relationships between 

both traditional and novel risk factors for OA, and how they influence changes 

in knee structure from early/pre-OA through to established disease.  

 

The use of imaging technologies in knee OA has been presented in detail in the 

following paper: 

 

Tanamas SK, Wluka AE, Jones G, Cicuttini FM. Imaging of knee osteoarthritis. 

(Report). Therapy. 2010;7(6):635(13).  

 

This paper has been included in the appendices at the end of this thesis. However 

the relevant issues are discussed in the following sections. 

 

1.7.1     MRI to Assess Changes in the Tibiofemoral Joint 

1.7.1.1     Cartilage Volume 

Loss of cartilage volume occurs with natural aging at a rate of ~0.3-0.5% per 

year (130). In OA, loss of cartilage is accelerated, being a multi-factorial 

phenomenon which may precede, accompany and/or result from other 

structural changes. Loss of cartilage in OA results from an imbalance in cartilage 

turnover in favour of cartilage breakdown. Individuals with knee OA lose up to 

5% of cartilage volume annually, and around 60% of cartilage is lost by the time 

knee joint replacement is indicated (61). Cartilage volume and cartilage loss have 
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previously been shown to be associated with knee symptoms (pain, stiffness and 

function) (131, 132). Of note, it is not clear how cartilage loss and knee pain are 

related, given that articular cartilage is not innervated by nociceptors and 

therefore cannot be a direct source of pain (133). The loss of cartilage generally 

follows a normal distribution, with an initial apparent increase in volume caused 

by cartilage swelling, followed by cartilage loss.  

 

1.7.1.1.1     Factors Associated with Loss of Cartilage Volume 

Age 

As the body ages, the imbalance between cartilage synthesis and cartilage 

degradation results in a net loss of cartilage. Cartilage repair is further affected, 

leading to loss of cartilage elasticity and increased susceptibility to damage (8). 

The aging process may also allow for the cumulative effect of exposure to 

environmental factors that may subsequently accelerate the loss of cartilage. 

 

Although it is generally accepted that aging is associated with loss of cartilage, 

the evidence to support this is rather conflicting. Cross-sectional findings indicate 

that knee cartilage is generally thinner in older subjects compared to younger 

subjects (130, 134) though no association with cartilage volume was reported 

(134). Increased age was also associated with reduced medial and lateral tibial 

and patella cartilage volume in men without knee OA (135). Longitudinally, in a 

predominantly non-osteoarthritic population, cartilage volume was lost at a 

faster rate with increasing age (136), while in a symptomatic population age 

predicted cartilage loss in the lateral compartment over 2 years (137). Several 
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other longitudinal studies have examined the relationship but failed to show an 

association between aging and rate of loss of cartilage (138, 139).  

 

Gender 

MRI findings show that men have more articular cartilage than women (140-

142) and that women lose cartilage at a higher rate than men (136, 143). A 

community-based study of asymptomatic adults found that women lost tibial 

cartilage at a rate 4 times faster than men and patella cartilage at a rate 3 times 

faster over a period of ~2 years (143). This gender difference may be attributable 

to several factors, including hormones, differences in body size (144), differences 

in joint biomechanics (145), and differences in structural and morphometric 

properties of tendons and ligaments (146-149). 

 

Obesity 

BMI is the most commonly used measure to assess obesity (BMI ≥30 kg/m2 

defined as obese), and studies have generally found a consistent relationship 

between BMI and cartilage loss. A study of participants with knee OA noted 3 

clear subgroups within their cohort of those with a fast, intermediate and low 

rate of loss of global cartilage volume, demonstrating a higher baseline BMI for 

those in the fast subgroup (mean ± SD 32.6 ± 2.7 kg/m2) compared to those in 

the intermediate (mean ± SD 31.0 ± 4.3 kg/m2) and slow (mean ± SD 29.6 ± 4.3 

kg/m2) subgroups (131). Similar findings were reported by other studies which 

correlated BMI with cartilage loss over 24 months (150) and over 30 months 

(151). 
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1.7.1.2     Bone Marrow Lesions 

Bone marrow lesions, also known as bone marrow oedema,  were first reported 

in 1988 (152) and are the most common subchondral bone abnormality 

described in OA. BMLs are visualised on MRI as areas of subchondral bone that 

appear bright (hypersignals). They are a feature of numerous physiological and 

disease states, and are heterogeneous in origin. Traumatic BMLs are those that 

arise from contusions, fractures, spontaneous osteonecrosis of the knee and 

overuse, and histologically represent trabecular fracture, oedema, osteocyte 

necrosis and bleeding in the fatty marrow (153, 154). Non-traumatic BMLs are 

those which occur in a group of disorders, including OA, or following a surgical 

procedure (155). It is thought that the role played by BMLs in OA may involve 

the reduction in strength of the bony foundation of articular cartilage or by 

impairing the supply of nutrients and oxygen to the overlying cartilage plate 

(156-158). 

 

The relationship between BMLs and knee pain has been well documented (159-

161). In subjects with radiographic knee OA, there is evidence for a greater 

prevalence of BMLs in those with knee pain compared to those without (162). 

Incident and enlarging BMLs have also been shown to predict the development 

(161, 163)  and progression of knee pain (163). A recent systematic review 

concluded that there is moderate evidence for an association between BMLs and 

knee pain in OA (164). The presence and size of BMLs have further been 

associated with greater cartilage loss (150, 165-167), which may in part be 

mediated by knee malalignment (165, 166).  
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1.7.1.2.1     Risk Factors for Bone Marrow Lesions 

One of the earliest descriptions of BMLs was in the context of anterior cruciate 

ligament injury (168, 169) and thus BMLs were often been described following 

knee trauma (170-173). Tibiofemoral alignment may also influence the risk of 

BMLs. Amongst elderly participants with knee OA, varus malalignment, 

particularly marked ones (≥7⁰ varus), was associated with a higher prevalence of 

BMLs in the medial compartment (74.3%) compared to those with valgus or 

neutral knee alignments (16.4%) (165). However valgus or neutral alignment was 

associated with a higher prevalence of BMLs in the lateral compartment (29.5%) 

when compared to varus alignment (8.6%). Furthermore, there is evidence that 

increasing body weight was associated with BMLs in clinically healthy 

asymptomatic middle-aged women (47). Additional factors that are thought to 

influence BMLs include osteo-protective medications (174) and nutritional 

factors (49, 175). 

 

1.7.1.3     Subchondral Bone Cysts 

Subchondral bone cysts, another bone abnormality associated with OA, are 

visualised on MRI as well-demarcated hypersignals in contrast to the ill-defined 

hypersignals that identify BMLs. They are commonly found where the overlying 

cartilage has been eroded (176) and are present in ~50% of individuals with OA 

and in 13.6% of asymptomatic individuals (177). Of note, subchondral bone 

cysts have received less interest than BMLs in OA research, with a recent 

systematic review concluding that based on only 2 high-quality studies, there is 

no evidence for an association between subchondral cysts and knee pain in OA 



24 

 

(164). Consequently, the risk factors for subchondral bone cysts are yet to be 

revealed. 

 

1.7.1.4     Osteophytes 

Osteophytes are bony outgrowths that are considered as the earliest radiographic 

sign of OA. They are often seen prior to JSN (178) and are a primary component 

of the radiographic grading systems for OA. However, more recently it has been 

shown that the assessment of osteophytes on MRI may be favourable, given the 

tomographic viewing perspective of MRI which can delineate osteophytes with 

greater reproducibility than radiography, and the ability of MRI to detect 

osteophytes in locations that would otherwise be obscured by projectional 

superimposition when using radiography (179). Osteophytes are a component of 

several MRI-based scoring systems for OA, including the Whole-Organ 

Magnetic Resonance Imaging Score (WORMS) (179), the Boston-Leeds 

Osteoarthritis Knee Score (BLOKS) (180) and the Knee Osteoarthritis Scoring 

System (KOSS) (181). 

 

In a small cohort of 19 participants with knee OA, osteophytes were one of the 

most prevalent structural abnormalities, affecting 92% of the population (179). 

Osteophytes have also been identified in populations that are asymptomatic 

(177) or at early stages of disease (182). There is some evidence to suggest that 

osteophytes may be associated with knee pain (164). 
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1.7.2     MRI to Assess Changes in the Patellofemoral Joint 

1.7.2.1     Patella Cartilage Volume 

In middle-aged populations with no clinical knee OA, patella cartilage volume is 

lost at a rate of 1.6-2.1% per year (183, 184). However in OA, the rate of patella 

cartilage loss is accelerated to 4.5% per year (185). Interestingly, although 

tibiofemoral and patellofemoral OA commonly co-exist, the risk factors for 

cartilage loss in the two compartments are not always the same, and no 

correlation has been found between patella cartilage loss and tibial cartilage loss 

(185).  

 

1.7.2.1.1     Risk Factors for Patella Cartilage Loss 

Cross-sectionally older age has been associated with reduced patella cartilage 

volume (186), while longitudinally aging was associated with an increased rate 

of patella cartilage volume loss (183). Gender has also been shown to have an 

effect as patellofemoral OA has been shown to be more common and more 

severe in women than men (187, 188), and women lose patella cartilage at a 

faster rate than men (189). Furthermore, BMI, weight and fat mass are all 

positively associated with increased patella cartilage loss, particularly in women 

(129).  

 

Interestingly, tibiofemoral alignment has been shown to be a risk factor for 

patella cartilage loss. Varus malalignment at baseline was associated with the 

radiographic progression of medial patellofemoral OA whilst valgus 

malalignment was associated with the progression of lateral patellofemoral OA 

(60). Another study found that change in tibiofemoral alignment was associated 
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with change in patella cartilage volume in osteoarthritic subjects, where for every 

1 change in tibiofemoral alignment in the valgus direction, there was a 23.4 

mm3 annual reduction in patella cartilage volume (190).  

 

Being a former or current smoker was also associated with greater annual loss of 

medial patella cartilage, with a dose-response relationship between the number 

of pack-years smoked and medial patella cartilage volume loss (191). In contrast, 

evidence suggests that physical activity is potentially protective against patella 

cartilage loss (183, 192). 

 

1.8     Combining Radiographic and MRI-based Studies to 

Examine Risk Factors 

It is important to note that studies examining risk factors for OA that use MRI 

and radiographic outcomes can provide complementary data. Based on this idea, 

I performed a systematic review that included both radiography and MRI-based 

studies to examine the relationship between sex hormones and structural 

changes of OA at the knee.  

 

The following paper has been included in the appendices at the end of this thesis.  

 

Tanamas SK, Wijethilake P, Wluka AE, Davies-Tuck ML, Urquhart DM, Wang Y, 

Cicuttini FM. Sex hormones and structural changes in osteoarthritis: a systematic review. 

Maturitas. 2011; 69(2):141-56.  
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This study highlights the complementary data that can be obtained using the 

different outcome assessments for OA. It also highlights the strengths of MRI in 

studies of early OA. 

 

1.9     Knee Joint Replacement 

As previously mentioned, surgical treatments for OA are generally considered as 

a last measure when other treatment options have been unsuccessful. These 

surgical treatments include arthrodesis, excision, osteotomy and joint 

replacement. Joint replacement of the hip and knee are considered the gold 

standard of surgical treatment for OA and their success rates continue to 

increase. Joint replacements are considered safe and cost-effective for the 

management of end-stage OA. Nonetheless, up to 20% of patients are unhappy 

with the outcome (193) and around 5% of patients with ‘successful’ total knee 

replacements report worse pain following surgery (194).  

 

1.9.1     Structural Changes on MRI Associated with Joint Replacement 

In subjects with symptomatic knee OA, a higher cartilage defect score was 

associated with a 6-fold increased risk of knee joint replacement over 4 years 

[28], and for every 1% increase in rate of cartilage loss over 2 years, the risk of 

knee joint replacement was increased by as much as 20% [91]. Research relating 

to risk factors for knee joint replacement is scarce. However since rate of 

cartilage loss is associated with risk of joint replacement (61) and one of the 

primary indicators for joint replacement surgery is end-stage disease with 

exposed bone in at least one compartment of the knee, then it could be 
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hypothesised that risk factors for loss of cartilage may also be risk factors for 

joint replacement which could therefore represent potential therapeutic targets to 

prevent or delay the progression of OA to the point of end-stage disease. It is 

important to note that prosthetic survival is currently around 90% at 15 years 

(195). Therefore delaying the need for a knee joint replacement will also delay 

the subsequent need for revision surgery, which is not only costly but also 

produces poorer outcomes (196). 

 

1.10     Foot Pain and Disability Related to Foot Pain 

While the knee is the most commonly affected joint in OA, musculoskeletal 

disorders also affect other joint in the body. For example, foot pain is a problem 

which affects up to 42% of adults over the age of 65 (197-199). However despite 

its prevalence, in the area of musculoskeletal research foot pain and disability 

related to foot pain has received relatively little attention.  

 

Foot disorders are predominantly diagnosed by physical examination. However 

the identification of the source of foot pain is often complicated by the vast array 

of joints, tendons and ligaments in the feet (200). Foot pain may affect the heel, 

midfoot or forefoot, and may be associated with conditions such as diabetes, OA 

and rheumatoid arthritis (200). One of the earliest tools for assessing foot pain 

and function was the Foot Function Index developed in 1991 (201). 

Subsequently, the American Orthopaedic Foot and Ankle Society developed a 

foot rating score system in 1994 (202). More recently, several other tools have 

been developed, including the Manchester Foot Pain and Disability Index (203-

205).  
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1.11     Risk Factors for Foot Pain 

It is thought that a significant proportion of foot problems can be attributed to 

inappropriate foot wear, given that the problem rarely affects populations that do 

not wear shoes (206, 207). By comparison, 80% of women aged between 20-60 

years reported foot pain while wearing shoes, 76% had at least one foot 

deformity and 88% wore shoes that were too small for their feet (208). The 

female gender is also associated with greater foot problems, as females are 9 

times more likely than males to have various foot problems (209).  

 

Associations between obesity  and foot pain have been reported in both 

adolescents and adults (210-212), with a higher prevalence of foot pain in obese 

older adults compared to their normal weight and overweight counterparts (212). 

The feet are involved not only in bearing body weight but also in ambulation. 

Therefore they have developed unique structures that help to protect against the 

high ground reaction forces that are generated during ambulation. These include 

fat pads, which provide cushioning and shock absorption. Obesity may affect 

these structures, with reports of changes to the plantar fat pad and increased 

plantar pressure in obese individuals, along with other biomechanical 

alternations such as changes to gait (213). Nevertheless, biomechanical changes 

as a result of obesity likely explains only part of the association between obesity 

and foot pain, with the other part attributable to systemic changes that 

accompany the increase in adiposity.  
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1.12     Aims of this Thesis 

This thesis aims to fill certain gaps in the literature by examining a range of 

novel relationships in musculoskeletal disease. There are two main focuses of 

this thesis: 

1. To explore the significance of different structural abnormalities at the 

tibiofemoral and patellofemoral joint, how they may influence knee pain, 

cartilage volume, and risk of knee joint replacement  

2. To determine the effect of obesity on musculoskeletal disease, particularly 

in relation to the knee joint, but also to examine the role it plays in the 

less well-studied joints such as the foot.  
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Chapter 2: The Role of Bone Abnormalities in 

Tibiofemoral Osteoarthritis  

Traditionally, OA has been considered a disease that revolves predominantly 

around cartilage loss. However more recent knowledge that other structures in 

the knee are also affected by the disease has prompted an interest in, amongst 

others, what could be considered ‘bone abnormalities’.  This chapter will 

examine different types of bone abnormalities in relation to tibiofemoral OA. 

 

2.1     Bone Marrow Lesions  

Perhaps the most well researched of the bone abnormalities are BMLs, which 

have been found in both pre-clinical and established OA (46, 162). In established 

disease, BMLs are associated with knee pain (162, 214), radiographic 

progression of OA (165) and loss of articular cartilage (166, 167). Nevertheless, 

whether BMLs also influence knee joint replacement, the clinical end-point of 

OA, had not been conclusively shown.  

 

Two previous studies had indicated a likelihood that BMLs are related to knee 

joint replacement. One small cross-sectional study found that 7 out of 9 patients 

undergoing total knee replacement had subchondral MR signal abnormalities 

(215) while another study of a highly selected patient population reported an 

increased risk of knee replacements in those with BMLs (216). Notably these 

studies were small and no adjustment for potential confounders was made. Thus 

the first paper in this chapter aimed to determine the effect of BMLs on structural 
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change as measured by change in cartilage volume and risk of knee joint 

replacement. 

 

Tanamas SK, Wluka AE, Pelletier JP, Pelletier JM, Abram F, Berry PA, Wang Y, Jones 

G, Cicuttini FM. Bone marrow lesions in people with knee osteoarthritis predict 

progression of disease and joint replacement: a longitudinal study. Rheumatology 

(Oxford). 2010 Dec;49(12):2413-9. (IF 4.17)  

 

This study found that subjects with knee OA who have more severe BMLs at 

baseline had less baseline tibial cartilage and greater tibial cartilage loss over 2 

years. They also had increased odds for knee joint replacement over 4 years, with 

an increase of 57% for every unit increase in BML severity. Whilst the majority 

of the BMLs in the study population remained stable or progressed, there were 

also a number that regressed. It may be that BMLs represent therapeutic targets 

to prevent OA progression and the subsequent need for knee joint replacement. 
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2.2     Subchondral Bone Cysts 

Another less well-researched bone abnormality of OA is subchondral bone cysts. 

What limited evidence there is on subchondral bone cysts suggests a relationship 

between subchondral bone cysts and knee pain (217) and femoral cartilage loss 

(167) in subjects with knee OA. 

 

At present, the origins of subchondral bone cysts remains uncertain. Previously, 

two theories have dominated the literature: the synovial breach theory (218, 219) 

and the bony contusion theory (220). The synovial breach theory proposes that 

cartilage degeneration creates a channel which allows breach of synovial fluid 

into the marrow space. On the other hand, the bony contusion theory suggests 

that subchondral bone cysts arise from violent impact between two opposing 

surfaces which causes areas of bone necrosis.  

 

More recently, there was some suggestion that BMLs and subchondral bone 

cysts may be more closely related than previously thought. Findings that 92% of 

cysts developed within BMLs (221) and that BMLs were co-existent in 91% of 

subregions containing cysts (222) prompted the question of whether BMLs may 

in fact represent early, pre-cystic lesions. Thus, the relationship between BMLs 

and subchondral bone cysts presents an interesting research question. In 

addition, no previous study had examined the effect of the co-existence of BMLs 

and subchondral bone cysts on knee structure. Therefore the next paper 

presented in this chapter investigated the effect of BMLs and subchondral bone 

cysts on cartilage loss and knee joint replacement.  
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Tanamas SK, Wluka AE, Pelletier JP, Martel-Pelletier J, Abram F, Wang Y, Cicuttini 

FM. The association between subchondral bone cysts and tibial cartilage volume and risk 

of joint replacement in people with knee osteoarthritis: a longitudinal study. Arthritis 

Research & Therapy. Mar 31; 12(2):R58. (IF 4.36)  

 

The findings of this study demonstrated that subjects with knee OA who had 

both BMLs and subchondral bone cysts had greater cartilage loss and increased 

risk of joint replacement, such that those with both BMLs and cysts had a 2-fold 

increased odds for knee replacement compared to those with BMLs only or those 

with no BMLs or cysts. Subchondral bone cysts were also shown to have the 

potential to regress, and even resolve, and that regression was associated with 

reduced tibial cartilage loss. These findings suggest that subchondral bone cysts 

identify those with worse structural outcomes who should be targeted for 

prevention of disease progression. 
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Chapter 3: Bone Geometry and the Patellofemoral Joint 

As discussed in the literature review, the knee joint consists of two 

compartments: the tibiofemoral compartment and the patellofemoral 

compartment. Medial tibiofemoral disease is most common (223) but 

patellofemoral OA is also prevalent and may be present either in conjunction 

with or independent of tibiofemoral disease. This thesis has considered the more 

novel risk factors for structural changes in the tibiofemoral compartment, yet 

current evidence indicates that while tibiofemoral and patellofemoral OA may 

share some common risk factors such as obesity and older age (186), there are 

others that differ. For example, while baseline tibial cartilage volume is a 

determinant of change in tibial cartilage volume (138, 224), baseline patella 

cartilage volume was not a determinant of change in patella cartilage volume 

(184). That there is poor correlation between patella cartilage and tibial cartilage 

loss further suggest that the pathogenesis of disease may differ between 

tibiofemoral and patellofemoral OA (184).  

 

Patellofemoral pain is a common problem that presents to clinics and general 

practices (225-227) however factors that contribute to its development in the 

absence of a defined arthropathy, such as OA, remains unclear. Studies have 

assessed a range of parameters of patellofemoral geometry which relate to 

patellofemoral maltracking, abnormal patella alignment or abnormal patella 

congruity (108, 228-232), all of which can contribute to patellofemoral pain. 

Nonetheless how these parameters may relate to joint symptoms and influence 

joint structures, such as patella cartilage volume, has not been widely researched. 
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Thus the aim of this chapter was to examine patella inclination, sulcus angle and 

patella height, in relation to both knee pain and patella cartilage volume. 

 

Tanamas SK, Teichtahl AJ, Wluka AE, Wang Y, Davies-Tuck M, Urquhart DM, Jones 

G, Cicuttini FM. The associations between indices of patellofemoral geometry and knee 

pain and patella cartilage volume: a cross-sectional study. BMC Musculoskeletal 

Disorders. 2010;11:87. (IF 1.94) 

 

This study demonstrated that increased medial patella inclination was associated 

with reduced pain score and increased medial patella cartilage volume. In 

contrast, a higher riding patella was associated with decreased medial patella 

cartilage volume. These findings provide theoretical support for current 

interventions for patella malalignment which promote medial patella translation. 
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Chapter 4: Obesity and Knee Osteoarthritis 

With the first part of this thesis focused on examining OA-related symptoms and 

structural abnormalities in the tibiofemoral and patellofemoral joints, the next 

part of the thesis will examine what could be considered one of the most 

important risk factors in OA: obesity.  

 

4.1     The Relationship between Obesity and Knee Symptoms  

The obesity epidemic is of concern worldwide. In Australia, there has been a 

steady increase in body weight over the past few decades and it still continues to 

rise (4). Obesity contributes to the metabolic syndrome, which is the collective 

name for a group of risk factors that are associated with cardiovascular disease 

and diabetes. Interestingly, OA is fast becoming considered as part of the 

metabolic syndrome (233). Previously thought of as a degenerative disorder, 

there is now a growing recognition of OA as a metabolic disorder (234). 

 

Obesity is a well-established, potentially modifiable risk factor for knee OA 

associated with the incidence and progression of disease (34, 235, 236) as well as 

knee symptoms. Overweight and obesity provide a substantial contribution to 

the prevalence of knee pain, with an estimated 21% of all reported knee pain 

attributable to being overweight or obese, and 36% of knee pain with disability 

and 37% of intense knee pain with disability attributable to being overweight or 

obese (237).  
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While the detrimental effect of obesity on the knee joint is well established, the 

effect that change in weight may have on knee pain is unclear. Notably, most of 

the research in the area of weight change and musculoskeletal disorder has been 

in relation to the benefits of weight loss in those with established knee OA. It is 

not surprising that the effect of weight gain on knee symptoms has not been 

properly examined, perhaps with the underlying assumption that weight gain in 

general is bad. Thus the first paper in this chapter examines the effect of weight 

gain and weight loss on knee pain, stiffness and function. We also aim to 

determine whether the effects differ in those who are obese and those with OA. 

 

Tanamas SK, Wluka AE, Davies-Tuck M, Wang Y, Strauss BJ, Proietto J, Dixon JB, 

Jones G, Forbes A, Cicuttini FM. Weight gain is associated with incident knee pain, 

stiffness and functional difficulties: a longitudinal study. (Accepted for publication by 

Arthritis Care & Research, IF 4.749) 

 

This study showed that gaining 5% of body weight or more was associated with 

significant worsening of knee pain, stiffness and function. Similar results were 

seen in those who were obese and those with OA, defined as having an 

osteophyte on MRI. Stratification by the presence or absence of symptoms at 

baseline indicated that the relationship between weight gain and knee symptoms 

was particularly in those without symptoms at baseline, suggesting that weight 

gain is predominantly a risk factor for the development of symptoms. In contrast, 

weight loss was associated with symptomatic improvement. Given that weight 

loss can be difficult to achieve and maintain, strategies to promote the prevention 

of weight gain are important. 
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4.2     The Relationship between Obesity and Structural Changes at 

the Knee  

There is surprisingly little information regarding the effect of weight loss on knee 

structural features. As there is currently no cure for OA, treatments are aimed 

not only at alleviating symptoms, but also at retarding the progression or 

development of disease. Given that obesity is one of the chief modifiable risk 

factors for OA, a better understanding of how it may be used as a therapeutic 

target is essential.  

 

The potential that weight loss may benefit cartilage could have very important 

clinical implications. Previous examination of the effect of weight loss on 

cartilage has only been done using biomarkers as outcome measures (26, 238), 

suggesting some beneficial effect of weight loss on cartilage turnover. Given the 

paucity of data, the next manuscript aimed to explore the relationship between 

changes to body weight over 2 years and cartilage loss as measured on MRI.  

 

Tanamas SK, Wluka AE, Davies-Tuck M, Wang Y, Strauss BJ, Proietto J, Dixon JB, 

Jones G, Forbes A, Cicuttini FM. The relationship between change in weight over 2 years 

and tibial cartilage loss: an MRI study. (In preparation) 

 

This study demonstrated a linear relationship between increasing weight and 

greater cartilage loss, whilst losing 5 kg or more was associated with reduced 

cartilage loss, particularly in the medial tibial compartment. This was 
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particularly in those who were obese and those with OA, which was defined as 

having an osteophyte on MRI. 
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Chapter 5: Obesity and the Foot 

Although the predominant weight-bearing joint affected in OA is the knee, OA is 

also known to affect other joints (123, 124, 239-241). The feet, in particular, 

represent a relatively new area of interest. Foot pain and disability related to foot 

pain affects a significant proportion of the community, particularly the elderly 

(197-199), and is a significant burden to the community. Therefore, as the 

previous chapter examined the relationship between obesity and symptoms and 

structure at the knee joint, this chapter will focus on the relationship between 

obesity and foot pain. 

 

Obesity may affect the foot biomechanically via changes to foot structure, or it 

may also have a metabolic effect via correlates of body composition. However, 

as previous examinations of the relationship between obesity and foot structure 

have used BMI as an indicator for obesity (242-244), no distinction could be 

made between the potential biomechanical or metabolic contributions of obesity. 

If indeed biomechanical changes are the main explanation, it is likely that any 

increase in body mass, whether fat or lean, would be associated with foot pain. 

However if metabolic factors play a greater role, it would be expected that 

different components of body composition would have differing effects on foot 

pain. To the best of our knowledge, no study had examined the relationship 

between different components of body composition and foot pain. Thus, the 

paper presented in this chapter examines the association between parameters of 

body composition, including fat mass, skeletal muscle mass and fat distribution, 

and foot pain and disability. 
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Tanamas SK, Wluka AE, Berry P, Menz HB, Strauss BJ, Davies-Tuck M, Proietto J, 

Dixon JB, Jones G, Cicuttini FM. Relationship between obesity and foot pain and its 

association with fat mass, fat distribution and muscle mass. Arthritis Care & Research. 

2012 Feb;64(2):262-8. (IF 4.75) 

In this study, the adverse effect of obesity on foot pain was predominantly 

related to increased adiposity, particularly in the android region. In contrast, a 

gynoid distribution of fat was beneficial. For every 1% increase in android fat 

mass the odds for foot pain were increased by almost 50%, and for every 1 unit 

increase in the android : gynoid fat mass ratio the odds for foot pain was 

increased 35-fold. In contrast, for every 1% increase in gynoid fat, the odds for 

foot pain were decreased by 17%. That the relationship between obesity and foot 

pain was distribution-related supports the theory that obesity affects the feet via 

metabolic effects, though a biomechanical contribution cannot be ruled out.  
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Chapter 6. General Discussion 

6.1     Main Findings 

This thesis comprises 3 main areas of focus: the significance of different 

structural abnormalities at the tibiofemoral joint, the association between indices 

of patellofemoral geometry and knee pain and structure in the patellofemoral 

joint, and the effect of obesity on musculoskeletal disease. Firstly, this thesis 

demonstrated an association between bone marrow lesions (BMLs) and 

subchondral bone cysts and progression of disease. Secondly, at the 

patellofemoral joint, a medially inclined patella and a shallower sulcus angle 

were found to be beneficial for knee symptoms and patella cartilage, whilst a 

high-riding patella was associated with adverse effects on patella cartilage. 

Finally, an association was observed between obesity and symptomatic and 

structural outcomes at the knee and the foot. 

 

6.1.1     Bone Marrow Lesions and Subchondral Bone Cysts in Tibiofemoral 

Osteoarthritis  

The first focus of this thesis was to explore the significance of bone abnormalities 

at the tibiofemoral joint in relation to structural progression of OA. In a 

population with knee OA, the severity of BMLs at baseline was associated with 

reduced baseline tibial cartilage volume, increased cartilage loss over 2 years and 

increased risk of knee joint replacement over 4 years. Importantly, this effect was 

further compounded by the co-existence of subchondral bone cysts, as we 

demonstrate that those with both BMLs and cysts had less baseline cartilage, 
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greater loss of cartilage over 2 years and higher risk of knee joint replacement 

over 4 years compared to those who have BMLs only or those with no BMLs or 

cysts. There was also a potential for BMLs and subchondral bone cysts to 

regress, some to the point of complete resolution. 

 

Our findings that BMLs are associated with cartilage volume is consistent with 

previous findings from radiographic and MRI studies, indicating a relationship 

between BMLs and JSN (165) and cartilage loss (166). However, the findings 

relating to knee joint replacement is novel. The association between BMLs and 

knee joint replacement was first suggested in 1994, whereby 7 out of 9 cases with 

knee OA scheduled to undergo prosthetic knee replacement were found to have 

subchondral MR changes (215). Histologically, these MR changes corresponded 

to regions where fibrous tissue replaced marrow fat, with some thickening of the 

trabeculae (215). To our best knowledge, prior to our study, only one other study 

had reported an association between BMLs and total knee replacement (216). In 

a highly selected population of 65 patients drawn from a cohort of over 4000, 

there was an increased risk of knee replacement in those with BMLs at the time 

of their first MRI (216). Our study was the first to examine and demonstrate a 

relationship between BMLs and risk of knee joint replacement, independent of 

potential confounders. Of note, two subsequent studies have corroborated our 

findings (245, 246). These studies indicated that baseline BML severity was 

associated with subsequent knee replacement at 5 years (245) and at 8 years 

(246), though no association was reported between change in BML score over 2 

years and risk of knee joint replacement at 8 years (246).  
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Moreover, our findings strengthen the evidence for a previously suggested 

relationship between BMLs and subchondral bone cysts (221, 247), not only by 

demonstrating that 98% of people with cysts had a co-existing BML, which were 

often large BMLs (grade ≥3), but also by showing that these people are at greater 

risk of structural progression than those with BMLs only. No other study, 

previous or subsequent to ours, has examined the concomitant effect of cysts and 

BMLs. However, one study did indicate increased odds for incident subchondral 

bone cyst in subregions with prevalent BMLs, particularly larger BMLs (248). 

 

Although we have shown that BMLs and subchondral bone cysts predict loss of 

cartilage and joint replacement, it is unclear whether they directly facilitate 

structural progression or are simply markers of those at greater risk of 

progression. Perhaps more important than our findings that BMLs and 

subchondral bone cysts predict worse structural outcomes are the findings that 

even in those with established OA, there is a potential for regression of both 

BMLs and subchondral bone cysts, with a possibility of complete resolution. 

This is supported by other studies that have shown a potential for BMLs to 

regress (166, 249-251), with one particular study showing regression or 

resolution in as many as 50% of cases (251). However ours was the first study to 

show a potential for subchondral bone cysts to regress.  Of note, we also showed 

that those who had subchondral bone cyst regression had reduced lateral tibial 

cartilage loss compared to those who remained stable or progressed. These 

findings are important given that there is currently no known cure for OA and 

therefore any means to delay or stop disease progression are worth investigating. 

A recent review has highlighted the need for further research into 
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pharmacological or surgical interventions that may facilitate BML regression 

(252). There is evidence in that anti-tumour necrosis factor (TNF) therapy alone 

or in combination with methotrexate was able to suppress BMLs in patients with 

rheumatoid arthritis (RA) (253, 254), and whilst we recognise that BMLs in OA 

are likely different to those in RA, this encourages the need for similar 

investigations in OA.  

 

Furthermore, our findings of a relationship between BMLs and subchondral 

bone cysts potentially contributes to our understanding of how subchondral bone 

cysts arise. The synovial breach theory of cyst formation hypothesises that 

subchondral bone cysts arise from the intrusion of synovial fluid into the 

subchondral bone as a result of elevated intraarticular pressure (218, 219). This 

theory was proposed as early as 1953 and arose based on observations that there 

are often patent openings in a number of cysts, that cartilage fragments are found 

within cysts, and that the cartilage over cysts is never normal (219). Subsequently 

a second theory was proposed a decade later which hypothesised that 

subchondral bone cysts are a consequence of violent impact between opposing 

surfaces which result in areas of bone necrosis, and that synovial breach is a 

secondary event (220, 255). This theory is known as the bone contusion theory. 

At present the origins of subchondral bone cysts remain unclear. If the synovial 

breach theory was valid, one would expect subchondral bone cysts to develop 

only in areas where the overlying cartilage is fully eroded or fissured, thereby 

allowing a communication between the synovial cavity and the subchondral 

bone. Nevertheless, a recent study has shown that in almost 50% of cases, 

subchondral bone cysts were found in subregions without full-thickness cartilage 
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loss (247). Another study demonstrated an association between full-thickness 

cartilage loss and incident subchondral bone cysts, though the effect was 

significantly attenuated when adjusted for BMLs (248). That several studies have 

now shown that subchondral bone cysts arise and are present in areas with 

BMLs supports the bone contusion theory, given that these BMLs often 

histologically present features of bone trauma, such as necrosis.   

 

6.1.1.1     Limitations 

The main limitation to this work was the absence of T2-imaging sequencing. 

Consequently, T1 images were used to measure BMLs, which is likely to result 

in a more conservative analysis.  For BMLs to be identifiable on T1 images they 

need to be larger and with more surrounding oedema (256) thus smaller lesions 

may have been missed. We also had a modest number of subjects who had a 

knee replacement. Therefore whether the site of BMLs or subchondral bone cysts 

further influences the risk of knee replacement could not be examined. 

 

6.1.2     Bone Geometry and the Patellofemoral Joint 

Although a large body of research has focused on the tibiofemoral joint, it is well 

known that disorders at the patellofemoral joint are also a significant contributor 

to knee pain and disability. Thus the second focus of this thesis was to explore 

the association between indices of patellofemoral geometry and knee pain and 

patella cartilage volume. It was found that a more medially inclined patella (as 

indicated by a larger lateral condyle-patella angle) and a shallower (larger) 

femoral sulcus were associated with reduced pain and increased patella cartilage 
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volume. On the other hand, a higher riding patella (as indicated by an increased 

Insall-Salvati ratio) was associated with reduced patella cartilage volume. 

 

Patella inclination (patella tilt) is one of the more commonly assessed parameters 

of patellofemoral malalignment. Our findings demonstrate that a more medially 

inclined patella is favourable both with respect to symptoms and structure. 

Similar findings have been reported by another MRI study which assessed 

quartiles of lateral patellar tilt angle (257), demonstrating an inverse relationship 

between lateral patellar tilt angle and lateral patella cartilage volume loss 

whereby a medial inclination of the patella (as indicated by a larger lateral 

patellar tilt angle) was associated with less patella cartilage loss in the lateral 

compartment. These findings are in contrast with radiographic evidence in 

which a more laterally inclined patella was associated with an increase in medial 

patellofemoral joint space (231), which the authors attributed to a protective 

effect against medial cartilage loss. Nevertheless, these are radiographic findings 

which are limited by the inability to assess cartilage directly. When the patella is 

laterally inclined, the medial joint space will intuitively be greater without 

necessarily being a product of greater cartilage volume in that compartment. Of 

note, studies that have assessed patella inclination have used varying methods 

both in how the measure of patella inclination was obtained and the images used 

to measure them (258), thus making it difficult to adequately compare their 

findings. For example, patella inclination can be measured as the angle formed 

by the lines joining the maximum width of the patella and the posterior or 

anterior femoral condylar line, or as the angle formed by the lines joining the 

lateral patella facet and the posterior or anterior femoral condylar line (258). This 
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issue of the various methods by which patella inclination can and has been 

assessed in the literature has previously been highlighted by Alemparte et al (259) 

who proposed a standardisation to the technique. To date, no standardised 

method to assess patella inclination exists. 

 

The sulcus angle is another index of patellofemoral geometry that is commonly 

assessed. Our findings indicated a trend for a positive relationship between 

sulcus angle and patella cartilage volume but no association with knee pain. It is 

commonly accepted that a shallower sulcus is associated with a decrease in 

patellofemoral congruency and stability (114, 260), thereby posing the risk of 

patella subluxation and dislocation (261, 262). Previous studies predominantly 

reported unfavourable effects associated with a shallower sulcus angle (231, 257, 

263). One radiographic study found a positive association between sulcus angle 

and lateral joint space narrowing (JSN) progression (231). This is consistent with 

MRI findings whereby a greater sulcus angle was associated with increased 

medial and lateral patella cartilage loss (257). Since the publication of our 

findings, a subsequent MRI study has reported a 50% increase in odds for lateral 

cartilage damage in those in the highest quartile of sulcus angle compared to 

those in the lowest quartile (264), thus further supporting the hypothesis that 

greater sulcus angles are associated with adverse knee events. Whilst the reason 

for the discrepancy in findings between our study and others is unclear, 

mechanistically it may be that a shallower sulcus provides greater surface for 

articulation, thereby reducing contact pressures and potentially benefiting 

articular cartilage. This hypothesis was proposed by the authors of another study 
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which similarly showed a beneficial relationship between a shallower sulcus and 

increased patella cartilage in an osteoarthritic population (265).  

 

Lastly, we examined the Insall-Salvati ratio, which is an indicator of patella 

height. Both a high-riding patella (Insall-Salvati ratio >1.2) and a low riding 

patella (Insall-Salvati ratio <0.8) can have deleterious effects on structure (108, 

110). Previous studies of populations with knee OA have shown an association 

between high-riding patella and increased cartilage loss (257) and JSN 

progression (263). Accordingly our results indicate that a greater Insall-Salvati 

ratio is associated with reduced cartilage volume in a community-based 

population of adults without history of any arthropathy. These findings are 

further supported by a subsequent study which demonstrated an association 

between Insall-Salvati ratio and both baseline and the progression of cartilage 

damage in the medial and lateral compartments in a population with knee OA 

(266). It is believed that the detrimental effects of a high-riding patella are related 

to the decrease in load-bearing surface area (107, 108). 

 

Taken together, it appears that while it is generally accepted that patella 

alignment and geometry play an important role in patellofemoral pain and OA, 

the aetiology behind it is somewhat unclear. A recent review of patella alignment 

and tracking has highlighted inconsistent findings in relation to associations with 

patellofemoral pain (258). One potential explanation for the conflicting results, 

particularly in relation to patella inclination and sulcus angle, is likely the 

various methods by which the measures for these indices of patellofemoral 

alignment and geometry are obtained. For example, several imaging techniques 
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are commonly used, including radiography, computerized tomography (CT) and 

MRI (258). This is further complicated by the varying degrees of knee flexion in 

which the knee can be imaged (258). A study of in vivo patellar tracking has 

indicated that the patella was in a lateral tilting position between 0⁰ and 75⁰ of 

knee flexion but then gradually tilted medially beyond 75⁰ (267). Femoral sulcus 

angle is also affected, with a mean angle of 143.3⁰ at full extension reduced to 

139.2⁰ at 30⁰ of knee flexion and 134.8⁰ at 135⁰ of knee flexion (267). We have 

also discussed previously in this section the varying methods that have been 

employed to measure patella inclination. As such comparing the results of 

different studies can be problematic. This highlights the importance of further 

research to determine a standardised method by which patella alignment and 

geometry should be assessed.  

 

6.1.2.1     Limitations  

A limitation of this work is that the Western Ontario and McMaster 

Osteoarthritis Index (WOMAC) knee pain score does not differentiate between 

tibiofemoral and patellofemoral pain. The Kujala score would have been 

preferable as an indicator of patellofemoral pain, however as this data was not 

available we used the WOMAC pain score which has previously been utilised in 

studies of patellofemoral disorders (231, 268-270).  In addition, our study cohort 

was predominantly women, which may have influenced the results since there is 

evidence for a gender difference in patellofemoral joint biomechanics (271). Our 

study also excluded those with a history of any arthropathy diagnosed by a 

medical practitioner, prior surgical intervention and previous significant knee 
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injury, thus some subjects with clinically severe patellofemoral pain may have 

been excluded from our study. 

 

6.1.3     Obesity and Knee Osteoarthritis 

Finally, the effect of obesity on musculoskeletal disease was explored. At the 

knee, obesity was associated with adverse outcomes both related to symptoms 

and structural changes. Weight gain was associated with incident knee pain, 

stiffness and functional difficulties whilst weight loss was associated with some 

modest benefits on the alleviation of symptoms, as well as reduced cartilage loss. 

 

The association between obesity and musculoskeletal disorders has long been 

recognised. Much research has been done to examine the role of obesity in OA. 

Our findings indicate that gaining 5% of initial body weight or more was 

associated with the worsening of knee pain, stiffness and function, whilst weight 

loss was beneficial for improvements in these symptoms. Previous studies have 

shown a linear relationship between BMI and knee pain (272-274), beneficial 

effects of weight loss on knee symptoms (25, 26, 275), and detrimental effects of 

weight gain on risk of OA (62, 276). However, our finding that weight gain is 

related to worse knee symptoms compared to remaining stable weight is novel. 

Adipose tissue produces a number of adipocytokines including interleukin-6 (IL-

6), tumour necrosis factor alpha (TNF-α), leptin and adiponectin (277, 278). In 

obesity, the downregulation of potentially beneficial adipokines (adiponectin) 

coupled with the overproduction of pro-inflammatory cytokines (IL-6 and TNF-

α) creates a chronic state of mild inflammation (278, 279) which may contribute 
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to the development of pain (280, 281). However it is important to also note that 

obesity has been shown to affect joint biomechanics via increased joint loading 

(282), and increased knee loading frequency and magnitude has subsequently 

been shown to be associated with increased knee pain (283). Thus, it is likely that 

obesity affects joint pain in a multi-faceted way via changes in joint 

biomechanics as well as via systemic factors associated with greater adiposity. 

 

The relationship between weight loss and knee structural changes is an area of 

great interest, albeit one that has not been greatly researched. Despite the 

abundant evidence that weight loss is beneficial for alleviation of symptoms, 

studies that have examined the impact of weight loss on structural progression, 

particularly cartilage loss, is scarce. To our best knowledge, no study prior to 

ours had examined weight loss in relation to cartilage loss as imaged on MRI. 

Previous evidence of the benefits of weight loss on knee structure was largely 

from studies of cartilage biomarkers, which reported some correlation between 

weight loss and cartilage turnover (26, 238). In our study, participants who lost 5 

kg or more over 2 years had reduced medial tibial cartilage loss when compared 

to those who remained stable weight. However, another paper which was 

published subsequent to the writing of our manuscript reported an association 

between weight loss and improvements in cartilage quality and thickness in the 

medial femoral, but not tibial, compartment (284). It was found that a higher 

percentage weight loss was associated with reduced loss of cartilage thickness in 

the medial femoral compartment, and percentage weight loss was positively 

correlated with medial dGEMRIC index, which is a measure of cartilage 

integrity (284).  
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Recently there has been a push to promote not only weight loss, but also the 

maintenance of stable weight or the prevention of weight gain. A review of 31 

long-term weight loss studies found that dieting is a predictor of future weight 

gain (285), and analysis of normal weight and overweight women found that 

only 40% of participants maintained their baseline weight over 3 years and these 

women were the least likely to have tried dieting (286). Weight loss has long 

been the goal of obesity management, with guidelines recommending a loss of at 

least 5-10% of initial body weight (287, 288). Unfortunately, while there is much 

evidence to show the benefits of weight loss, it is becoming increasingly clear 

that achieving, and more importantly maintaining, weight loss is difficult. The 

regulation of body weight is modulated by circulating hormones which influence 

the desire to eat. These include ghrelin, a hunger stimulator which is produced in 

the stomach, as well as  a number of known hunger inhibitors: cholecystokinin 

(CKK), oxyntomodulin, glucagon-like peptide-1 and peptide YY3-36 which are 

produced in the gut; amylin, insulin and pancreatic polypeptide which are 

produced in the pancreas; and leptin which is produced in adipose tissue (289). 

These hormones create a physiological defence of body weight and encourage 

weight regain after weight loss. The level of the hunger-promoting hormone, 

ghrelin, rises after weight loss (290), whereas the levels of hunger-inhibiting 

hormones, such as leptin, CKK and insulin, are decreased (291). Thus it is not 

surprising that weight regain is commonly observed in studies where participants 

have successfully achieved significant amounts of weight loss. The average 

weight loss maintained at 4-5 years was reportedly around 2.1% to 6.6% (292).  
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Taken together, there is a need to encourage at the very least the maintenance of 

stable weight, which is often viewed as more attainable than weight loss, given 

that without any action future weight gain is likely. This would also prevent 

those who have not been able to lose weight or achieve their target weight loss 

from being discouraged from taking further action. Indeed our findings suggest 

that weight gain is associated with adverse effects on the knee joint in 

comparison to remaining stable weight, which indicates that even if a person is 

unable to lose weight then at least the maintenance of body weight may prevent 

or delay the onset of knee symptoms and any progression in joint damage 

associated with further weight gain. Women have been shown to gain up to an 

average of 830 grams annually (293). It has been hypothesised that since losing 

3-5 kg can reduce cardiovascular and diabetes risk (294), then avoiding the 

predicted weight gain of ~3 kg over 4 years would have similar health benefits 

(295). Although much of the research in this area was done in relation to 

cardiovascular health and risk of diabetes, our findings suggest that the benefits 

of curbing weight gain may also extend to musculoskeletal disease.  

 

6.1.3.1     Limitations  

A potential limitation to this work was the modest number of men, which may 

affect the generalisability of these results across both genders. Nevertheless, 

when we excluded men from our analysis similar results were found. There are 

several potential confounders which we were not able to adjust for, such as 

depression and socioeconomic status, which would be interesting to explore 

further. We also only assessed tibial and not femoral cartilage. Nevertheless 

tibial cartilage volume correlates with femoral cartilage in that compartment 
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(296) and longitudinal changes in the tibial and femoral cartilage are strongly 

correlated (297).  

 

6.1.4     Obesity and the Foot 

At the foot, the effects of obesity were further extended by the findings that the 

adverse effects of obesity relate to fat mass and that fat distribution is important. 

In this cohort where foot pain affected 55% of the population, fat mass was 

associated with increased odds for foot pain, independent of muscle mass. In 

particular, a gynoid fat distribution was found to be preferable over an android 

distribution as it was associated with reduced odds for foot pain. 

 

The role of obesity in foot pain is an area that has not received great interest. 

Although there is evidence to support a relationship between obesity and foot 

pain (242-244), they are limited by the use of BMI as a measure of obesity, which 

provides no information about the differential contributions of fat and muscle 

mass. Our study was the first to show a relationship between fat distribution and 

foot pain and disability related to foot pain. In this study, we have extended 

previous observations by demonstrating that fat mass was associated with 

increased odds for foot pain, independent of muscle mass, and that muscle mass 

was not associated with odds for foot pain. We further demonstrated that the site 

of fat storage was also important, as a gynoid fat distribution was related to 

reduced odds for foot pain while an android distribution was related to increased 

odds for foot pain.  
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As previously discussed, adipose tissue is a highly active endocrine organ which 

produces a number of cytokines known as adipokines (277). There is much 

evidence to suggest that the metabolic activity of adipose tissue is different at 

different sites (298). One of the much investigated adipokines, particularly in 

relation to diabetes and cardiovascular disease, is adiponectin. Adiponectin is an 

anti-inflammatory adipokine produced exclusively by adipocytes. It is negatively 

correlated with BMI, waist circumference and estimated visceral fat area (299), 

and higher adiponectin levels predict beneficial effects such as lower risk of type 

2 diabetes (300, 301). Adiponectin has been shown to strongly suppress the 

production of TNF-α [33] and induce the anti-inflammatory cytokines IL-10 and 

1L-1 receptor antagonist [37]. That we found differing effects between android 

fat and gynoid fat distributions likely reflects the fact that certain adipokines, 

including adiponectin, are secreted differently by android and gynoid fat tissues 

such that those with a gynoid fat distribution have a better adipokine profile 

(302-304).  

 

The implication of the findings that the effect of obesity on foot pain and other 

disorders is distribution-related remains unclear. Despite identifying android fat 

as having adverse effects compared to gynoid fat, to what degree a person’s fat 

distribution itself can be influenced by the individual is uncertain. It has been 

suggested that fibre intake, vigorous activity, weight training, and walking pace 

are negatively associated with waist gain (defined as an increase in waist 

circumference) in men over a period of 9 years, whilst smoking cessation and 

television watching was positively associated with waist gain (305). A separate 

study found increased consumption of vegetable oil, pasta, 1.5% milk and 
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reduced consumption of 3% milk is associated with the more favourable gynoid 

fat distribution (306). Nevertheless, it is likely that for the most part, having an 

android distribution simply serves as a marker for those at greater risk of certain 

diseases.  

 

6.1.4.1     Limitations  

Multiple testing may be a limitation to this work, though we have attempted to 

correct for this using the Bonferroni adjustment method. We also had a smaller 

proportion of men, thus the relationship between body composition and foot 

pain in men may require further research. Other methods of defining disabling 

foot pain have been used previously (203, 307, 308), however we chose our 

definition based on the work by Garrow et al (203) as their population was most 

similar to ours.  Lastly, we had a high prevalence of obese individuals in our 

study which may account for the higher prevalence of subjects with foot pain 

compared to that reported by other studies (197, 198, 309). Indeed when we 

excluded those with a BMI ≥30 kg/m2, our prevalence of foot pain was similar to 

those previously reported. 

 

6.2     Limitations of this Work 

The specific limitations pertaining to each section of work has been discussed 

above. This section will discuss in greater detail the more general limitations of 

the work in this thesis. 
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6.2.1     Study Populations 

6.2.1.1     Knee Osteoarthritis 

The population studied in chapter 2 was one with symptomatic knee OA, 

therefore the findings could not be generalised to asymptomatic populations. 

One of our main findings was that BMLs and subchondral bone cysts commonly 

co-exist. However we were unable to explore whether this also holds true in 

populations without knee OA.  BMLs and cysts have both been shown to be 

present in asymptomatic populations (46, 177, 310), albeit at a lower prevalence. 

Thus future studies examining the role and the potential co-existence of BMLs 

and subchondral bone cysts in individuals without knee OA may help to better 

understand their relationship. 

 

6.2.1.2     Volunteers 

A proportion of the subjects studied were volunteers, which may have biased our 

sample towards a population that was generally more health conscious than the 

general population. This is unlikely to affect structural abnormalities such as 

BMLs and patellofemoral geometry, however it may influence change in weight 

such that a more health conscious population may be more motivated to lose 

weight and less likely to gain weight. Of note, planned weight loss was not part 

of the criteria for recruitment. 

 

6.2.1.3     Gender 

Some of our populations were also predominantly comprised of women. This 

may be important since it may affect some of our findings. For example, there is 
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evidence that patellofemoral disorders are more common in women, at least in 

part due to the difference in patellofemoral contact areas and pressures (271). 

Obesity is also known to affect men and women differently. Whereas men are 

more likely to have abdominal obesity, women tend to store fat in their hip and 

thigh (gynoid) area (311). Furthermore, a study of elderly Koreans demonstrated 

that a gender difference exists in the relationship between obesity and chronic 

diseases, including arthritis, diabetes and the metabolic syndrome (312). In our 

study, when we excluded men, the results remained significant in women. 

Nevertheless, our findings may have limited generalisability and further research 

is required to confirm these findings in men 

 

6.2.2     Study Designs 

6.2.2.1     Cross-sectional Studies 

The work presented in chapters 3 (the association between patellofemoral 

geometry and knee pain and patella cartilage) and 5 (the association between 

body composition and fat distribution and foot pain) were cross-sectional in 

nature. Of note, these were areas that to date are still not well researched and our 

findings highlight potentially interesting relationships to be further explored 

longitudinally. Nevertheless, one of the greatest limitations of cross-sectional 

studies is the inability to establish a temporal relationship. Thus it is possible, for 

example, that in the study presented in chapter 3 that patella cartilage loss 

resulted in changes to patella inclination due to changes to the joint space, or 

that the presence of knee pain resulted in changes to gait as a compensation 

mechanism, which subsequently resulted in alterations to some of the indices of 
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patellofemoral geometry. Similarly in chapter 5, we cannot exclude the 

possibility that the presence of foot pain and disability related to foot pain 

resulted in a more sedentary lifestyle which then contributed to obesity and 

increased fat mass.  

 

6.2.2.2     Cohort Studies 

Other findings in this thesis were longitudinal in nature. Although these had 

adequate follow-up time to examine outcomes such as joint replacement and 

cartilage loss, they may benefit from longer observations. For example, whilst we 

show an association between changes in weight and changes in knee symptoms, 

we cannot be certain that the change in weight preceded the change in 

symptoms. It may be that the worsening of knee pain resulted in decreased 

physical activity, which contributed to weight gain. Notably, adjustment for 

physical activity did not significantly alter our results. Extending the observation 

period would enable us to more adequately examine the relationship, as we 

would be able to assess change in weight between baseline and the first follow-up 

and correlate it with change in symptoms between the first and second follow-up. 

 

6.2.3     Sample Size 

The sample sizes of the populations in this thesis were sufficient to explore a 

number of relationships between exposures and outcomes. However there were 

other potentially interesting relationships that were unable to be examined due to 

a modest sample size in particular subgroups. In chapter 2, we were unable to 

assess how the location of BMLs and subchondral bone cysts may influence the 
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relationship with knee joint replacement, given the modest number of subjects 

who had had a knee replacement. Similarly in chapter 4, it would have been 

interesting to explore additional categories of weight change, to see how different 

amounts of weight gain or weight loss relate to changes in knee symptoms and 

knee structure, and whether weight gain or weight loss that corresponds to a 

change in BMI class (e.g. increase from normal (BMI 18.5-24.9 kg/m2) to 

overweight (BMI 25-29.9 kg/m2), or decrease from obese class II (BMI 35-39.9 

kg/m2) to obese class I (BMI 30-34.5 kg/m2)) is different to a similar weight 

gain/loss that does not correspond to a change in BMI class, in relation to knee 

symptoms and structure. 

 

6.2.4     Measurement of Bone Marrow Lesions 

The absence of T2-imaging sequencing was a potential limitation to our study. A 

consensus statement published in 2006 by OMERACT (Outcome Measures in 

Rheumatology Clinical Trials) and OARSI (Osteoarthritis Research Society 

International) (256) stated that “bone marrow abnormalities associated with OA 

are most sensitively demonstrated with fat-supressed T2-weighted fast spin-echo 

(FSE) images and short-tau inversion recovery (STIR) images”. Thus it may be 

that ours was a conservative measure in that smaller lesions would not have been 

detected. However, any measurement error and misclassification as a result of 

our method would likely result in an underestimation of the relationship between 

BMLs and disease progression, but it would not result in spurious associations. 

Furthermore, our measure had high reliability and reproducibility, and our 

findings were consistent since BMLs were shown to affect cartilage volume 
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cross-sectionally and longitudinally through to knee joint replacement. Of note, 

there is currently no data comparing the reliability and sensitivity of T1- and T2-

weighted images in detecting the presence of BMLs. 

 

6.2.5     Measurement of Pain 

Another limitation was the use of WOMAC pain score to assess patellofemoral 

pain, rather than a more specific measure such as the Kujala patellofemoral 

score. Whilst WOMAC knee pain scores do not differentiate between 

tibiofemoral and patellofemoral pain, it has been widely used in previous studies 

of patellofemoral disorders (231, 269, 270). Nevertheless, it may be that there 

was some overestimation of patellofemoral pain in our study, and that some 

participants with knee pain in the tibiofemoral but not patellofemoral 

compartment were misclassified as having patellofemoral pain. Therefore we 

cannot rule out the possibility that the observed association between a more 

medial patella inclination and reduced pain score was overestimated or spurious. 

Nevertheless the main findings of our study were in relation to patella cartilage 

volume as an outcome measure, which would not have been affected by this. 

 

6.3     Future Directions 

This thesis has demonstrated that bone abnormalities are associated with worse 

structural outcomes in people with knee OA. The implications of these findings 

warrant further investigation, given that it remains uncertain whether BMLs and 

subchondral bone cysts themselves provide therapeutic targets or whether they 

are simply a marker of disease. It has been suggested that the therapeutic 
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management of BMLs depend on the disease involved, and in the case of BMLs 

such as those found in OA, it is thought that they represent a concomitant 

component of the disease without any main influence on the therapeutic 

management (313). One study had recommended treatment with the 

prostacyclin analogue iloprost, particularly for ischemic and post-traumatic 

BMLs (314). A recent pilot study was the first to examine treatment for BMLs 

specifically in an OA cohort (315). In this study, 70 patients with knee OA were 

randomly assigned to receive either chondroitin sulphate (CS) or placebo for the 

first 6 months followed by another 6 months of treatment with CS for both 

groups. It was found that CS treatment reduced cartilage volume loss at 6 

months particularly in the lateral tibiofemoral compartment and tibial plateaus, 

which persisted through to the end of the 12-month follow-up period. However 

the decrease in BMLs with CS treatment occurred only after 12 months and not 

after 6 months. Interestingly, the anatomical regions where a decrease in BML 

occurred corresponded with the regions where reduced cartilage loss occurred. 

Whilst these findings highlight the possibility of BMLs as therapeutic targets, 

there are nevertheless preliminary and warrant further research.  

 

To our best knowledge no study has examined the therapeutic potential of 

subchondral bone cysts in OA. Given that our findings and others support an 

association between BMLs and subchondral bone cysts, particularly if BMLs are 

indeed pre-cystic lesion, then effective therapeutic treatment for BMLs could 

potentially have subsequent therapeutic benefits for subchondral bone cysts. 

Moreover, if BMLs are pre-cystic lesions then future research should aim to 
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identify potential risk factors which are associated with the progression from 

BML to subchondral bone cyst as this likely indicates progression of disease.   

 

In the patellofemoral compartment, future studies to determine a standardised 

technique by which patellofemoral alignment and geometry should be assessed 

may help to clarify current conflicting findings. Current treatment options which 

are designed to improve patella alignment include quadriceps retraining, 

stretching lower limb muscles, patella mobilizing, correcting foot biomechanics 

with orthoses, and patella taping or bracing (316-319). However, these have 

predominantly been assessed in relation to symptomatic relief in patellofemoral 

pain syndrome and it is unknown whether there are any corresponding structural 

benefits.  Patellar taping was first used in 1986 with an aim to create a medial 

realignment of the patella, thus improving patella tracking (320), and although 

several studies have observed pain reduction with patellar taping (321-323), 2 

randomised controlled trials (RCTs) found no benefit when patellar taping was 

added to physical therapy (324, 325). Similarly, while bracing alone may provide 

symptomatic relief, 3 RCTs found no benefit when used in addition to physical 

therapy (326-328). Taken together, it appears that continued research is required 

to identify effective treatment options for correcting patella alignment. It remains 

that parameters such as patella inclination and patella height can potentially be 

corrected and therefore represent potential therapeutic targets. However, it is 

uncertain whether the sulcus angle can be influenced, thus it is likely that it 

represents more of a marker of those who are at risk of adverse patellofemoral 

events. 
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Finally, obesity is a growing problem worldwide and, as this thesis has 

demonstrated, affects musculoskeletal disease in the knee and feet. The findings 

of this thesis highlight two major areas that require much attention: 1) finding 

effective means for weight loss and, more importantly, weight loss maintenance 

for those who are already overweight or obese, and 2) promoting the 

maintenance of a stable weight and the prevention of weight gain in the general 

population. It was recently shown that controlling the current obesity epidemic 

in Australia could potentially prevent around 42.5% of symptomatic knee OA 

(3). In 2006, The National Agenda to Address Overweight and Obesity in Adults 

and Older Australians was released with goals to prevent weight gain, achieve 

better management of early risk, and improve weight management, with a 

particular emphasis on the prevention of weight gain in the first place to avoid 

subsequent inappropriate dieting (329). In April 2008, obesity was announced as 

the 8th National Health Priority Area (330). Yet, obesity continues to be a 

growing problem. Continued research in this area is crucial, in conjunction with 

efforts not only from the individual, but also with support from the community 

and government. 
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Chapter 7. Conclusions 

This thesis identified a number of novel relationships between risk factors and 

musculoskeletal disease. Musculoskeletal disease, particularly OA, is a problem 

that affects a significant proportion of the population. Many risk factors for 

musculoskeletal disease have been identified. However, they are not necessarily 

well understood. In summary: 

 

7.1     Improved Understanding of the Role of Structural 

Abnormalities in Musculoskeletal Disease 

It is well established that bone abnormalities are a feature of OA, though how 

they develop and what role they play in the aetiology of disease is unclear. This 

thesis has strengthened previous evidence of a relationship between BMLs and 

subchondral bone cysts. It further showed that those with co-existing BMLs and 

subchondral bone cysts have greater severity of disease compared to those with 

BMLs only or those with no BMLs or cysts, as having both BMLs and 

subchondral bone cysts was associated with worse structural outcomes in the 

tibiofemoral compartment. In light of their ability to regress and resolve, BMLs 

may represent potential therapeutic targets which may delay or prevent 

subsequent development of subchondral bone cysts and the progression of 

disease.  

 

This thesis also highlights the need for a standardised method to measure indices 

of patellofemoral geometry, particularly given the conflicting findings by studies. 
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It is also clear that further research in this area is required. Patellofemoral 

disorders are prevalent, yet there is much greater interest in the tibiofemoral 

compartment. The findings of this thesis support previous hypotheses that a 

more medial patella inclination is beneficial and that a high-riding patella is 

associated with adverse effects. Further research is required into treatment 

options which promote more favourable patellofemoral geometry. 

 

7.2    Novel Findings Relating to Obesity and Musculoskeletal 

Disease 

Obesity has long been associated with musculoskeletal conditions and it 

continues to be a challenge. This thesis has several novel findings relating to 

musculoskeletal disease, firstly by demonstrating that weight gain was associated 

with worse symptomatic outcomes at the knee compared to remaining stable 

weight. That this had not previously been examined likely reflects the fact that 

weight gain was intuitively presumed to be associated with adverse outcomes.  

 

This thesis further demonstrated that weight loss was beneficial as it was 

associated with reduced knee symptoms and less cartilage loss. This highlights 

the need to find more effective means to combat the growing obesity epidemic. 

Although there is no shortage of weight loss promotion through diet, 

pharmacotherapy and lifestyle changes, effective weight loss and maintenance of 

weight loss continues to be a problem. 
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Finally, this thesis identified novel relationships between body composition and 

foot pain and disability related to foot pain. It was found that whilst fat mass was 

related to foot pain, skeletal muscle mass was not. Furthermore, fat distribution 

was also of importance as a gynoid fat distribution, which was associated with 

reduced odds for foot pain, was preferable over an android fat distribution. The 

use of BMI in studies of obesity is common. However it is important that these 

studies are also supplemented by the use of other measures of obesity, which 

allow assessment of the independent contributions of different components of 

body composition. 
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