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Amendments 

Pg 45 Section 1.10 Aims of this thesis: 

This thesis examines the effect of biomechanical and systemic risk factors on knee cartilage 
and bone and their change over time in both symptomatic/healthy subjects and in those with 
knee OA. More specifically this thesis examined: 

1. The natural history of cartilage defects in subjects with knee OA 

2. The prevalence and significance of meniscal tears and also the relationship between 

gait parameters and meniscal tears in a cohort of asymptomatic women. 

3. The effect of biomechanical factors at the tibiofemoral and patellofemoral 
compartments in subjects with knee OA 

4. The natural history and significance of bone marrow lesions in those with no clinical 
knee OA. 

5. The relationship between systemic/vascular factors including smoking, dietary fatty 
acids and serum lipids and knee structure in asymptomatic participants. 

Pg 167 Section 8.2.5.2 Determining Causation 

Include the following after the 1st sentence: 

In this study cartilage, bone and the menisci were examined. It is possible that other structural 
elements within the knee that can be visualised using MRI, including synovial and ligament 
changes may influence the development and/or progression of OA. However, they were not 
examined within this thesis and further work is required to assess their role. 

Typographical Errors 

Pg 5 'disuse of the TF compartment resulting .. .' to 'disuse of the TF compartment, 
resulting ... ' 

Pg 5 'x-ray views to assess OA which restricted assessment' to 'x-ray views to assess OA, 
which restricted assessment· 

Pg 5 "lateral x-ray views to epidemiological studies the involvement of the PF 
compartment...' to "lateral x-ray views to epidemiological studies, the involvement of the PF 
compartment...' 



Pg 5 'middle-aged adults with knee pain 40% of people had combined ... to 'middle-aged 
adults with knee pain, 40% of people had combined' 

Pg 5 'the knee is tri-compartmental joint' to 'the knee is a tri-compartmental joint' 

Pg 17 'effected' to 'affected' 

Pg 22 'non-gadadolinium' to 'non-gadolinium' 

Pg 23 'a results of this' to 'a result of this' 

Pg 25 'when they were follow up' to 'when they were followed up' 

Pg 30 'Particularly as no association ... ' to ' .. , particularly as no association ... ' 

Pg 30' predict loss of cartilage loss over time' to 'predict loss of cartilage over time' 

Pg 31 'While in a predominantly OA-free population, progression of defects was associated 
with female gender ... ' to 'In a predominantly OA-free population, progression of defects was 
associated with female gender ... ' 

Pg 32 'Whilst among participants ... ' to 'Among participants ... ' 

Pg 32 'There is very limited data' to 'There are very limited data' 

Pg 33, 34 and 35 'in addition' to 'in addition,' 

Pg 35' in contrast' to 'in contrast,' 

Pg 35 'Considering women have a greater risk of OA ... ' to 'Given women have a greater risk 
ofOA. .. ' 

Pg 35 'As most research has been perfonned in populations who have undergone 
meniscectomy or have knee OA further research is required ... ' to 'As most research ha<i been 
performed in populations who have undergone meniscectomy or have knee OA, further 
research ... ' 

Pg 37 'It was also postulated' to 'These findings suggested' 

Pg 38 delete 'among' 

Pg 40 'then' to 'than' 

Pg 49 'A six-camera Vicon motion analysis system (Oxford Metrics Ltd., Oxford, UK) was 
used to capture three-dimensional kinematic data during four walking trials on the dominant 
leg at the subjects' self-selected speed ... ' to 'A six-camera Vicon motion analysis system 
(Oxford Metrics Ltd., Oxford, UK) wa5 used to capture three-dimensional kinematic data on 
the dominant leg during four walking trials, at the subjects' self-selected speed to capture 
normal gait patterns.' 



Pg 51 'Each participant attended for a single morning fasting blood test at the time of the 
original study' to 'Each participant had a single morning fasting blood test at the time of the 
original study' 

Pg 51 'Radio graphs were obtained in for the population' to 'Radiographs were obtained for 
the population' 

Pg 54 'Outcome measures in the study were knee structural variables measured using MRI, 
including knee cartilage volume and its rate of change, prevalence and grade of knee cartilage 
defects and its change in the respective compartment, tibial plateau bone area and its rate of 
change and incidence and persistence or resolution of BMLs.' To 'Outcome measures 
included knee cartilage volume and its rate of change, prevalence and grade of knee cartilage 
defects and its change in the respective compartment, tibial plateau bone area and its rate of 
change and incidence and persistence or resolution of BMLs.' 

Pg 63 'There presence' to 'Their presence' 
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Abstract 

Osteoarthritis (OA) is a significant public health problem. It is the most common 

single cause of pain and disability in the elderly. OA is a complex disease that affects 

the whole joint. The knee is one of the joints most commonly affected by OA. The 

understanding of knee OA has been hampered by the lack of a sensitive tool to non

invasively assess disease severity. The ideal imaging modality for the _assessment of 

OA would provide data pertaining to all joint structures, including a direct measure of 

both cartilage and bone, as well as other intra and extra-articular structures in three 

dimensions. Magnetic Resonance Imaging (MRI) promises to fulfil many of these 

criteria. 

There is no known treatment for OA that stops the progression of the disease so 

current strategies are aimed only at relieving symptoms. There is evidence to suggest 

that the incidence and progression of knee OA may involve different mechanisms. 

The goal for researchers is to identify and understand the mechanisms of modifiable 

risk factors for OA in order to develop preventative strategies. The aim of this thesis 

was to address this by examining risk factors for structural changes in the knee that 

are associated with either the development or the progression of disease in both 

healthy/asymptomatic populations as well as in a population with knee OA. This 

provided the opportunity to examine these across the spectrum of disease from the 

normal joint through to one with OA. 

Paper 1 presented within this thesis describes the natural history of cartilage defects 

and factors associated with the progression in those with knee OA. In this study, 

cartilage defects tended to progress over 2 years in people with symptomatic knee 

OA. Factors associated with progression of cartilage defects were increasing age and 

baseline tibial bone area. 

Papers 2 and 3 describe the prevalence and significance of meniscal tears and also 

the relationship between gait parameters and meniscal tears in a cohort of 

asymptomatic post-menopausal women. Meniscal tears were found to be common 

and became more common with increasing age. Tears were also associated with 
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greater tibial plateau bone area, and prevalence of meniscal tears at baseline was 

weakly associated with decreased lateral cartilage volume and an increased 

progression of tibiofemoral cartilage defects over 2 years. In addition, gait 

parameters that isolate medial tibiofemoral joint loads were associated with medial 

meniscal pathology. The presence and severity of medial meniscal tears was 

positively associated with the peak external knee adduction moment during early 

stance, and tended toward a similar association during late stance. Moreover, the 

presence of medial meniscal lesions was also positively associated with the degree 

of internal foot rotation when the external knee adduction moment peaked during 

late stance, independent of the magnitude of the adduction moment. 

Papers 4 and 5 explore local biomechanical factors affecting the tibiofemoral and 

patellofemoral compartments. In people with knee OA, a change in knee alignment 

from genu varum toward genu valgum over 2 years was associated with a reduction in 

the annual rate of medial tibial cartilage volume loss in the subsequent 2.5 years. 

Change in alignment did not affect the rate of change in lateral tibial cartilage volume. 

In addition within the patellofemoral compartment, a shallower femoral sulcus angle 

was associated with increased medial patella cartilage volume compared to a deeper 

femoral sulcus angle. 

Papers 6 and 7 describe the natural history and significance of bone marrow lesions 

(BMLs) in healthy participants with no clinical knee OA. BMLs developed in 12% of 

people over 2 years. Increased weight and body mass index were risk factors for 

incident BMLs. Incident BMLs were also associated with the development of knee 

pain in a population where all participants were free of pain at the beginning of the 

study. Approximately half of the BMLs present at baseline resolved over the 2 year 

study period. In addition within this asymptomatic population, the development of 

new BMLs was associated with adverse effects on knee cartilage, while resolution of 

BMLs was associated with improvement in cartilage. 

Papers 8, 9 and 10 examine the relationships between cigarette smoking, dietary fatty 

acids and serum lipids and BMLs in asymptomatic clinically healthy populations. In a 

cohort of asymptomatic, community based adults, a history of smoking ( current and 

past) was associated with increased medial tibial, but not lateral tibial or patella 
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cartilage loss over 2 years. In addition there was a dose-response relationship between 

'pack-years' smoked and increased medial tibial cartilage loss. For individuals who 

had a BML at baseline, smoking was associated with the persistence of the BML over 

2 years. The persistence of the BML was found to partially mediate the relationship 

between smoking and cartilage loss. In the same population a higher intake of 

saturated fatty acids was found to be associated with an increased likelihood of 

developing BMLs over 2 ye~s. In a cohort of asymptomatic middle-aged women with 

no clinical knee OA, serum cholesterol and triglyceride levels were found to be 

associated with the incidence of BMLs over 2 years. 

This thesis examined the effect of biomechanical and systemic risk factors on knee 

cartilage, meniscal tears and bone and the significance of their change over time in 

both symptomatic/healthy subjects and those with knee OA. It identified a number of 

modifiable factors that influence changes indicative of disease development as well as 

disease progression. This thesis has contributed to the identification of knee structural 

changes in both the pre-diseased and diseased state as well as risk factors for these 

changes. Further work will be required to better understand the role of these different 

structural changes in the early disease and their associated risk factors in order to 

more effectively prevent and treat knee OA. 
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Chapter 1: Introduction 

1.1 Organisation of Thesis 

Chapter 1 gives an overview of this thesis including its organisation, followed by a 

literature review, and the aims of this thesis. 

Chapter 2 provides a more detailed description of the methodology used. It gives the 

details of the study populations, data collected, outcome measures and statistical 

analyses. 

Chapters 3-7 present the results of this thesis. 

Chapter 8 presents an overall discussion that integrates the findings in this thesis. 

Chapter 9 provides a conclusion that summarises the key findings of this thesis 



1.2 What is Osteoarthritis? 

1.2.1 Definition 

Osteoarthritis (OA) is a complex disease that affects the whole joint. While it is 

characterised by loss of articular cartilage and subchondral bone, periarticular tissues 

such as synovium, tendons, ligaments and muscles are also implicated. OA involves 

not only axial, but also peripheral joints; those that bear weight (such as the hips and 

knees, and the first metatarsophalangeal joint) as well as those do not (such as the 

interphalangeal joints, and the shoulders). The most widely used definition of OA is 

from the American College of Rheumatology (ACR), which defines OA as "a 

heterogenous 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 

OA is the most common joint disease. It affects over 1.3 million Australians or 6. 7% 

of the population with an estimated 40,000 new cases occurring per year [2]. This 

figure is expected to increase dramatically. It has been estimated that by the year 2050 

the prevalence of OA will reach 10.7% or 3.14 million people [3]. The significant 

impact of arthritis and other musculoskeletal diseases was recognised in July 2002, 

when musculoskeletal diseases were declared to be the 7th National Health Priority 

Area. 

1.2.3 Impact 

OA is a significant public health problem in developed countries as it is the most 

common single cause of disability [4]. It has a severe impact at both the individual 

and population level. 

The financial impact is staggering. In 2004-05, Australia spent just under $4 billion 

on arthritis and other musculoskeletal conditions, of which OA accounted for the 

largest proportion of direct health expenditure at $1.2 billion (31 %) [2]. The direct 
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health expenditure on OA was more than 2.3% of the total allocated health 

expenditure in Australia [5]. In 2007-8 OA was one of the top 10 problems managed 

by GPs with almost 2.7 million Medicare-paid GP consultations recorded [2]. 

Unfortunately there is no known treatment that stops the progression of the disease [ 4, 

6-8] and joint replacement is the final treatment for end stage disease. The cost of 

knee and hip replacements in 2004-05 in Australian public hospitals alone, was $145 

million and $186 million respectively, representing over 20% of the total inpatient 

cost for arthritis in Australia [3]. 

The financial costs are only one aspect. OA is also the leading cause of pain and 

disability among the elderly, it represents the 3rd largest contributor to years of life lost 

due to disability in Australia [9]. In 2004 it was estimated that patients with OA had 

incurred 67,460 DALYs (disability adjusted life years) lost [10], representing 79% of 

the total arthritis burden of disease. While mortality rates associated with OA are 

relatively low, patients with OA experience a substantially lower quality of life when 

compared to the people without OA [10]. In addition compared to any other disease, 

OA accounts for more dependency in walking, stair climbing and other lower 

extremity tasks [ 11]. 

1.3 Clinical Features of Osteoarthritis 

1.3.1 Symptoms 

The main symptom of OA is pain that is aggravated by activity [12]. Pain is the 

predominant reason patients with OA initially see their doctor [13]. OA of the weight

bearing joints (i.e. hip and knee) can also lead to altered gait which often occurs due 

to the patients' attempt to protect the afflicted joint [6, 14]. Instability and buckling is 

another sign of OA, for example patients with knee OA may present with ligament 

laxity or deficiency [6, 14]. Most of this is not due to problems with the integrity of 

ligaments but rather altered joint morphology and muscle changes. Swelling of the 

joint may also occur due to synovitis, synovial effusion or abnormal bony 

enlargement which can lead to a loss of extension/function [ 6]. Grinding, crunching or 

crackling, also known as crepitus, may be heard over a joint with OA. This noise is 
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reflective of the uneven surfaces rolling across each other and may be present in both 

active and passive motion of the joint [6]. Other symptoms that can be reported 

include stiffness, tenderness of periarticular soft tissue and a warm sensation in the 

joint. Patients also report a loss of function and/or difficulty in ambulation [6]. 

1.3.2 Diagnosis 

The diagnosis of OA involves a combination of clinical features and radio-graphical 

appearance. The ACR has produced criteria for diagnosis of OA [15]. The criteria 

encompasses a number of features including pain, morning stiffness, crepitus, bony 

enlargement and increased age as well as radiological evidence [6]. Radiological 

evidence of disease includes joint space narrowing (JSN), where the distance between 

two articular surfaces has decreased as a consequence of disease [ 16]. This can 

progress until the joint space is totally lost. Other features include osteophytes (which 

are bony spurs that occur on the surface of subchondral bone [ I 7]), as well as 

subchondral cysts and subchondral sclerosis. The current methods for diagnosing OA 

are not without limitations and there is evidence of a discordance between clinical 

features and radiographic evidence ofOA[18, 19]. 

1.3.3 Treatment 

There is no known treatment for OA that stops the progression of the disease, current 

strategies are aimed at relieving symptoms [ 4, 6-8] 

Treatments for OA include; non-pharmacological methods such as patient education, 

weight management, an increase of physical activity, use of mechanical aids and 

supplements such as glucosamine sulfate and chondroitin sulfate [7, 20]. These 

approaches are usually described in the management of early stage disease. As the 

disease and symptoms progress, drug therapy is frequently administered. 

Pharmacological treatments for OA include oral analgesics such as paracetamol, 

opioids, non-steroidal anti-inflammatory drugs (NSAIDs) and COX-2 

(cyclooxygenase-2) inhibitors [7, 20]. Intra-articular injections and topical treatments 

to ease pain may also be administered [20]. The final treatment for severe end-stage 

disease is referral to an orthopaedic surgeon. Surgical interventions include; 
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arthroscopic debridement, osteotomy or total joint replacement. While joint 

replacement is a radical treatment, the surgery can result in excellent outcomes in 

terms of both improving the patient's quality of life and restoring joint alignment [7, 

20, 21]. 

1.4 Knee Osteoarthritis 

The knee joint is most commonly affected by OA and the knee OA is the most 

frequent cause of chronic disability in the elderly [10, 11, 22]. The knee is a tri

compartmental joint. It is comprised of the medial and lateral tibiofemoral (TF) and 

the patello-femoral (PF) compartment. The TF compartment is formed by the 

articulation of the femoral and tibial condyles and allows full extension to almost 

complete flexion, internal and external rotation as well as adduction and abduction 

[23]. The PF compartment is formed by the articulation of the under surface of the 

patella and the femur head. The patella has a dual role as both an articulation point 

and a component of the knee extension apparatus [24]. The patella lengthens the lever 

arm of the quadriceps muscle throughout the knees range of motion, allows a wider 

distribution of compressive stress on the femur, acts as a guide for the quadriceps 

tendon in centralising the input from the four aspects of the quadriceps muscles, 

controls capsular tension of the knee as well as acting as a bony shield to protect 

trochlear and condylar cartilage [25, 26]. It is the differing functions of the 

compartments within the knee that make it unique. 

Traditionally OA was thought to be a disease of the TF compartment, resulting in the 

PF compartment being largely ignored. This was most likely due to the use of 

anteroposterior (AP) x-ray views to assess OA, which restricted assessment to the TF 

compartment [27, 28]. However, with the incorporation of skyline or lateral x-ray 

views to epidemiological studies, the involvement of the PF compartment has been 

revealed [29, 30]. PF OA can exist in the absence of TF disease [24], however they 

are commonly seen together [31, 32]. In a large population based study of middle

aged adults with knee pain, 40% of people had combined TF/PF OA, 24% had 

isolated PF OA and 4% had isolated TF OA [31]. Among patients who had undergone 

meniscectomy, combined TF and PF OA was present in 18% of knees, 3% had 
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isolated PF OA and 98% had isolated TF OA [32]. The designs of the TF and PF 

compartments each reflect unique functions and mechanics [25] and the same activity 

will have different effects on the different compartments. Consequently there are 

different radiographic patterns of knee OA [33]. While TF disease is more common in 

the medial compartment PF disease is more common in the lateral compartment [34-

38]. 

While the prevalence of knee pain and symptoms rises with increasing radiographic 

severity of disease [18, 19, 39-42], the source of pain in knee OA is unclear. Pain has 

been found to predominantly emanate from the PF compartment. Among symptomatic 

women, PF OA was associated with higher levels of disability than TF OA [24]. In a 

population with predominantly mild OA, osteophytes within the PF compartment 

were associated with pain, while those in the TF compartment were not [43]. In a 

cross-sectional study of 133 women with knee pain, loss of patella cartilage assessed 

by MRI was also associated with increased pain, function and global Western Ontario 

and McMaster osteoarthritis index (WOMAC) scores, while loss of tibial or femoral 

cartilage was not [ 44]. 

Although their functions and pattern of OA may be different they also share some 

common risk factors. 

1.5 Risk Factors for Knee Osteoarthritis 

Many factors have been shown to be associated with an increased prevalence and/or 

incidence of knee OA. They can be broadly described as either modifiable or non

modifiable and they may act via biomechanical or systemic mechanisms. There is 

evidence to suggest that the incidence and progression of knee OA may involve 

different processes. For example, while the prevalence of knee OA is high within the 

community, not all of these people go on to need a joint replacement. Furthermore 

studies of disease progression have shown that disease may remain stable for many 

years in some patients, while it progresses very quickly in others [27, 45-48]. The 

preventive strategies for OA should focus on the modifiable risk factors for both the 

incidence and progression of disease. 

6 



1.5.1 Non-modifiable Risk Factors 

Non-modifiable risk factors for OA include age, gender, ethnicity and genetics and 

are discussed below. 

1.5.1.1 Age 

Increasing age has consistently been related to an increased prevalence of both 

radiographic and symptomatic knee OA [49-54). The occurrence of symptomatic knee 

OA under the age of is 50 un-common, however the rates significantly increase over 

the age of 50 [50]. Among the elderly participants within the Framingham population, 

the prevalence and severity of radiographic OA (ROA) increased with age [53]. 

While the aetiology of this age related increase is unclear, it has been suggested that 

the aging cartilage may be more susceptible to fatigue fractures [55] or it is possible 

that increased subchondral stiffness or neuromuscular changes explain this 

relationship [55, 56]. 

1.5.1.2 Gender 

Knee OA has been shown to be more prevalent in females than in males [57]. In a 

radiographic survey of people in Leigh aged 55 to 64 years, 87% of females and 83% 

of males had radiographic OA [57]. The female gender has also been associated with 

an increased incidence of OA [53] as well as increased progression of disease [58]. 

Women have been shown to have a 1.5-4 times increased risk of knee OA compared 

to men [59]. Within the Framingham population, women had an increased risk of 

developing knee OA [58) and in a population based study of the progression of ROA, 

women had more severe progression of cartilage loss than men over 12 years [53]. 

Women also have twice the risk of bilateral knee OA that men have [50]. The 

mechanism by which the female gender increases the risk of knee OA is unknown 

however it may be a combination of hormonal and biomechanical differences between 

men and women. 

7 



1.5.1.3 Genetics 

Genetic factors have been found to be strong determinants of knee OA. Familial 

clustering of hand and knee OA has been observed [52]. The findings from a large 

twin study of 130 identical and 120 non-identical twins suggested that the heritability 

component of knee OA may be around 40-50% [60]. Heritability has also been found 

to be stronger in females [ 61, 62]. While a single gene defect has not been identified 

for generalised OA [63] findings from animal, rare cases of familial OA and linkage 

studies have suggested some potential culprits. These include genes that code for 

cartilage and bone constituents including proteins involved in cartilage and bone 

turnover as well as inflammatory processes ( discussed in[ 63]) however as yet results 

are inconclusive. 

1. 5.1. 4 Ethnicity 

While all races can be affected by OA, ethnic differences in knee OA have been 

observed. Higher rates of knee OA were observed in African-American women when 

compared to Caucasians in The National Health and Nutrition Examination Survey 

(NHANES) [64]. African-Americans with knee OA also had more severe 

radiographic features of disease and more frequent bilateral involvement and mobility 

impairment than Caucasians [ 65]. The Beijing Osteoarthritis Study reported an 

increased prevalence of knee OA among Chinese women when compared to 

Caucasian women in the Framingham study [66]. 

The mechanisms by which ethnicity affects a person's risk of OA is not known and 

the relative contributions of biological, lifestyle, genetic and socioeconomic factors to 

ethnic differences in OA are unclear. 

1.5.2 Modifiable risk/actors 

In order to develop preventative strategies, the goal for researchers is to identify and 

understand the mechanisms of modifiable risk factors for OA. To date a number of 

modifiable risk factors have been identified. These include: obesity, joint alignment, 

trauma, meniscal pathology, physical activity, occupation, muscle weakness, 
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hormonal status, bone density and nutritional factors. These are discussed further 

below. 

1. 5. 2.1 Obesity 

Obesity has been recognised as the strongest modifiable risk factor for knee OA. It 

has been shown to increase both the prevalence and incidence of disease [49, 57, 64, 

67-69]. Cross-sectional studies have consistently shown an association between 

obesity and knee OA, which has generally been stronger in women than in men. The 

reported increased risks range from 2- to 7-fold for women in the top tertile of body 

mass index (BMI) compared to women in the bottom tertile [49, 57, 64, 67]. 

Longitudinal studies have also consistently shown an association between obesity and 

knee OA. In the Framingham study, a strong association between being overweight in 

1948-1951 and having knee OA approximately 36 years later was found. This 

association was stronger for women than men. Furthermore, this association was 

present for both symptomatic and asymptomatic disease [ 68]. The Johns Hopkins 

Precursors Study demonstrated a dose response relationship for increased BMI at a 

young age with an increased risk of knee OA in men[69]. The Chingford Study in 

middle-aged women found over a four year period that the odds of developing 

incident osteophytes, but not JSN was significantly increased in those in the highest 

tertile for BMI [70]. These results suggest that a higher BMI earlier in life may be a 

more important risk factor for the subsequent development of knee OA than heavier 

weight later in life. In persons who are overweight, weight loss can reduce the risk for 

OA [71]. 

The mechanism by which obesity increases the risk of knee OA is unclear, but both 

systemic and local biomechanical factors have been implicated. 

1. 5. 2. 2 Joint Alignment 

Mal-alignment of the lower leg, in either the valgus or varus direction, has been found 

to influence the distribution of load across the articular surfaces of the knee joint [72]. 

Minor alterations in knee alignment have been shown to result in abnormal load 
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distribution across the joint [73-75]. The varus-load-bearing axis passes through the 

medial compartment, while the valgus passes through the lateral compartment [72]. It 

is thought that these increases in compartment loading increase stress on articular 

cartilage and other joint structures, subsequently leading to degenerative changes. 

Recent studies examining the relationship between malalignment and knee OA have 

produced conflicting results [75]. Among 121 adults with symptomatic knee OA, 

increasing varus knee alignment was associated with an increasing risk of medial 

compartment joint space narrowing and osteophytes, while increasing valgus knee 

alignment was associated with an increased risk for lateral compartment joint space 

narrowing and osteophytes [73]. Similarly in patients with knee OA, varus alignment 

was shown to correlate with disease severity [74]. However, findings from a nested

case control study within the Framingham cohort revealed that baseline knee 

alignment was not associated with the incidence of knee OA [76]. 

The relationship between alignment and disease progression is clearer [76]. In a large 

longitudinal study of primary knee OA, varus knee alignment was associated with a 4-

fold increase in medial progression, while valgus alignment was associated with a 5-

fold increase in lateral progression over 18 months [76]. Similar findings were 

observed among 693 varus knees examined in the Rotterdam study, where varus knee 

alignment was also associated with medial OA progression over 6.6years [77]. 

Varus-valgus alignment also influences joint forces within the PF compartment [35, 

36]. Among subjects with PF OA, in those with lateral PF OA 57% had valgus 

malalignment while only 24% of patients with medial PF OA did. Valgus alignment 

was also associated with lateral PF narrowing while varus alignment was associated 

with medial PF narrowing [36]. Consistent with this in patients with knee OA, varus 

alignment increased the odds of medial PF progression and while valgus alignment 

increased the progression of lateral PF OA[78]. 

Whether altered alignment predicts disease or is just a marker of disease is yet to be 

revealed. 

10 



1.5.2.3 Trauma 

Non-specific knee injury has been demonstrated to significantly increase the risk of 

knee OA [79, 80]. It has been estimated that this is the most significant modifiable 

risk factor for men, and is second to obesity in women [ 18]. Anterior cruciate 

ligament (ACL) rupture has been associated with subsequent knee OA; 50-75% of 

patients develop knee OA 15-20 years following ACL rupture combined with 

associated injuries[81, 82]. It has been hypothesized that the mechanism by which 

ACL rupture.facilitates the development of subsequent knee OA is by knee instability, 

which causes meniscal damage; which has been suggested to play a synergistic role in 

increasing the risk of knee OA. 

1. 5. 2. 4 Meniscal Pathology 

Meniscal pathology significantly increases the risk of subsequent knee OA [83]. This 

was first described by examining cohorts of subjects following total meniscectomy 

[84]. Subsequent studies have confirmed the trend of these results, despite changes in 

surgical method. However, the magnitude of the increased risk varies between studies, 

probably due to differences in the: definition of OA, aetiology of meniscal tear, extent 

of meniscal injury, variation in associated injury, duration of follow-up, small sample 

size and choice of controls [21]. In a cohort study of post-meniscectomy subjects with 

a 16 year follow-up, the relative risk of radiographic OA following meniscectomy was 

increased at 4.8 (95% confidence interval (CI) 2.2-12.0) [83]. The main role of the 

meniscus is shock absorbing and if damaged or removed, results in increased contact 

stress within the knee joint. It is thought that this increase in contact stress to articular 

cartilage and subchondral bone may initiate the development of OA with early 

degenerative meniscal damage being a signal of early osteoarthritic disease [85]. 

1.5.2.5 Physical Activity 

The effect of physical activity on the risk of knee OA is controversial. A small 

longitudinal study of marathon runners showed no effect of running on OA [86, 87]. 

Another cohort study of long distance runners aged over 50 years suggested that 

runners had more sclerosis and osteophyte formation than community controls [88, 
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89]. However, there were no differences in symptoms or JSN. Surveys attempting to 

relate self-reported knee OA and habitual physical activity have found no effect [90, 

91]. In contrast, data from the Framingham study suggested increased recreational 

physical activity was associated with increased risk of knee OA [58, 92]. A 

prospective study in Bristol suggested regular participation in sport increased the risk 

of knee OA[93]. 

Strenuous, high-intensity, repetitive activity has more consistently been associated 

with the development of knee OA [94-96]. The effect is not sport specific; a study of 

Finnish former elite athletes showed an increase in hospital admission diagnoses of 

OA for athletes from all types of sports compared to an age matched population [96]. 

A study examining the risk of disease in previously elite tennis players and runners, 

which compared them with community controls showed an increase in knee OA in 

former elite athletes only [96]: 

Physical activity does not appear to affect the risk of progression of knee OA. 

Runners aged over 50 were followed for 5 years to identify whether running affected 

progression of OA: no effect was seen [89]. No effect was also noted on progression 

of disease in the Bristol cohort [93]. 

1.5.2.6 Occupation 

Physically active occupations which involve knee bending, squatting or kneeling, 

increase the risk for knee OA [57, 64, 97-99]. Miners and dockers have a higher 

prevalence of knee OA than those in sedentary jobs [57, 97]. The first NHANES 

showed an association between knee bending demands and knee OA in persons aged 

55 to 64 years [64]. Analysis of data from the Framingham study, showed a 

relationship between occupational physical labor, knee bending and later OA, 

especially among men [98]. A case-control study in the UK showed an increased risk 

of knee OA in those whose main job entailed more than 30 minutes per day of 

squatting or kneeling or climbing more than ten flights of stairs per day. The increase 

in risk associated with kneeling or squatting was more marked in subjects whose jobs 

entailed heavy lifting [99]. 
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1.5.2. 7 Muscle Weakness 

Quadriceps weakness has long been recognized as a common feature in knee OA 

(100, 101]. The Beijing· OA Study, a cross-sectional study involved 2,472 subjects 

ages 60 years or over, suggested a relationship between quadriceps weakness and 

knee OA in all compartments [102]. It has been unknown until recently whether this 

weakness occurred as a result of OA or preceded it. A prospective study following 

elderly subjects, showed that those with muscle weakness were more likely to develop 

knee OA than those without [100]. However, when the same study subjects were 

examined longitudinally, there was no significant difference in quadriceps strength 

between subjects with radiographically stable OA and those for whom joint damage 

progressed, suggesting that factors other than quadriceps weakness are more 

important determinants of OA progression [ 103]. It is likely that increased quadriceps 

strength may protect against OA onset, but may not delay the progression of the 

disease, as cartilage becomes increasingly abnormal. 

1.5.2.8 Hormonal Status and Bone Density 

The high incidence of OA in women after menopause suggests the role of estrogen 

deficiency in causing OA. Cohort studies have shown that estrogen replacement 

therapy (ERT) decreased the prevalence [104] and incidence [105, 106] of 

radiographic knee OA, suggesting a protective effect of ERT. However, the evidence 

remains conflicting. Some studies found that ERT was associated with a higher 

prevalence of knee OA [107-109], while others found that ERT was not significantly 

associated with the prevalence of OA [11 O]. 

Cross-sectional studies have demonstrated that women with knee OA appear to have 

high bone mineral density (BMD) [111], and that increasing knee OA scores 

(Kellgren and Lawrence grading scale) were associated with increasing BMD [ 112]. 

A report from the Framingham study suggested that high BMD decreased the risk of 

progression of radiographic knee OA, but increased the risk of incident knee OA [30]. 
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1.5.2.9 Nutritional Factors 

Results from the Framingham study suggested that higher dietary vitamin C, vitamin 

E and beta-carotene intake reduced the risk of progression of radiographic knee OA, 

but not the incidence knee OA [ 113, 114]. Low intake and low serum levels of 

vitamin D were shown to be associated with an increased risk for progression of 

radiographic knee OA. However, intake or serum levels of vitamin D were not 

associated with incident OA of the knee [114]. 

1.6 Imaging the Knee Joint and Measuring Disease 

The understanding of knee OA has been hampered by the lack of a sensitive tool to 

non-invasively assess disease severity. This has meant that disease is only identified 

when significant pathology is present and visible on a radiograph. While radiographs 

are considered the current gold standard [115], they are not without limitations. 

Magnetic resonance imaging (MRI) is a more modem imaging modality which allows 

a three-dimensional assessment of the entire joint, and has offered a quantitative 

alternative to radiographs for examining the pathogenesis of OA [116-118]. However, 

the utility of MRI in the assessment of knee OA has been restricted to research 

settings only. Figure 1 demonstrates the different features that can be seen by x-ray 

compared to MRI. 

1. 6.1 Radiographic Assessment of Knee Osteoarthritis 

X-rays remains the simplest and least expensive method to image OA of the knee 

[ 119] and is the current gold standard for assessing OA in both clinical and 

epidemiological settings. Radiographic assessment of knee OA involves scoring the 

severity of structural change in the knee from antero-posterior (AP) knee radiographs. 

In 1957 Kellgren and Lawrence developed the first standardized scoring system of 

radiographic knee OA [57], their system was then later adopted by others as the 

standard measure for assessing radiographic OA [1]. Their method involves grading 

the individual features of OA including joint space narrowing JSN (as a surrogate for 

articular cartilage reduction), osteophytes, subchondral bone changes, and bony 
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Figure 1. A Comparison of the information that can be obtained from a knee X

Ray (A) and MRI (B) 
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attrition [1]. However, there are several limitations associated with the use of these 

grading systems. Firstly, these grading systems predominantly employ ordinal 

measures, with only a limited number of categories. These therefore yield relatively 

crude and insensitive measures of disease progression and small changes in the 

individual features assessed do not necessarily translate into a change in grade [ 119]. 

Radiographs are also limited by their two-dimensional assessment of bony features 

and cannot visualise three-dimensional changes in intra and extra-articular structures, 

such as subchondral bone, cartilage defects, menisci, ligaments and synovial tissues 

that are now recognised as part of the disease process [119, 120]. Furthermore, while 

expert consensus has suggested that, a measure of cartilage should be used [ 115] the 

joint radiograph only provides an indirect, surrogate measure of articular cartilage via 

an assessment of the radiological joint space width (JSW). Since other structures also 

exist within the radiographic joint space, this assumption may not always be correct. 

Indeed, meniscal extrusion has been shown to account for much early joint space loss 

[121]. 

In addition there are further limitations associated with the grading of the individual 

features assessed by radiograph. These are discussed below. 

1.6.1.1 Joint Space Narrowing 

JSN is a continuous measure that has been employed as the outcome in studies of 

disease progression of knee OA [122]. The measurement can be made manually, with 

the use of callipers or a simple graded ruler and a micrometric eye piece, or semi 

automated, with the use of computer software [123]. The underlying assumption of 

using JSN is that a longitudinal reduction in joint space is a valid surrogate measure of 

a reduction in articular cartilage volume. Unfortunately this may not be the case as the 

radiographic joint space is comprised of structures other than articular cartilage [ 121, 

122]. Change in joint space may be affected by other factors such as meniscal 

extrusion, fluid or even synovitis [121]. In addition, plain radiographs may not portray 

the joint space accurately. Disease may not uniformly involve all compartments and 

the associated altered biomechanics may result in an exaggerated joint space despite 

an involved compartment [124] which is particularly the case if using non-weight 

bearing images [ 125]. 
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The use of JSN also suffers from reliability issues [120]. Determining the JSW is 

highly observer dependent [126]. The observer must determine the narrowest point, 

this can therefore result in large inter-observer variations [120]. The measurement of 

JSW is also affected by both the positioning of the knee, and its alignment in respect 

to the radiograph and source of radiation [16, 115, 127]. Slight variations in joint 

flexion and/or x-ray beam alignment lead to great variations in the joint space size 

[16] which becomes problematic when requiring serial measurements. 

Finally, while JSN may be used to measure the progression of knee OA [115] it is a 

crude measure and therefore lacks sensitivity. Only a few studies have demonstrated 

significant change over short-term periods [128, 129]. This is not surprising given the 

expected average annual joint space loss is 0.10-0.15mm, however even the most 

reproducible method can only detect a difference of 0.2mm [119]. JSN also lacks 

sensitivity because annual rates of cartilage loss are small [130, 131 ]. Approximately 

13% of cartilage volume is lost before the earliest grade of radio graphical OA can be 

detected [130] and a number of studies have failed to show significant relationships 

between loss of cartilage and change in JSW [128, 130]. 

1. 6.1. 2 Osteophytes 

Osteophytes or bony outgrowths are considered the earliest radiographic sign of OA, 

often being seen prior to JSN [132]. While the grading of OA relies heavily on their 

presence, their role remains unclear. Osteophytes have not been found to be associated 

with disease progression [133-135]. For example, among patients with osteophytes 

within the tibiofemoral compartment fewer than two-thirds developed joint space 

narrowing in the respective compartments over a 14 year follow up [135]. Studies 

examining individual radiographic features of OA have also tended to predominantly 

report results related to the assessment of osteophytes since measures of osteophytes 

tend to yield better reproducibility than measurements of joint space narrowing (JSN) 

[136]. This focus on the presence of osteophytes in epidemiological studies may 

therefore underestimate the role of JSN [137-139]. In addition their relationship to 

pain symptoms is mixed [39, 135, 140, 141], although related to the presence of pain, 

osteophytes are not related to the severity of pain [39]. Thus grading systems may 

lack complete content validity [ 19]. 
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It is therefore clear that more sensitive methods to image the knee joint are required if 

the pathogenesis of knee OA is to be fully explored. 

1. 6. 2 Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) offers several advantages over radiography. 

Unlike radiographs MRI allows direct visualization of all components of the joint 

simultaneously [116, 142]. It offers excellent soft tissue contrast and multi-planar 

imaging [124, 143]. In addition both quantitative and morphometric analysis of 

cartilage can be performed [144, 145], as can semi-quantitative whole joint analysis 

[117, 146, 147]. Methods have been developed to assess many properties of articular 

cartilage using MRI ranging from thickness and volume, as well as detecting and 

classifying surface irregularities known as cartilage defects. Other structural changes 

in the knee including bone expansion, bone marrow lesions, meniscal pathology, 

synovium, ligaments and any other periarticular features can also be identified. Due to 

the three-dimensional nature of MRI it does not suffer from the reproducibility issues 

related to repositioning that radiography does [119]. Finally, MRI does not involve the 

use of radiation which increases its appeal in research settings. However, MRI is not 

without its limitations. These include the high cost when compared to radiography, the 

length of time required to obtain images and contraindications (e.g. pacemakes). 

While cartilage has been the predominant focus of studies examining knee OA, other 

joint structures are involved in the pathogenesis of the disease. MRI allows us to 

examine other intra and extraarticular structures. The assessment of articular cartilage 

volume in isolation is unlikely to be the best available means of determining the 

severity of OA: use of a combination of measures of multiple joint structures 

associated with disease ( eg bone, meniscus, etc) may help to better assess the severity 

of knee OA. 
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1. 6. 2.1 Cartilage Volume 

Loss of cartilage volume is considered the hallmark of OA. MRI is able to image 

articular cartilage better than any other imaging techniques. Knee cartilage volume 

measured by MRI has been shown to be valid, reliable and reproducible [118, 143, 

144, 148-150] and correlates with radiographic grade of OA [130]. By the time the 

first changes of radiological OA can be detected, 13% of knee cartilage has already 

been lost [130]. Measurement of knee cartilage volume is sensitive to change in both 

normal subjects [151, 152] and those with OA [142], where loss of tibial cartilage 

correlates with worsening of symptoms [153] and predicts knee replacement [38]. 

MRI has provided the first opportunity to examine knee articular cartilage non

invasively prior to the development of OA, as well as after OA has been established. 

With this method, the state of knee cartilage can be examined as a continuous variable 

from the normal to the pre-diseased and then to the early diseased state. 

However, the use of cartilage volume in the measurement of OA does not provide any 

information about the quality of cartilage present. This has been raised as a significant 

concern in longitudinal studies, since theoretically, and in animal models, cartilage 

change in OA has been shown to be biphasic, with swelling occurring prior to 

cartilage thinning and loss [154, 155]. 

1. 6. 2. 2 Cartilage Thickness 

Measuring articular cartilage thickness via MRI has been examined as a quantitative 

alternative to the radiological assessment of the severity of OA, as well as to identify 

risk for disease onset and progression [156, 157]. However, several limitations have 

been identified when adopting cartilage thickness as a means for assessing knee OA. 

In particular, diurnal variability in articular cartilage thickness, but not volume, has 

been demonstrated [157]. Additionally, longitudinal studies examining change in 

cartilage thickness may be limited by the difficulty in reselecting identical section 

locations at follow-up assessment [158]. 
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1. 6. 2. 3 Cartilage Defects 

While a reduction in cartilage volume is a recognised feature of degenerative change, 

other earlier cartilage lesions, often referred to as cartilage defects, are also apparent 

prior to radiographic change. Cartilage defects are irregularities on the surface of the 

usually smooth articular cartilage that can be detected and assessed with MRI [ 159, 

160]. Among asymptomatic individuals there is growing evidence that the presence of 

cartilage defects may represent early OA [161, 162]. The presence of cartilage defects 

in asymptomatic subjects has been associated with a reduction in cartilage volume 

[161, 163]. 

A number of semi-quantitat'ive scoring methods have been developed to assess 

cartilage defects. These methods employ a scoring system that grades the severity 

incorporating both size and depth of lesions and have been shown to be both sensitive 

and highly specific (reviewed in [164, 165]). 

Difficulties in assessing cartilage morphology occur however due to cartilage's 

thinness and geometrically complex morphology. Changes such as surface 

fibrillisation and the appearance of repair tissue and osteophytes can also be 

problematic [ 164]. There is also the potential for various artefacts to be present in the 

images, particularly interface between cartilage and bone. In addition, signal changes 

associated with OA or between baseline and follow up scans can hamper the 

measurement of cartilage defects. Nonetheless with the appropriate MRI sequences 

articular cartilage defects can be accurately detected and graded with high sensitivity 

and specificity [166, 167]. 

1. 6. 2. 4 Subchondral Bone 

Subchondral bone has been recognised as important in terms of the pain and 

progression of OA [168]. The use of MRI has now allowed us to examine change in 

subchondral bone that was not previously available from radiographs. MRI studies 

have shown that people with knee OA have a larger bone surface area at the tibial 

plateau than healthy controls, and that the rate of bone expansion is greater in 

osteoarthritis than in healthy subjects [ 169]. 
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Bone marrow lesions (BMLs) are another common abnormality described in OA. 

They appear as ill-defined areas of increased signal intensity adjacent to sub-cortical 

bone on T2 or proton density images or as low intensity when compared to normal 

bone on Tl-weighted images [170]. Both semi-quantitative and quantitative methods 

have been applied to measure and score the size of BMLs [41, 43, 171-177]. BMLs 

are associated with knee pain [ 41, 172, 174-177] and disease progression [78, 175, 

178]. Histologically BMLs represent areas of osteonecrosis, oedema, fibrosis, 

trabecular abnormalities and bony remodeling [170] yet the exact composition of 

BMLs from MRI cannot be discerned. 

1.6.2.5 Meniscal Tears 

Meniscal tears are highly prevalent in OA [179-182] and are related to both cartilage 

changes and symptoms [43, 179, 182-185]. MRI remains the best non-invasive test for 

assessing meniscal pathology and is both highly sensitive and specific [ 186]. The 

sensitivity and specificity of detecting meniscal tear by MRI are both in the range of 

82-96% [ 187, 188]. A common system for grading meniscal damage relates to the 

distribution of MRI signal intensity and its relation to the articular surface [ 180] and 

has been shown to correlate will with histological findings [188]. Tears can be 

classified as either traumatic or degenerative [81 ]. With a traumatic tear the meniscus 

often splits vertically and parallel (longitudinal tear) or occasionally perpendicular 

(radial tear) to the circumferentially orientated collagen fibres [189-192]. In contrast, 

degenerative tears include horizontal cleavages, flap tears or complex tears, meniscal 

maceration or destruction[85]. 

1. 6. 2. 6 Ligamentous Damage 

Studies of anterior cruciate ligament ruptures (ACL) have highlighted the role of knee 

ligaments in OA [81]. MRI evaluation of ligaments has been shown to be highly 

sensitive and specific when compared with arthroscopy [193]. ACL and posterior 

cruciate ligaments are best imaged from sagittal sequences while coronal sequences 

are best for imaging collateral ligaments [194]. There are a few methods described for 

the scoring of ligaments from MRI. These involve assessing the grade of injury [ 195] 

21 



i.e a complete tear or not, via assessment of oedema on the sides of ligaments and 

ligament disruption [196] or if the presence of repair is noted [146]. 

1. 6. 2. 7 Synovial Changes and Joint Effusion 

Inflammation is important in OA [197]. Synovitis and synovial volume changes can 

be observed by MRI [ 198, 199]. Synovitis has been shown to play a role in the 

progression of cartilage loss [198, 200-202] as well as symptoms [203]. Gadolinium 

enhanced MRI is probably the best way to assess synovial changes [204] however, the 

use of gadolinium has implications for the subject, duration of scan and selection of 

sequences. A reasonably good consensus between gadolinium and non-gadolinium 

scoring can be achieved [204, 205] however it was demonstrated that only the 

synovial changes detected using contrast enhanced MRI correlated with 

microscopically proven synovitis [ 119]. Synovitis can be quantified by either using 

volume estimates or assessing characteristics of the gadolinium signal with enhanced 

MRI techniques [194]. Volume can also be assessed semi-quantitatively [119]. 

1.6.3 Semi-quantitative Whole Joint Assessment 

As MRI allows the assessment of the entire joint, and while each of the individual 

structures can be quantitatively assessed, tools to assess the whole joint have been 

developed and validated. Semi-quantitative assessment of the joint from MRI allows 

multiple features to be assessed simultaneously. The system incorporates scores of 

articular cartilage integrity, sub articular bone marrow abnormalities, subchondral 

cysts, sub articular bone attrition and osteophytes, meniscal integrity, ligaments, 

synovitis and effusion, intra-articular loose bodies, periarticular cysts and bursitis 

[206]. 

Three scoring systems have been described: the Whole-Organ Magnetic Resonance 

Imaging Score (WORMS) [117], the Knee Osteoarthritis Scoring System (KOSS) 

[147] and the Boston Leeds Osteoarthritis Knee Score (BLOKS) [146]. While the 

scoring methods show adequate reliability, specificity, and sensitivity (discussed in 

[206]), they are limited by the time needed to assess the images, the number of 

sequences and individual images required (not all features can be measured from the 
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same images) and the level of skill in reading the images and documentation of the 

data [206]. There is also a trade off in image quality as it requires a protocol that 

allows visualisation of many components simultaneously rather than optimised for 

each individual component [ 194, 207]. A result of this is that quantitative approaches 

have been shown to be more powerful then semi-quantitative approaches in detecting 

relationships between measures of cartilage volume and local risk factors (meniscal 

damage and mal-alignment) [194]. However, semi-quantitative methods are still in 

their infancy and more work is required. 

1.6.4 Imaging the Knee Joint: Where to Nex.t? 

The ideal imaging modality for the progression and assessment of OA would provide 

data pertaining to all joint structures, including a direct measure of both cartilage and 

bone, as well as other intra and extra-articular structures in three dimensions. The 

ideal measure would be non-invasive, readily available, cheap, valid, reliable, relate to 

clinical outcomes, and be sensitive to change. without exposing a subject to 

unnecessary ionizing radiation. MRI promises to fulfil many of these criteria. 

1. 7 Structural Changes in the Knee 

The application of MRI assessment of cartilage and other periarticular structures has 

led to the development of image biomarkers for disease, as well as the identification 

of risk factors for changes in these structures thereby allowing a further understanding 

of the pathophysiology of disease. These structures include cartilage volume, cartilage 

defects, meniscal tears, subchondral bone expansion and bone marrow lesions and are 

discussed in further detail below. 

1. 7.1 Cartilage Volume 

The loss of articular cartilage volume is considered the hallmark of disease. 

Approximately 13% of cartilage volume is lost for a knee to progress from a healthy 

to a diseased joint [130] and by the final stages of disease -60% of cartilage is lost 

[142]. Once knee OA is established, cartilage is lost more rapidly than in healthy 
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adults. In a cohort of patients with symptomatic knee OA, the annual rate of cartilage 

loss was shown to be between 4.4% and 6.2% over 2 years [142] and 3.1 % and 4.8% 

over 4.5 years [208]. In contrast, the annual rate of cartilage loss among asymptomatic 

healthy middle-aged women was shown to be 2.3-2.4% [152] and -2.8% in a small 

cohort of healthy men, both over 2 years [ 151]. Furthermore it has also been 

suggested that cartilage loss is episodic with variability in cartilage loss between those 

with progressive and non-progressive OA [209]. 

The relationship between cartilage volume and knee pain is unclear. Although 

articular cartilage may be viewed as a major target tissue of OA, it is not innervated 

by nociceptors and as such, cannot be a direct source of pain [210]. Studies using 

cartilage volume measured by MRI have demonstrated a weak association between 

cartilage loss and pain [211]. In a recent longitudinal study of 117 subjects with knee 

OA, a weak association between tibial cartilage volume and symptoms at baseline was 

seen over 2 years. The severity of the symptoms of knee OA at baseline did not 

predict subsequent tibial cartilage loss. However, there was a weak association 

between loss of tibial cartilage and worsening of symptoms. This study suggested that 

although cartilage is not a major determinant of symptoms in knee OA it does relate to 

symptoms [211]. 

Regardless of the relationship cartilage loss shares with symptoms, it is the loss of 

cartilage that ultimately leads to patients requiring joint replacement. Identifying risk 

factors that predict cartilage loss is therefore important. 

1. 7.1.1 Risk Factors for Cartilage Loss 

A number of risk factors associated with the loss of articular cartilage have been 

identified. These include age, female gender, increased body mass index, body 

composition, hormonal status, smoking, physical activity and knee alignment and are 

discussed below. 

Age 

The cross-sectional relationship between age and cartilage volume has been shown to 

be inconsistent. Cross-sectionally knee cartilage has been noted to be generally 
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thinner in elderly subjects than in younger subjects [212]. In a small study of healthy 

men, increased age was associated with reduced medial and lateral tibial and patella 

cartilage volume [213]. A cross-sectional study of 372 middle-aged subjects 

suggested an association between increasing age and decreased knee cartilage 

thickness at all sites but did not show any associations with cartilage volume [214]. It 

has been suggested that these inconsistent findings may be attributed to an inability of 

the knee cartilage volume assessment to differentiate normal and swollen cartilage 

[215]. Findings from longitudinal studies have also reported inconsistent associations 

between age and cartilage loss [ 128, 151, 208, 215]. In a predominantly OA free 

population ( only 17% with ROA) cartilage volume was shown to decline at a faster 

rate with increasing age [215]. However, while age was found to predict loss of lateral 

cartilage volume over 2 years in symptomatic individuals no relationship was seen 

when they were followed up over 4.5 years [208]. Increasing age was also not found 

to be associated with rate of cartilage loss in healthy men over 2 years [ 151]. 

Furthermore a study examining predictors of fast and slow progression of knee OA 

also failed to detect any associations with age [ 128]. The underlying reason for these 

differences may reflect variations in sex hormones, growth factors, genetics and other 

factors. 

Gender 

Studies have been consistent in their findings that men have more articular cartilage 

than women, in both adults and children [ 118, 216, 21 7]. However, findings from 

longitudinal studies have shown that women have an increased rate of cartilage loss 

compared to men. In a community based cohort of asymptomatic adults women lost 

tibial cartilage at 4 times the rate and patella cartilage at 3 times the rate of men over 

--2 years [218]. Similar results have been reported in a predominantly OA free 

population where women lost substantially more cartilage over 2 years compared to 

men [215]. Furthermore it was found in a small cohort of asymptomatic subjects that 

the age related associations seen with cartilage volume were gender dependant with 

reduced patella thickness being related to increased age in women but not men [212]. 

Body Mass Index and Obesity 

An increased body mass index or obesity has been shown to be associated with 

reduced cartilage volume cross-sectionally. In healthy men total, lateral and medial 
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cartilage volumes were inversely associated with BMI [213]. BMI was also negatively 

associated with cartilage volume in a cross-sectional study of 190 older adults [219]. 

Findings from longitudinal studies have yielded conflicting results. BMI was not 

found to be associated with cartilage loss over two years in a cohort of asymptomatic 

post menopausal women [152] or in a smaller cohort of healthy men [151] however, 

both groups were predominantly of normal weight. Among participants with 

symptomatic knee OA, a trend for increased BMI and increased annual percentage 

loss of cartilage over 2 years was observed [ 142], this was no longer significant when 

participants were follow up over 4.5 year [208]. In contrast, BMI predicted cartilage 

loss among 107 subjects with knee OA over 2 years [220] and in subjects with 

symptomatic knee OA, a trend for increased rate of cartilage loss and obesity among 

subjects with ROA was observed [131]. Furthermore in a smaller study of 32 patients 

with symptomatic knee OA a trend for fast progressors having a higher BMI 

compared to slow progressors was observed [ 128]. It has been suggested that the 

relationship BMI shares with cartilage volume may not be solely biomechanical. For 

example leptin, a protein encoded on the obesity gene, was found to explain the 

relationship BMI shared with cartilage volume in older adults inferring that the 

relationship obesity has with cartilage loss may be metabolically mediated [219]. 

Body Composition 

Although obesity is widely accepted as a risk factor for knee osteoarthritis, there is 

evidence to suggest that the specific components of weight and body composition are 

determinants of properties of articular knee cartilage [221-224]. The measure of BMI 

does not discriminate adipose from non-adipose body mass [225] and may explain the 

inconsistent associations between BMI and cartilage. In contrast to BMI per se, there 

is evidence that muscle mass protects the knee joint while fat mass may be detrimental 

[221-223]. Findings from a cross-sectional study of 297 asymptomatic community 

based adults demonstrated that increased fat-free mass was positively associated with 

tibial cartilage volume while fat mass was negatively associated with tibial cartilage 

volume[223]. Increased muscle mass was also associated with increased tibial 

cartilage volume cross-sectionally and reduced cartilage loss over 2 years in healthy 

subjects however no association with fat mass and cartilage was observed [224]. 
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Hormonal Status. 

Oestrogen receptors are present on human articular chondrocytes and there is 

experimental evidence to suggest that oestrogen has a physiological role in the normal 

joint [59]. However, there is limited epidemiological data examining the role of 

hormones on cartilage volume. A cross-sectional study suggested that postmenopausal 

women using long term (longer than 5 years) oestrogen replacement therapy (ERT) 

had more tibial cartilage than controls [226]. When the same cohort was followed 

longitudinally for 2.5 years, ERT was not associated with the rate of reduction of 

tibial cartilage volume [152]. In a small group of 45 healthy men, there was a positive 

association betwee~ serum testosterone and tibial cartilage volume at all tibial 

cartilage sites, but only reached statistical significance for medial tibial cartilage 

[213]. 

Smoking 

Cigarette smoking has been shown to be associated with an increased loss of knee 

cartilage in cohorts mixed in relation to OA diagnosis and/or symptoms [227-229]. In 

a cohort largely without radiographic knee OA, smoking and pack-years smoked was 

associated with increased medial and lateral femoral cartilage loss over approximately 

2 years [227]. In a 30 month follow up of 159 men with symptomatic knee OA, 

smokers were found to lose more medial tibiofemoral and patella cartilage [228]. 

More recently, in a population mixed in relation to OA diagnosis, smoking was found 

to be associated with increased cartilage loss primarily in people with a family history 

of knee OA over 2.5 years [229]. Despite these consistent findings the mechanism by 

which smoking affects cartilage remains unclear. 

Physical Activity 

Cross-sectional and longitudinal data in children suggests that cartilage growth 

responds to stimulation from exercise [217, 230]. Children who exercised more had 

higher cartilage volumes than those who did not [21 7]. Longitudinal data has 

suggested that this may be due to exercise level, with those who participated regularly 

in sport, above the median, gaining more tibial cartilage than those who were below 

the median [230]. 
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Knee Alignment 

Changes in knee alignment may redistribute the medial and/or lateral loads at the joint, 

potentially leading to cartilage damage. Studies that have examined the relationship 

between joint alignment and cartilage volume have consistently shown a relationship 

between alterations in joint alignment and reduced cartilage volume [76, 231 ]. 

Among 117 subjects with knee OA, a more valgus knee angle was associated with 

less tibial cartilage within the lateral compartment cross-sectionally [231 ]. When these 

subjects were examined longitudinally over 2 years a more varus knee at baseline was 

associated with increased medial cartilage loss, while a more valgus knee with lateral 

cartilage loss [231]. Similarly, in 153 people with knee OA varus knee alignment 

predicted medial tibial cartilage volume and thickness loss over 2 years [232]. Among 

174 subjects with symptomatic knee OA, varus alignment was also associated with 

increased loss of medial tibial cartilage volume and thickness compared to neutral 

knees and valgus alignment was associated with more lateral cartilage loss over 2 

years [131]. 

Knee Structural Changes 

A number of structural changes in the knee have c1;lso been associated with cartilage 

loss and subsequent knee OA development and/or progression. These include 

cartilage defects, meniscal tears, subchondral bone expansion and bone marrow 

lesions and are discussed further in the following sections. 

1. 7.2 Cartilage Defects 

Defects in articular cartilage have aroused particular interest. They are found in 

healthy subjects as well as in those with OA [233, 234] and are shown to have a 

fluctuating course [235]. Cartilage defects have been shown to be significantly 

associated with radiographic and clinical features [137, 140, 175, 181, 236, 237], 

predict knee cartilage loss [ 161, 163] and knee joint replacement [23 7]. It is thought 

that cartilage defects may play an important role in early OA [163] and subsequently 

lead to cartilage loss and OA. Interventions aimed at reducing or reversing cartilage 

defects may reduce the risk of subsequent knee OA. 
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1. 7.2.1 Cartilage Defects in OA Populations 

In OA populations cartilage defects are extremely common. Cartilage defects were 

present in 81 % of medial and 64% of lateral tibiofemoral compartments and 55% of 

patellar cartilages of 11 7 subjects with symptomatic knee OA [23 7]. In 50 patients 

with varying stages of disease, cartilage defects were present in 43/50 knees [181]. 

Similarly, cartilage defects were identified in 61 % of knees of patients with 

symptomatic knees undergoing arthroscopic surgery [234]. 

The natural history of cartilage defects in osteoarthritic populations is largely 

unknown. In a small study of 43 patients 38% of mild (grade 1) defects progressed, 

while 23% of mild lesions improved over 1.8 years [182]. 

1. 7.2.2 Cartilage Defects in non-OA Populations 

Cartilage defects are also common in non-OA populations, however they have been 

found to be less severe than seen in OA populations. In 124 healthy adults, 35% of 

knees had medial and 48% had lateral cartilage defects of which 4 7% were classified 

as grade 1 lesions [238]. In 86 healthy men and women, 61 % had medial and 43% had 

lateral cartilage defects, however grades were also low [ 163]. Among 3 72 

predominantly non-OA subjects, cartilage defects were present in 44% of people and 

varied in severity from grade 2-4 [233]. 

Studies examining the natural history of cartilage defects in non-OA populations have 

found that less severe defects are likely to progress, while those of greatest severity 

are likely to improve [235, 238]. In 124 healthy adults followed over 2 years, 63% of 

defects in the medial and 65% of defects in the lateral tibiofemoral compartment got 

worse. Less severe cartilage defects were more likely to progress, while those that 

were more severe were more likely to improve slightly [238]. In a predominantly OA

free population where the majority of people have less severe defects, 33% of subjects 

had a worsening defect score while 37% had improvement over -2 years [235]. These 

results suggest that knee cartilage defects are reversible and may represent and an 

intermediate factor to study early in the natural history of knee OA. 
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1. 7. 2. 3 Significance of Cartilage Defects 

The presence of cartilage defects is associated with severity of radiographic disease 

including KL score [140, 175] and osteophytes [137, 140, 181] as well as knee 

symptoms [239] and joint replacement [237]. Among 372 predominantly non-OA 

subjects, both the prevalence and severity of cartilage defects was associated with JSN 

and osteophytes [233]. Similarly in small study examining patients with varying 

stages of disease, cartilage defects were associated with KL grade [ 181]. In another 

small study of 59 people with knee pain, cartilage defects correlated with the presence 

of osteophytes [140]. Higher cartilage defect scores were also associated with a 6-fold 

increased risk of joint ~eplacement over 4 years compared to those with less severe 

defects in subjects with symptomatic knee OA [237]. 

Cartilage defects are also associated with reduced cartilage volume cross-sectionally 

[233] and predict loss of cartilage over time [161, 163, 233, 237]. In a large cross

sectional study of predominantly OA free individuals, cartilage defects were 

associated with reduced cartilage volume [233]. In 86 healthy men and women, 

subjects with cartilage defects had a 25% reduction in medial tibial cartilage volume 

and a 15% reduction in lateral volume relative to those with no defects. Furthermore, 

those with medial defects had 1.9 times increased loss of medial cartilage volume 

compared to those who did not over 2 years [163]. Similarly in subjects with 

symptomatic knee OA, those with patella cartilage defects had a higher rate of annual 

cartilage loss compared to those who did not [23 7]. 

The relationship between cartilage defects and symptoms is unclear. This is not 

unexpected given that cartilage does not contain pain fibres. In subjects with 

symptomatic knee OA, cartilage defects were not found to be associated with pain or 

stiffness (43]. In contrast however in another small study comparing different stages 

of disease most knee symptoms were reported in knees with grade Ila lesions( <50% 

cartilage loss) [ 181]. Link and colleagues hypothesised that clinical symptoms may be 

more substantial at the onset of OA, particularly as no association with more severe 

defects and pain was seen [181 ]. While the presence of defects alone has not been 

linked to pain, full thickness defects in the presence of subchondral bone changes 

have [175]. 
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1. 7.2.4 Risk Factors for Cartilage Defects 

The prevalence and severity of cartilage defects has been shown to increase with 

increasing age [214], female gender [162, 214], increased BMI [162], due to genetic 

factors [240] and with increased tibial plateau area [237]. Among predominantly non

OA participants, increased age, BMI and tibial plateau area were associated with the 

increased prevalence and severity of cartilage defects, and the effects of both age and 

obesity were stronger in women compared to men [ 162, 214]. In a population based 

case-control sib-pair study, subjects with a family history of knee OA had a higher 

prevalence of cartilage defects compared to controls. In the sib-pair component, knee 

cartilage defects were also shown to have a high heritability for both scores and 

prevalence [240]. In asymptomatic knees, cartilage defects have also been have been 

attributed to trauma [182]. 

Studies examining the natural history of cartilage defects have found in a healthy 

population, that worsening of defects is associated with increasing age and male 

gender [238]. In a predominantly QA-free population, progression of defects was 

associated with female gender, increased age and BMI and tibial plateau area [235]. 

Cartilage defects also had a higher rate of progression in women compared to men in 

healthy asymptomatic subjects followed over --2 years [218]. 

1. 7.3 Meniscal Tears 

Meniscal tears have been identified as an important risk factor for the development 

and progression of knee OA [ 180]. The menisci are two semicircular fibro

cartilaginous disks covering approximately two thirds of the corresponding articular 

cartilage. They are located between the medial and lateral articular surfaces of the 

femur and tibia [241 ]. While the menisci play a role in stability enhancement and 

lubrication [241, 242], their most important functions are as load bearers and shock 

absorbers. The menisci transmit anywhere from 45-60% of the compressive loads of 

the knee [83]. When a tear occurs, the menisci are not longer able to resist axial 

loading. This results in increased peak and average contact stresses on the cartilage. 

For example within the medial compartment a 40-700% increase in contact stresses 

can occur in the presence of a medial meniscal tear [243-245]. It is thought that this 
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increase in contact stress· to articular cartilage and subchondral bone may initiate the 

development of OA with early degenerative meniscal damage being a signal of early 

osteoarthritic disease. 

1. 7.3.1 Menisca/ Tears in OA Populations 

Meniscal tears have predominantly been identified in osteoarthritic populations where 

they have been shown to be highly prevalent and more common within the medial 

compartment. In people with symptomatic and/or radiographic knee OA the 

prevalence of meniscal tears has been found to be -63%-91% [179-182]. Among 

elderly participants of the Boston Knee Osteoarthritis study (BOKS) 91 % of 

participants had a meniscal tear [179]. Similarly, among middle-aged and elderly 

people within the Framingham cohort, 63% of those with symptomatic ROA, and 

60% who had asymptomatic ROA had a meniscal tear [180]. Similar findings have 

been found in a smaller studies [ 181, 182]. Meniscal tears are also prevalent in 

populations with knee pain; tears were present in 67% of knees in a mixed population 

with knee pain (only 47% with ROA) [43]. Among participants of the Multi-centre 

Osteoarthritis Study (MOST) who either have or are at high risk of OA, 38% of 

symptomatic knees had a meniscal tear [ 183]. 

1. 7.3.2 Menisca/ Tears in Non-OA Populations 

There are very limited data about the prevalence of tears in asymptomatic or non-OA 

populations; nonetheless they have been shown to also be common within these 

populations. Among a sub-group of the Framingham cohort who had no evidence of 

ROA or symptoms, tears were present in 23% of people [180]. A much higher 

prevalence was reported among asymptomatic controls of the BOKS study where 

76% of people had a meniscal tear [246] a similarly high prevalence was reported 

among a predominantly non-OA population with 72% of people having tears [184]. 

However the slightly higher prevalence's reported in these two studies may be 

attributed to a small percentage either having early radiographic knee OA or because 

they are at high risk of developing OA. 
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1. 7.3.3 Significance of Meniscal Tears 

They presence of a meniscal tear is significantly associated with both the presence and 

severity of radiographic features of OA [83, 184, 24 7]. A cross-sectional study of 

people at high risk of developing knee OA found that meniscal tears were associated 

with increased JSN and presence of osteophytes [ 184]. Similar findings were seen in 

another cross-sectional st_udy that found that meniscal subluxation correlated with 

severity of JSN [24 7]. In a longitudinal study of patients who had undergone 

meniscectomy, meniscal tears were also associated with both radiographic and 

combined symptomatic and radiographic OA over 16 years [83]. 

Meniscal tears have also been shown to be associated with structural changes within 

the knee assessed by MRI [179, 182, 184, 185]. Results from a cross-sectional study 

of a predominantly non-OA population, found that meniscal tears were associated 

with reduced cartilage volume and increased cartilage defects [184]. This has been 

confirmed by longitudinal studies [ 1 79, 185]. A higher rate of cartilage loss assessed 

semi-quantitatively was observed among the elderly participants with symptomatic 

knee OA [179]. In addition. a stronger effect was observed within the medial 

compared to lateral compartment [179]. Amongst people with symptomatic knee OA, 

highly significant differences in global and medial cartilage loss between severe 

medial meniscal tears and absence of tears was demonstrated with severe meniscal 

tears predicting faster disease progression over 2 years [185]. Similar results were 

seen in a smaller cohort of 43 patients undergoing knee MRI. Those who had a 

meniscal tear showed a higher average rate of progression of cartilage loss (assessed 

semi-quantitatively) compared to those without a tear[l 82]. 

1. 7.3.4 Risk factors for Meniscal Tears 

In younger, active adults meniscal tears are more likely to have occurred due to 

trauma to an otherwise healthy knee, whereas tears observed in middle-aged persons 

are likely to be the results of degenerative processes [85]. It is not surprising then that 

risk factors for tears include age, gender, increasing body mass index and a family 

history of knee OA [180, 184, 246]. Among elderly participants of the Framingham 

cohort, age and male gender were associated with increased prevalence of tears. 
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Among women, BMI was also associated with increased tears [180]. Male gender was 

also shown to be associated with meniscal tears amongst participants of the BOKS 

study [246]. Similar results were seen in a predominantly non-OA population where 

participants with a meniscal tear were significantly older and had a higher BMI [ 184]. 

In addition, those participants who had a family history of knee OA had higher odds 

of tear at the medial and lateral anterior and posterior horns compared to those that did 

not have a family history [ 184]. In contrast, within this population women were found 

to have slightly higher odds of medial or lateral body tears compared to men. 

Considering women have a greater risk of OA, this may not be surprising. As most 

research has been performed in populations who have undergone meniscectomy or 

have knee OA further research is required to identify possible modifiable risk factors 

for meniscal tears in non-osteoarthritic populations. 

1. 7.4 Subchondral Bone 

While articular cartilage has been the primary focus of researchers, bone changes have 

also been proposed to be an important element in the pathogenesis of OA [168]. It has 

been suggested that the changes in subchondral bone may be the initiating factor in 

the pathogenesis of OA rather than the sequelae of cartilage damage. However, it 

remains unclear and controversial whether OA is initiated in bone or cartilage. In 

adults, subchondral bone area is not static. Tibial plateau bone area was found to 

increase by 0.8-1.2% per annum over 2.5 years in healthy women [248]. In subjects 

with knee OA the medial and lateral tibial bone areas increased by 2.2% and 1.5% per 

annum, respectively, over 2 years [249]. These changes affect the mechanical 

properties of the subchondral bone and may reflect the changes in its architecture. The 

enlargement of the bone area of the tibial plateau may attenuate the tibial cartilage, 

and this attenuation may play a role in the process of OA. 

1. 7. 4.1 Subchondral Bone Expansion and OA 

A relationship between increased bone size and radiographic OA has been established 

[169,250]. Subjects with OA have larger bones than healthy controls [169,251]. In a 

cross-sectional study comparing women with clinically diagnosed OA and those 

without, it was found that women with knee OA had larger tibial plateau bone sizes 
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than women with healthy knees [169]. Tibial plateau expansion has also been shown 

to be associated with the radiographic features of OA [169, 250]. In a cross-sectional 

study of women with knee OA, a larger tibial plateau area was associated with 

increased JSN and osteophytes. In addition, for each increase in grade of osteophyte 

and joint space narrowing, bone area in the medial and lateral sites increased 

substantially [169]. Similar results were observed in predominantly non-osteoarthritic 

population [250]. 

Tibial plateau expansion has been shown to be associated with prevalence and 

severity of knee cartilage defects [233] and also with worsening of tibiofemoral 

defects over 2 years [235]. Given that cartilage defects have been shown to predict 

cartilage loss, this suggests that subchondral bone changes precede cartilage damage 

in early knee OA. Furthermore, while bone expansion has not been found to predict 

cartilage loss, bone changes are predictive of total knee replacement due to severe 

knee OA. Amongst subjects with symptomatic knee OA, tibial subchondral bone area 

at baseline was an independent predictors of knee replacement over 4 years [3 8]. 

1. 7.4.2 Factors Affecting Bone Expansion 

A number of risk factors for OA are also associated with tibial plateau expansion. 

These include increasing age, male gender [162, 214, 248], body mass index [162, 

249], increased adductor moment [252-255], genetic factors [256, 257], and physical 

activity [257]. 

Age 

Bone area increases with age [169, 214, 258-262]. Findings from cross-sectional 

studies have demonstrated that age was positively associated with an increased tibial 

plateau area [214, 259, 262]. While the reason for the increase in cross-sectional bone 

area in older age remains unknown, it has been hypothesised that the increase could 

be regarded as a compensatory mechanism to maintain bone strength, amidst a 

decrease in bone mineral density that also occurs in aging [259, 262]. 
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Gender 

Men have larger tibial bone sizes than women [260]. Similar results have been 

reported by others in both cross-sectional and longitudinal studies [118, 249]. 

Furthermore tibial plateau bone area was shown to increase with age at a faster rate in 

men than in women [260]. These findings are discordant with epidemiological data of 

OA, which indicates that before the age of 45, men have a higher prevalence of OA 

than women, and from then on it is women who have the higher prevalence [263]. 

Thus it appears, particularly in women that factors other than gender must be 

important in the pathogenesis of OA. Gender does affect bone size, but may also be 

associated with some other aspect of bone; the current research in the field does not 

offer any definitive answers on this issue, but so far implicates the obvious 

postmenopausal alterations in the female endocrine system [264, 265] . 

Body Mass Index 

Recent studies have shown that patients with a higher BMI also have a larger tibial 

bone size [162, 214]. Two cross-sectional studies of predominantly healthy adults 

demonstrated that BMI was positively associated with an increased tibial plateau area 

[162, 214]. Similar findings have been reported in a longitudinal study of subjects 

with knee OA [249]. The relationship between BMI and bone expansion may be due 

to body habitus being associated with bone size [266], due increased loading 

stimulating bony expansion or even a metabolic effect [267]. 

Biomechanics and physical activity 

Factors that lead to increased joint loading have been found to correlate with 

increased tibial bone area. These include not only BMI (discussed above) but also 

static joint alignment, gait parameters and physical activity. In a longitudinal study of 

healthy women, a trend for knees becoming more valgus and lateral bone expansion 

was observed [248]. A greater adduction moment has also been shown to correlate 

significantly with a larger medial tibial plateau bone area [254]. The knee adductor 

moment is the natural reaction force of the ground causing adduction of the 

tibiofemoral joint during gait [268]. It is a major determinant of 70% of the total knee 

joint load passing through the medial tibiofemoral compartment during walking [252]. 

Earlier research has also found an association between the increased adductor moment 

in the medial compartment of the knee joint, and amount of bone distributed to the 
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medial segment of the tibial plateau [252, 253, 255]. In addition physical activity has 

also been found to be positively associated with bone expansion in women [269]. 

Bone size has been shown to be an inherited trait [38, 257]. In a study that compared 

tibial plateau bone size in healthy subjects with familial history of OA and controls 

matched for age and sex, those with OA ancestry had larger tibial plateau regions 

than those who did not [38]. This is supported by the findings of an earlier study that 

examined the heritability of bone size using a sibling-pair design, and indicated that 

size of the tibial plateau was under strong genetic influence [257]. These findings 

suggested that the heritability of tibial plateau size was mediated by body size and that 

a structural gene or genes may be the reason for the transmission of this trait from 

parent to offspring [257]. 

1. 7.5 Bone Marrow Lesions 

Bone marrow lesions (BMLs) have been implicated in the pathogenesis of knee OA. 

They have been shown to be present in both symptomatic [41, 181, 270, 271] and 

asymptomatic populations [175, 272, 273]. Histological examination of BMLs in 

knees has shown that they may represent areas of osteonecrosis, oedema, trabecular 

abnormalities and bony remodeling [170]. It is thought that the role BMLs play in the 

pathogenesis of OA may involve the reduction in strength of the bony foundation of 

articular cartilage [274, 275] and/or in impairing the supply of nutrients and oxygen to 

the overlying cartilage plate [274-276]. 

1. 7. 5.1 Bone Marrow Lesions in OA Populations 

Among patients with OA BMLS are highly prevalent, being observed in -50-80% of 

knees [41, 43, 175, 181, 270, 277, 278]. Among community based women mixed in 

relation to ROA and symptoms, BMLS were seen in 64% of knees [ 175]. This is 

consistent with findings in similar cohorts of patients mixed in relation to ROA [ 181, 

279] and in patients with symptomatic ROA of the knee, the prevalence of BMLs has 

been shown to range from -50-82% (41, 43,181,270,277,278]. 
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The incidence of BMLs in cohorts mixed in relation to radiographic OA diagnosis 

and/or pain symptoms has also been reported [239, 271, 278]. In a population with 

chronic knee pain, in which 80% had radiographic knee OA, new lesions developed in 

21 % of people over 2 years [278]. Similarly, amongst patients with primary knee OA, 

new BMLs developed over 15 or 30 months in 20% of knees [271]. In a small study 

of 47 people with painful knees with (88%) or without OA (12%), 8 new BMLs were 

identified over 2 years [239]. 

In OA populations, once present BMLS are unlikely to resolve. In a longitudinal study 

of subjects with symptomatic knee OA, 99% of BMLs either remained the same or 

increased over 15 or 30 months [271]. Another study of middle-aged sibling pairs 

with symptomatic knee OA found that only 10% of BMLs resolved over 2 years 

[278]. Similarly, in a population with chronic knee pain, which included subjects with 

and without radiographic OA, only 22% completely resolved over 2 years [239]. 

1. 7. 5. 2 Bone Marrow Lesions in Non-OA Populations 

More recently BMLS have also been reported in asymptomatic non-OA populations 

[175, 272, 273]. Within two asymptomatic clinically healthy populations BMLS were 

found to be present in approximately 13% of people [272, 273]. A higher prevalence 

of BMLs was seen in community based women free of ROA and pain with 35% of 

knees having a BML [175]. The incidence and natural history of BMLs in non-OA 

populations has not been examined. 

1. 7. 5. 3 The Significance of Bone Marrow Lesion 

The presence of BMLs within the knee has been associated with the severity and 

progression of radiographic knee OA [78, 175, 178]. Among women aged 35-55 years 

from the Southeast Michigan (SEM) study, BMLs were more likely to be found in 

knees with ROA then knees without ROA; 63% of symptomatic ROA knees and 76% 

of asymptomatic ROA knees had BMLs present compared to only 33% seen in 

asymptomatic non-OA knees [175]. Furthermore, in a small study of patients with 

different stages of knee OA, a significant increase in the prevalence and severity of 

BMLS was seen in knees with severe OA (KL grade of 3 or 4) compared to knees 
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with mild or no OA [178]. BMLs have also been shown to predict progression of OA 

[78]. Among participants of the BOKS study, a -6.5 fold increased odds of joint space 

narrowing over 15 or 30 months was reported in people with BMLs in their knees. 

Furthermore, medial progression was predicted by medial lesions and lateral 

progression by lateral lesions after adjusting for confounders [78]. 

BMLs are also correlated with individual structural changes within the knee assessed 

by MRI. Findings from both cross-sectional and longitudinal studies have revealed 

that BMLs are associated with the prevalence and severity of cartilage defects in both 

OA [175, 280] and non-OA populations [171, 173]. Amongst patients with mild knee 

OA ( 4 7% with KL of at least 1 ), BML presence was cross-sectionally associated with 

the presence of cartilage defects within the same compartment [280]. In patients about 

to undergo knee surgery, BMLs were seen below cartilage defects identified by 

arthroscope and the average depth and cross-sectional area of BML increased with 

increasing cartilage defect grade. For example an overlying cartilage defect with a 

grade of 2b (at least partial thickness defect greater than 50% or the total thickness of 

articular cartilage) or higher was found above 87.4% of BMLs [277]. Similarly among 

women of the SEM study the size of BMLs present correlated with the severity of 

cartilage defects observed. 4 7% of knees that had a full thickness defect also had a 

large BML [175]. Similar results have also been reported in asymptomatic clinically 

healthy populations [171, 173]. 

Cross-sectionally BMLs have been shown to be associated with reduced cartilage 

volume. Among 377 patients with symptomatic ROA, urinary CTX-II (a biomarker of 

cartilage breakdown) significantly correlated with severity of BML score within the 

knee. Patients with a BML score >8 had on average, 45% higher CTX-II levels than 

patients with a score of O [270]. BMLs have also been shown to predict cartilage loss. 

Among patients with symptomatic knee OA, a higher BML score (assessed by the 

semi-quantitative WORMS method) at baseline predicted increased cartilage loss 

assessed by MRI over 15 or 30 months [271 ]. While in patients with symptomatic 

ROA, worsening of BML score was also associated with increasing urinary CTX-II, 

over 3 months [270]. 
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Data describing the relationship between BMLs and clinical features of OA is 

conflicting, although a number of studies report a relationship between BMLs and 

pain [41, 172, 174-177], others show no such association [43, 181, 270, 278]. 

Subchondral bone has been suggested as a contributor to knee pain [168] however, the 

exact causes of knee pain remain unclear, it is known that the marrow of subchondral 

bone is richly innervated with nociceptive pain fibres [210]. In a cross-sectional study 

of elderly people with knee OA, the presence of BMLs was associated with knee pain, 

with larger BMLs being more strongly associated with pain than smaller ones [41]. 

Among 143 community based individuals with knee OA, BMLs were significantly 

associated with knee pain and increased BML score was associated with an increased 

pain score [176]. Similarly in a cross-sectional study of women in the SEM study, 

larger BMLS (> 1 cm) were significantly more common in women with painful OA 

[175]. More recently among subject with or at high risk of knee OA, both the 

development of new and enlargement of existing BMLs were associated with the 

development of pain, aching or stiffness over 15 months. In addition, compared to 

knees that did not develop any symptoms, those that did showed larger BML increases 

[172]. In contrast no association between BMLs and pain or stiffness was seen among 

older participants (mixed in relation to OA (39% had symptomatic OA and 38% had 

a KL score >2)) cross-sectionally [43]. An increase or decrease in BMLs over 2 years 

was also not associated with severity of WOMAC score [278]. Differences in the 

results however may be attributed to the latter population having less severe OA. 

BMLs have also been shown to be related to functional deficits. Among 664 patients 

with knee complaints including pain, swelling, instability and or knee locking, 

patients who had a BML in their knee at baseline reported significantly reduced 

function and decreased activity compared to those who did not [281]. 

The emerging evidence highlights the important role of BMLs in the pathogenesis of 

knee OA. Identifying and targeting modifiable risk factors for BMLs may offer 

another target in the prevention of OA. 

1. 7.5.4 Risk Factors for Bone Marrow Lesions 

A number of risk factors for BMLs have been identified. BMLs were first described 

in the setting of anterior cruciate ligament injury [282, 283]. Subsequently BMLs have 
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commonly been described following knee trauma [281, 284-288]. BMLs have also 

been shown to be associated with biomechanical factors including joint mat-alignment 

[78] and increased body weight [173]. Amongst elderly participants of the BOKS 

study who had symptomatic knee OA, a significant relationship between frontal plane 

alignment and BMLs was observed. Limbs with varus alignment, particularly if 

marked (~7°) had a remarkably higher prevalence of medial lesions compared to 

knees that were valgus or neutral (74.3% v's 16.4%) and limbs with valgus alignment · 

had a higher prevalence of lateral lesions [78]. Among a cohort of clinically healthy 

asymptomatic middle-aged women, increasing body weight was associated with the 

prevalence of BMLs [ 173]. The above suggest that BMLs may be a result of increased 

loading and is further supported by findings that BMLs are associated with increased 

local bone density. Among participants of the Framingham cohort the mean medial: 

lateral (M:L) bone mineral density ratio (which gives an indication of load distribution 

within the knee joint) was significantly different between knees with and knees 

without BMLs. Knees with medial BMLs had a higher M:L ratio while those with 

lateral BMLs had a lower M:L ratio, thus suggesting that BMLs are associated with 

loading within the joint [174]. 

BMLs are not solely the consequence of biomechanical factors. More recently 

systemic factors such as osteo-protective medications [279] and nutritional factors 

[289, 290] have been shown to be affect the risk of BMLs. In a cross-sectional study 

of 818 post-menopausal women, bisphoshonate and estrogen (bone anti-resorptive 

agents used to prevent or treat osteoporosis) use was associated with significantly less 

BMLs compared to women who had not received these medications. Anti-resorptive 

users had a 55% reduced odds of having a BML compared to non-users. The 

mechanism by which anti-resorptive medication may influence the development of 

BMLs may involve reducing subchondral bone resorption and/or inflammation [279]. 

Among asymptomatic clinically healthy community based men and women, higher 

intakes of n-6 polyunsaturated and monounsaturated fatty acids were associated with 

the increased likelihood of having a BML [291 ], while a higher intake of vitamin c 

and fruit was associated with a lower likelihood of having a BML [289]. The above 

suggest vascular factors affect subchondral bone however further research is needed. 

Given that subchondral bone is highly vascularised this may represent an area in 

which preventive strategies for OA may be targeted. 
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1.8 Evidence That Vascular Pathology May Play a Role in OA 

There is growing evidence that vascular disease may be intimately related to the 

pathogenesis of OA. The prevalence of vascular disease and cardiovascular risk 

factors is high amongst people with OA [292-294]. Findings from the third NHANES 

(2002) showed that among people with OA, -40% had hypertension, 11 % had 

diabetes and 32% had elevated cholesterol (~240mg/dL) (294]. 

1.8.1 Cardiovascular Disease and OA Share Common Risk Factors 

Emerging evidence suggests that these conditions may share risk factors including 

elevated cholesterol and triglycerides, hypertension and smoking [28, 294, 295]. 

Hypercholesterolemia and hypertriglyceridemia 

Hypercholesterolemia and hypertriglyceridemia, both risk factors for cardiovascular 

disease, have been related to the risk and progression of OA [28, 294, 295]. Among 

patients selected based on hospitalization for joint replacement due to advanced OA, 

-38% had hypercholesterolemia (serum cholesterol ~6.2mmol/L or on 

antihyperlipidemic medications) (295]. Among women of the Chingford study, 

moderately raised serum cholesterol levels (6.0-7. lmmol/L) were also associated with 

the presence of radiological and bilateral knee OA [28]. Hypercholesterolemia and 

high serum cholesterol levels (3rd versus 1st tertile) were independently associated 

with generalized OA, and this was almost exclusively due to participants with knee 

OA [294]. While in the 3rd NHANE survey, 32% of patients with OA had high total 

cholesterol [294]. 

Hypertension and Diabetes 

Hypertension and diabetes are more prevalent among patients with OA than those 

without [292, 294]. Findings from the 3rd NHANE survey indicated that 40% of OA 

patients had hypertension and 11 % had diabetes [294]. Hypertension was associated 

with the risk of knee OA in the Chingford study [296]. Higher systolic blood pressure 

in 46 patients with either hip or knee OA compared to 23 non-osteoarthritic controls 
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was also reported in- case-control study [297]. Similar findings have been reported in 

other groups with OA [293, 298]. 

Smoldng. 

Smoking affects the risk and progression of knee OA, however results from 

epidemiological studies are conflicting [53, 58, 64, 108, 299-301]. While some studies 

have suggested a protective effect of smoking on the risk of knee OA [58, 64, 108, 

299], others have reported no such an association [53, 300, 301 ]. The above studies 

used radiographic OA or joint replacement as the outcome measure. In contrast 

studies employing MRI to assess changes in cartilage have yielded different findings. 

Although a cross-sectional study reported that increased cartilage volume was 

associated with smoking [302] longitudinal studies have reported that smoking is 

associated with increased cartilage loss and progression of cartilage defects [227-229]. 

In men with symptomatic knee OA, smoking was found to be associated with an 

increased risk of cartilage loss within the medial tibiofemoral and patellofemoral 

compartments [228]. Smoking was also associated with increased femoral cartilage 

loss over 2 years in a population with pre-clinical knee OA [227]. In a population 

mixed in relation to OA diagnosis smoking was also associated with increased 

cartilage loss and cartilage defect development, primarily in individuals with a family 

history of knee OA [229]. 

Dietary lipids 

Fatty acids have been implicated in osteoarthritis (OA) [303-305]. Elevated levels of 

fat and n-6 polyunsaturated fatty acids have been found in OA bone [303] while n-3 

polyunsaturated fatty acids have been shown to alleviate progression of OA through 

an effect on the metabolism of articular cartilage [304, 305]. However, the mechanism 

by which polyunsaturated fatty acids affect knee structure and consequently the risk of 

knee OA has not been fully elucidated. Dietary fatty acids associated with an 

increased risk of cardiovascular disease were also associated with an increased 

prevalence of bone marrow lesions (BMLs) in a healthy population without clinical 

knee OA [290]. 
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1.8.2 Vascular Mechanisms in OA 

There are a number of mechanisms by which vascular pathology may contribute to the 

development of OA. The ends of bones are particularly susceptible to vascular insult 

[306]. Venous occlusion resulting in small vessel stasis underlying the cartilage plate, 

joint hypertension, hypercoagulability and/or microemboli may all result in 

subchondral bone ischemia [274]. The resulting disturbances to subchondral bone 

nutrition and repair may impair the supply of nutrients and oxygen to the overlying 

cartilage plate [274, 275]. Given, the 'backup' system of nutrient and periosteal 

arteries is not present at the epiphyseal regions of long bones because of the joint 

cartilage at this site, the epiphyses and articular surfaces are particularly at risk of 

circulatory insufficiency. Bone ischemia may also result in osteocyte death, attraction 

of osteoclasts and excavation of the non-viable bone thereby reducing the strength of 

the bony foundation of articular cartilage (307]. Repeated episodes of this process at 

the ends of affected long bones could lead to altered remodelling and bone 

morphology. In the extreme, there could be partial or total collapse of the subchondral 

bone, as seen in avascular necrosis. 

Increased scintigraphic activity in the joint, which depends on the vascularity of the 

joint and the turnover of subchondral bone has also been shown to be a strong risk 

factor for progression of knee OA (307]. This suggests that abnormalities in 

subchondral bone, possibly driven by vascular disease, are the drivers of progressive 

joint damage (308]. In support of this, there is recent evidence to suggest that bone 

marrow lesions are the consequence of ischemia and/or reperfusion injury (275, 309]. 

A study of human bone marrow utilizing gadolinium demonstrated that compared to 

knees free of BMLs, those with BMLs showed perfusion abnormalities including a 

significantly reduced venous outflow (309]. This is perhaps not surprising given that 

the histology of BML is heterogeneous and includes osteonecrosis, oedema, trabecular 

abnormalities and bony remodelling [170]. 

The emerging evidence supports the notion that OA has multiple aetiologies, which 

converge to produce the recognized manifestations of joint pain and stiffness and 

degeneration of articular cartilage at the end stage joint. However, a lack of 

understanding of the underlying cause(s) for OA has meant that treatments remain 
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largely palliative, with joint replacement an option in end-stage disease. Exploring the 

possible associations' vascular pathology has with structural changes in the knee 

associated with disease development and progression has the potential to provide a 

novel approach to understanding the pathogenesis of knee QA, with implications for 

the prevention and early treatment of disease. 

1.9 Importance of Studying Populations with and without OA 

The use of MRI to the study of knee QA has begun to change the way QA may be 

viewed. MRI allows the construct of QA to be examined as a continuum: as the 

healthy knee develops progressive structural changes, a gradual metamorphosis 

occurs from the healthy knee to one with established QA. How a certain risk factor or 

structural element behaves in osteoarthritic populations may be different to how it 

does in healthy populations. Given that there is no cure for QA or treatment that slows 

the progression understanding the interactions in different population types will allow 

a better understanding of the pathogenesis of knee QA while also allowing 

preventative methods to be appropriately targeted. 

1.10 Aims of This Thesis 

This thesis examines the effect of biomechanical and systemic risk factors on knee 

cartilage and bone and their change over time in both symptomatic/healthy subjects 

and in those with knee QA. 

More specifically this thesis examined: 

I. The natural history of cartilage defects in subjects with knee QA 

2. The prevalence and significance of meniscal tears and also the relationship 

between gait parameters and meniscal tears in a cohort of asymptomatic 

women. 

3. The effect of biomechanical factors at the tibiofemoral and patellofemoral 

compartments in subjects with knee QA 

4. The natural history and significance of bone marrow lesions in those with no 

clinical knee QA. 
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5. The relationship between systemic/vascular factors including smoking, dietary 

fatty acids and serum -lipids and knee structure in asymptomatic participants. 

The results of this study provide a better understanding of the pathogenesis of knee 

OA with implications for both the prevention and early treatment of disease. 
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Chapter 2: Populations and Methodology 

2.1 Study Populations 

This thesis is comprised of 10 studies based on a 4 different study populations. Each 

population is presented in detail below. 

2.1.1 Group 1- Patients with Established Knee Osteoarthritis 

One hundred and thirty-six patients aged over 40 years who fulfilled ACR clinical and 

radiographic criteria for knee OA [1] with osteophytes present within the knee were 

recruited by using a combined strategy including advertising through local 

newspapers and the Victorian branch of the Arthritis Foundation of Australia, as well 

as collaboration with general practitioners, rheumatologists and orthopaedic surgeons. 

Subjects were excluded if any other fonn of arthritis was present, if there was any 

contraindication to MRI, if a total knee replacement was planned, or if they were 

unable to cooperate with study requirements. The study was approved by the Ethics 

Committee of the Alfred and Caulfield hospitals in Melbourne, Australia. All patients 

gave written informed consent. 

2.1.2 Group 2 -Healthy Asymptomatic Post-menopausal Women 

Eighty-one postmenopausal women aged over 50 years, who were either current users 

of ERT (estrogen replacement therapy) (for five or more years) or had never used it 

(controls), matched by age (± five years) and years since menopause (as defined by 

the subjects;± five years), were recruited through the Jean Hailes Centre, private 

consulting clinics, and advertising in the local media. The exclusion criteria were: 

inflammatory arthritis, previous knee joint replacement, malignancy, fracture in the 

last 10 years, and contraindication to MRI (pacemaker, history of potentially 

ferromagnetic material in a strategic location for example, orbit) [226]. The study was 

approved by the Alfred Hospital, Caulfield Hospital and La Trobe University ethics 

committees. All patients gave written infonned consent. 

47 



2.1.3 Group 3 -Healthy. Community-Based Men and Women 

The Melbourne Collaborative Cohort Study (MCCS) is a prospective cohort study of 

41,528 community-based people, aged 40-69 years at recruitment which occurred 

between 1990 and 1994, with the aim of examining the role of lifestyle and genetic 

factors in the risk of cancer and chronic diseases [31 O]. Participants for this current 

study were recruited from MCCS. As the aim of the current study was to investigate 

subjects with no significant current or past knee disease, individuals were excluded if 

they had had any of the following: knee pain lasting for > 24 hours in the last 5 years; 

a previous knee injury requiring non-weight bearing treatment for > 24 hours or 

surgery (including arthroscopy); or a history of any form of arthritis diagnosed by a 

medical practitioner. A further exclusion criterion was a contraindication to MRI. 

Subjects who fulfilled the inclusion criteria and attended the first year of round 3 

follow-up of the MCCS which commenced in 2003 were invited, and quota sampling 

was used whereby recruitment ceased when the target sample of approximately 300 

subjects was achieved. The study was approved by The Cancer Council Victoria 

Human Research Ethics Committee and the Standing Committee on Ethics in 

Research Involving Humans of Monash University. All participants gave written 

informed consent. 

2.1.4 Group 4- Clinically Healthy, Pain Free Post-menopausal Women 

One hundred and seventy six women, aged 40-67 were recruited from an existing 

cross-sectional study examining knee structure in women [ I 73]. These women were 

initially recruited from a database established from the electoral roll in Victoria, 

Australia between April 2002 and August 2003 [311 ]. Women were excluded if they 

had OA, as defined by the American College of Rheumatology clinical criteria [I], 

current or past knee disease, a history of knee pain in the past five years lasting for > 

24 hours; a previous knee injury requiring non-weight bearing treatment for > 24 

hours or surgery (including arthroscopy); or a history of any arthritis diagnosed by a 

medical practitioner or contraindication to MRI. The study was approved by the 

Alfred Hospital Human Research Ethics Committee, and all participants gave written 

informed consent. 

48 



2.2 Data Collection 

2.2.1 Anthropometric Data 

Study participants completed a questionnaire that included information on their 

demographics at each time point. Weight was measured to the nearest 0.1 kg (shoes, 

socks, and bulky clothing removed) using a single pair of electronic scales. Height 

was measured to the nearest 0.1 cm (shoes and socks removed) using a stadiometer. 

From these data, body mass index (BMI, weight/height2 kg m-2
) was calculated. These 

data were collected for all study populations. 

2.2.2 Assessment of Knee Symptt>ms 

These data were collected for all study population. Pain, stiffness, and function were 

assessed from questionnaires and by using the Western Ontario and McMaster 

University Osteoarthritis Index (WOMAC) [115]. 

2.2.3 Gait Analysis 

This data was collected on 20 women within the group of healthy post-menopausal 

women (Group 2). Gait analyses were conducted in the gait laboratory in the 

Musculoskeletal Research Centre, La Trobe University, Australia. A six-camera 

Vicon motion analysis system (Oxford Metrics Ltd., Oxford, UK) was used to capture 

three-dimensional kinematic data on the dominant leg during four walking trials, at 

the subjects' self-selected speed to capture normal gait patterns. Ground reaction 

forces were measured by a Kistler 9281 force-platform (Kistler Instruments, 

Winterthur, Switzerland). Inverse dynamic analyses were performed using 

"PluginGait" (Oxford Metrics, Oxford, UK) which is based on a previously proposed 

model (312], to obtain joint moments calculated about an orthogonal axis system 

located in the distal segment of a joint as previously described (254,313]. Inter-ASIS 

(anterior superior iliac spine) distance was measured using a calliper, causing the 

medial-lateral and proximal-distal co-ordinates of the hip joint centre to be determined 

by the method previously described (312]. The ASIS to greater-trochanter 

measurement provided the anterior-posterior co-ordinate of the hip joint. A knee 
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alignment device (KAO) was used to calculate knee joint axes. The coronal plane of 

the thigh was defined as the plane containing the hip joint centre, knee marker and 

lateral KAD marker. The coronal plane of the shank contained the knee joint centre 

and lateral malleolus marker. The angle formed by the knee and ankle joint axes 

measured tibial torsion. 

Foot rotation was measured about an axis perpendicular to the foot vector and the 

ankle flexion axis. It is defined as the angle between the foot vector and the sagittal 

axis of the shank, projected into the foot transverse plane. This differs from the toe

out angle, which is measured from the long axis of the foot, relative to the line of 

progression of the body. The foot is defined by the single vector joining the ankle 

joint centre to the 2nd toe. The relative alignment of this vector and the long axis of the 

foot is calculated from a static trial using an additional calibration marker from the 

heel. The foot vector is established by making two rotations about the orthogonal axis. 

This measure is equal to the angle between the line joining the heel marker and the toe 

marker, projected in the plane perpendicular to the ankle flexion axis (sagittal). The 

second rotation is about a foot rotation axis which is perpendicular to the foot vector 

and the ankle flexion axis. This measure is equal to the angle projected in the plane 

perpendicular to the foot rotation axis (transverse). The angle is measured between the 

line joining the heel and toe markers and the line joining the ankle centre and toe 

marker as previously described [75, 313] and according to the protocol stipulated by 

the Vicon technology in the gait laboratory. Positive values correspond with internal 

rotation (VICON Clinical Manager's User Manual). Subjects were instructed to walk 

barefoot at their normal pace over level ground, to capture their natural gait patterns. 

2.2.4 Smoking Status 

This data was collected in the population of healthy community-based men and 

women (Group 3) and the second population of clinically healthy, pain free 

postmenopausal women (Group 4). Subjects were classified as having 'ever smoked' 

if they reported smoking at least 7 cigarettes or seven pipes of tobacco per week for at 

least I year as previously described. If subjects did not consume this amount, they 

were classified as having 'never smoked'. Subjects who had 'ever smoked' were also 

asked about the average number of cigarettes they smoked a day and about the 
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number of years_ for which they had smoked. From this the 'pack-year' variable was 

calculated by averaging the number of cigarettes smoked daily, dividing by 20 

( considered I pack) and multiplying by the number of years smoked as previously 

described [314]. 

2.2.5 Dietary Intake of fatty acids 

This data was collected in the healthy community-based people group (Group 3). 

Dietary intake of nutrients was assessed using a food frequency questionnaire (FFQ) 

[315] or a 121-item FFQ developed from a study of weighed food records[316]. 

2.2.6 Measurement of Blood Lipids 

This data was collected in the second population of clinically healthy, pain free 

postmenopausal women (Group 4) Each participant had a single morning fasting 

blood test at the time of the original study (2002-2003) approximately 1.53 years (SD 

0.24 years) prior to their first knee MRI. Fasting bloods drawn at the time of 

recruitment were stored at -80°C until assayed. Total cholesterol was determined by 

the CHOD-PAP method and triglycerides (TG) by the GPO-PAP method using a 

Hitachi 747 analyser (Boehringer Mannheim Systems). High-Density lipoprotein 

(HDL) cholesterol was measured by an enzymatic colorimetric test on a Hitachi 747 

analyser. The assay range is O. l-20mg/L with intra-assay CV s of 1.34% at 0.55mg/L 

and 0.28% at 12.36mg/L, interassay CV s of 5. 7% at 0.52mg/L and 2.5% at 10. 98mg/L 

and a detection limit of 0.03mg/L [317]. Low-density lipoprotein (LDL) cholesterol 

was calculated according to a method previously described [318]. 

2.3 Radiography 

Radiographs were obtained for the population of patients with established knee OA 

(Group 1) and for the first population of healthy, asymptomatic post-menopausal 

women (Group 2). Weight-bearing anteroposterior tibiofemoral radiograph were taken 

of the dominant knee (defined as the lower limb from which the subject used to step 

off when walking in full extension. Radiographs were independently scored by 2 

trained observers (research fellows in the research group) using a published atlas to 
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classify disease in the tibiofemoral joint [319]. The radiographic features of 

tibiofemoral OA were graded in each compartment on a four-point scale (0-3) for 

individual features of osteophytes and JSN [319]. Intraobserver reproducibility was 

0.93 for osteophytes and 0.93 for JSN. Interobserver reproducibility was 0.86 for 

osteophytes and 0.85 for JSN (by kappa statistic) [226]. Where both knees were 

symptomatic and showed changes of radiographic OA, the knee with the least severe 

disease was used. 

Knee angles were measured from standing anteroposterior radiographs [320, 321 ], by 

a single observer ( a research fellow in the research group). Lines were drawn through 

the middle of the femoral shaft and through the middle of the tibial shaft (Figure 2.1 ). 

The angle subtended at the point at which these two lines met in the centre of the 

tibial spines was based on a modification of the method of Moreland et al. [321] and 

was recently validated by Hinman et al [322] as an alternative to the mechanical axis 

on full-leg radiographs. The angle subtended by the lines on the medial side was 

measured using Osiris software (Geneva, Switzerland). Thus, an angle less than 180 

degrees was more varus and an angle greater than 180 degrees more valgus. The 

intraobserver variability was 0.98 [254]. 

In addition skyline (infero-superior) views were also taken of each subject in the 

population of patients with established knee OA (group 1) positioned in supine with 

45° of knee flexion (using a perspex positioning wedge). Femoral sulcus angles were 

measured from these images. The femoral sulcus angle was measured independently 

by two trained observers. The femoral sulcus angle was defined by lines joining the 

highest points of the medial and lateral condyles and the lowest point of the 

intercondylar sulcus (Figure 2.2) [323, 324]. The angle was measured using the 

software program Osiris (University of Geneva). All angles were reported in degrees. 

The intraclass correlation coefficient (ICC) between the two sulcus angle 

measurements was calculated to assess the reliability of the two sulcus angle 

measurements using Stata software version 9 (StataCorp 2005). The ICC was 

estimated to be 0.98 (95% CI 0.97 - 0.99). 
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Figure 2.1. Static tibiofemoral knee angle as measured from standing AP 

radiographs. 'It is the angle subtended by the intersection of a line 

drawn through the middle of the femoral shaft and a line drawn through 

the middle of the tibial shaft [321]. 
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Figure 2.2 Skyline radiograph used to measure femoral sulcus angle. The 

femoral sulcus angle was defined by lines joining the highest points of the 

medial and lateral condyles and the lowest point of the intercondylar sulcus as 

previously described [323, 324] 

2.4 Outcome Measures 

Outcome measures included knee cartilage volume and its rate of change prevalence 

and grade of knee cartilage defects and its change in the respective compartment 

tibial plateau bone area and its rate of change and incidence and persistence or 

resolution of BMLs. 

2.4.1 Magnetic Resonance Imaging 

MRI was performed on the dominant knee (the healthy population groups i.e. Group 

2, 3 and 4), or the symptomatic knee (the OA group i.e. Group 1 ). Knee were 

imaged in sagittal plane on a 1.5-Tesla whole-body magnetic resonance unit (Philips 

1.5 Tesla Intera, Philips Medical ystems Eindhoven the etherland for the healthy 

community-based people group, i.e. Group 1 · igna Advantage Hi peed G Medical 

Systems, Milwaukee, WI, USA, for the OA group i.e. Group 2· igna Advantage 

Echospeed, GE Medical Systems, Milwaukee, WI, U A for the healthy men and 
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healthy women group, i.e. Group 3 and 4) using a commercial transmit-receive 

extremity coil. The following sequence and parameters were used: a T1-weighted, fat

saturated 3D gradient recall acquisition in the steady state; flip angle 55 degrees; 

repetition time 58 msec; echo time 12 msec; field of view 16 cm; 60 partitions; 512 

(frequency direction, superior-inferior) x 512 (phase encoding direction, anterior

posterior) matrix; one acquisition, time 11 min 56 sec. Sagittal images were obtained 

at a partition thickness of 1.5 mm and an in-plane resolution of 0.31mm x 0.3 Imm 

(512 x 512 pixels). A T2-weighted fat-saturated acquisition; repetition time 2200 

msec; echo time 20/80 msec; field of view 11-12 cm; 256 x 128 matrix; one 

excitation. Coronal images were obtained with a slice thickness of 3 .0 mm and an 

interslice gap of 0.3 mm. The image data were transferred to a workstation. 

2. 4.1.1 Cartilage Volume 

Knee cartilage volume was determined by image processing on an independent 

workstation using the Osiris software (Digital Imaging Unit, University Hospital of 

Geneva, Geneva, Switzerland). The volumes of the individual cartilage plates (medial 

and lateral tibial, and patellar) were isolated from the total volume by manually 

drawing disarticulation contours around the cartilage boundaries on each section 

(Figure 2.3). These data were re-sampled by bilinear and cubic interpolation (area of 

312 µm and 312 µm and 1.5 mm thickness, continuous sections) for the final 3-

dimensional rendering. The volume of the particular cartilage plate was determined by 

summing the pertinent voxels within the resultant binary volume. The measurement 

was done by two independent observers within the research group with independent 

random cross checks blindly performed by a second trained observer (a research 

fellow in the research group), unpaired and blinded to subject identification, data 

collected, and the sequence. The CV s for cartilage volume measures were 2.1 % for 

medial tibial, 2.2% for lateral tibial, and 2.6% for patellar cartilage (217]. 

55 



Figure 2.3 Sagittal T1-weighted fat-saturated 3D MRI images showing 

measurement of cartilage volume. Patellar (Roi 1) and tibial (Roi 2) 

cartilage volumes were measured by manually drawing disarticulation 

contours around the cartilage boundaries on each section. Roi = region of 

interest. 

2. 4.1. 2 Cartilage Defects 

Cartilage defects were graded on MR images with a modification of a previous 

classification system [127, 325, 326], at medial tibial, medial femoral, lateral tibial, 

lateral femoral and patellar sites as follows (Figure2.4): 

• Grade 0, normal cartilage; 

• Grade 1, focal blistering and intracartilaginous low-signal intensity area 

with an intact surface and bottom; 

• Grade 2, irregularities on the surface or bottom and loss of thickness of 

less than 50%; 

• Grade 3, deep ulceration with loss of thickness of more than· 50%; 

• Grade 4, full-thickness cartilage wear with exposure of subchondral bone. 

Cartilage surface in some images was still regular but cartilage adjacent to 

subchondral bone became irregular; these changes were included in the classification 
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system. A cartilage defect had to be present in at least two consecutive slices. The 

cartilage was considered to be normal if the band of intermediate signal intensity had 

a uniform thickness. A trained observer scored cartilage defects in duplicate (the 

cartilage defects were re-graded 1 month later), unpaired and blinded to subject 

identification, data collected, and the sequence. The defect scores at medial 

tibiofemoral (0-8), lateral tibiofemoral (0-8), and patellar (0-4) compartments were 

used as outcome measures. A prevalent cartilage defect was defined as a cartilage 

defect score of ~ 2 at any site within that compartment. Intraobserver reliability 

(expressed as intraclass correlation coefficient, ICC) was 0.90 for the medial 

tibiofemoral compartment, 0.89 for the lateral tibiofemoral compartment, and 0.94 for 

the patellar compartment. Interobserver reliability was assessed in 50 MR images and 

yielded an ICC of 0.90 for the medial tibiofemoral compartment, 0.85 for the lateral 

tibiofemoral compartment, and 0.93 for the patellar compartment[233]. 

2. 4.1. 3 Bone Size 

Medial and lateral tibial plateau bone areas were used as a measure of tibial bone size. 

The cross-sectional areas of medial and lateral tibial plateaus were determined by 

means of image processing on an independent workstation using the software program 

Osiris, by creating an isotropic volume from the input images, which were reformatted 

in the axial plane. Areas were directly measured from these axial images. Using this 

technique, osteophytes, if present, are not included in the area of interest. To measure 

the bone area of the tibial plateau, the first image that showed both tibial cartilage and 

subchondral bone was selected. The areas of medial and lateral tibial plateau bones 

were measured manually on this image and the next distal image. An average of the 

two areas was used as an estimate of the tibial plateau bone area (Figure 2.5). One 

trained observer made the measurements in duplicate, or with independent random 

cross checks blindly performed by a second trained observer ( a research fellow in the 

research group), unpaired and blinded to subject identification, data collected, and the 

sequence. The CVs for the medial and lateral tibial plateau bone areas were 2.3% and 

2.4%, respectively[217]. 
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A 

C 

B 

D 

Figure 2.4 Sagittal T 1-weighted fat-saturated 3D MRI images showing the grades 

of cartilage defects. (A) Normal medial tibial and femoral cartilage (grade 0). (B) 

Normal lateral femoral and patellar cartilage (grade 0), but slight lateral tibial 

cartilage defect (grade 1 ). (C) . Normal patellar cartilage (grade 0), but moderate 

lateral femoral cartilage defect (grade 2) and severe lateral tibial cartilage defect 

(grade 3). (D) Moderate medial femoral cartilage defect (grade 2) and severe patellar 

cartilage defect (grade 4). 
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Patellar bone volume was used as a measure of patellar bone size. Patellar bone 

volume was calculated by using the same method as for cartilage volume (Figure 2.6). 

Contours were drawn around the patella boundaries in images 1.5mm apart on sagittal 

views. Total volume was calculated for the patella due to its irregular shape, which 

made it difficult to identify a simpler, representative measure of patellar bone size. 

One trained observer made the measurements, with independent random cross checks 

blindly performed by a second trained observer, unpaired and blinded to subject 

identification, data collected, and the sequence. The CV for patellar bone volume 

measures was 2.2% [217]. 

A B 

Figure 2.5 Axial T 1-weighted fat-saturated 3D MRI image showing measurement 

of tibial plateau bone area. The areas of medial (Roi 2) and lateral (Roi 1) tibial 

plateau bone are measured manually on the first image that shows both tibial 

cartilage and subchondral bone (A), and the next distal image (B). An average of 

the two areas is used as an estimate of the tibial plateau bone area. 
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Figure 2.6 Sagittal T1-weighted fat-saturated 3D MRI images showing 

measurement of patellar bone volume. Patellar bone volume was measured by 

manually drawing disarticulation contour around the patellar cartilage and 

bone boundaries (Roi 1) on each section. 

2. 4.1. 4 Bone Marrow Lesions 

BMLs were defined as areas of ill-defined areas of increased signal intensity adjacent 

to subcortical bone present in either the medial or lateral, distal femur or proximal 

tibia assessed of coronal T2-weighted fat-saturated images (Figure 2.7) [327]. Two 

trained observers, who were blinded to patient characteristics, as well as sequence of 

images, together assessed the presence of lesions for each subject. The presence or 

absence of a BML was determined. A lesion was defined as 'large' if it appeared on 

two or more adjacent slices and encompassed at least one quarter of the width of the 

tibial or femoral cartilage being examined from coronal images. This is comparable 

to the previously described ' grade 2' BML by Felson [41]. Lesions were further 

classified as 'very large' if they appeared on 3 or more slices. This is comparable to 

the previously described 'grade 3' by Felson [ 41] The reproducibility for 

determination of the BML was assessed using 60 randomly selected knee MRis (K 

value 0.88, P < 0.001 ). If a person had more than one BML underlying a cartilage 

plate, the BML of the highest grade was used for analysis. 
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A B 

Figure 2.7 Coronal T2-weighted fat-saturated MRI images showing a large (A) 

and a very large (B) bone marrow lesion. 

· 2. 4.1. 5 Meniscal Tears 

Meniscal tears were assessed in the sagittal view and confirmed in coronal and axial 

views by and experienced radiologists as previously described [128, 184, 185]. The 

presence of a tear was based on the presence of a signal, which was line shaped, 

brighter than the dark meniscus, and reached the surface of the meniscus at both ends 

within 6 defined regions ( anterior horn, body and posterior horn at both medial and 

lateral tibiofemoral compartments). A semi-quantitative lesion assessment of meniscal 

tears was also performed. Our scoring system for meniscal damage referred to the 

accepted MRI nomenclature for meniscal anatomy, which is in accordance with 

arthroscopic literature [328]. The proportion of the menisci affected by tears was 

scored separately using the following semi-quantitative scale [185]: 0 = no damage; 1 

= 1 out of 3 meniscal areas involved (anterior, middle, posterior horns); 2 = 2 out of 3 

involved; 3 = all 3 areas involved. The intra- and inter-reader correlation coefficient 

ranged from 0.86 to 0.96 for the meniscal tears[l28]. 
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2.5 Statistical Analyses 

Descriptive statistics for characteristics of each study population were tabulated. In · 

each study, a t test was used for comparison of means. Chi-square test or Mann

Whitney U test was used to compare nominal characteristics between groups, where 

appropriate. Outcome measures were initially assessed for normality before being 

regressed against various measures of studied factors. Then linear regression was 

used. In terms of dichotomous outcomes, i.e. the presence/absence of tibiofemoral 

cartilage defects and BML, logistic regression was used. Multivai:iate regression 

models were constructed to explore the relationship between studied factors and 

outcome measures, adjusting for potential confounders. A P-value of less than 0.05 

(two-tailed) was regarded as statistically significant. All analyses were performed 

using the SPSS statistical package (standard version 11.5.0 and version 14.0, SPSS, 

Chicago, IL, USA). 
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Chapter 3: The Natural History of Cartilage Defects 

OA is considered to be a disease in which the whole joint is affected. However a great 

deal of research has been focusing on changes in articular cartilage and how they are 

associated with OA. These cartilaginous changes include a decrease in cartilage 

thickness and volume, as well as an increase in the number and size of cartilage 

defects. 

Cartilage defects have aroused particular interest. They are found in healthy subjects 

as well as in those with OA [233, 234]. Their presence has been shown to predict 

cartilage loss [161, 163], and knee joint replacement [237] and they are significantly 

associated with knee symptoms [175, 239] and disease severity [237]. Given the 

clinical importance of cartilage defects, it is important to identify the factors 

associated with cartilage defects and their progression. Previous studies however, 

examining the natural history of cartilage defects has predominantly been performed 

in healthy, asymptomatic populations [163, 235, 238] and there is little data on the 

natural history of cartilage defects in those with QA [239, 271, 329]. 

The paper presented within this chapter describes the natural history of cartilage 

defects. It describes the progression of cartilage defects and factors associated with 

the progression in those with knee OA. 

3.1 Davies-Tuck ML, Wluka AE, Wang Y, Teichtahl AJ, Jones G, Ding C, 

Cicuttini FM. The natural history of cartilage defects in people with knee 

osteoarthritis. Osteoarthritis Cartilage 2008; 16, 337-42. 

Over 2 years, cartilage defects tended to progress in people with symptomatic OA, 

with only a small percentage decreasing in severity. Increasing age and increased 

bone area were risk factors for progression. Interventions aimed at preventing 

cartilage defects from occurring and reducing their severity may result in a reduction 

in the severity of OA, by reducing loss of articular cartilage and subsequent 

requirement for knee joint replacement. 
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Summary 

Objectives. Cartilage defects are highly prevalent in subjects with knee osteoarthritis (OA). Although they are associated with increased 
cartilage loss and joint replacement, there is little data on the natural history of cartilage defects. The aim of this study was to examine the 
progression of cartilage defects over 2 years in people with knee OA and to identify factors associated with progression. 

Methods: One hundred and seventeen subjects with OA underwent magnetic resonance imaging of their dominant knee at baseline and 
follow-up. Cartilage defects were scored (0-4) at four sites. Bone size of the medial and lateral tibial plateau was determined. Height, weight, 
body mass index and physical activity were measured by standard protocols. 

Results: The mean cartilage defect score increased significantly over the 2-year study period in all tibiofemoral compartments (all P < 0.001 ), 
except the lateral tibial compartment with age and tibial plateau bone area at baseline being predictors of progression. However, there was 
heterogeneity with 81 % progressing at any site, 15% remaining stable and 4% decreasing. 

Conclusion: Over 2 years, cartilage defects tend to progress in people with symptomatic OA, with only a small percentage decreasing in 
severity. Increasing age and increased bone area are risk factors for progression. Interventions aimed at preventing cartilage defects from 
occurring and reducing their severity may result in a reduction in the severity of OA, by reducing loss of articular cartilage and subsequent 
requirement for knee joint replacement. 
© 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved. 

Key words. Knee osteoarthritis, Cartilage defects, Progression, Risk factors. 

Introduction 

Osteoarthritis (QA) is a disease of multifactorial aetiology, 
which affects the entire joint. Loss of knee cartilage volume 
is associated with a worsening of knee symptoms 1 and 
knee joint replacement2. Defects in articular cartilage, de
tected using magnetic resonance imaging (MRI) are found 
in healthy subjects as well as in those with QA 3 ·

4
. They 

have been shown to occur following trauma5 and are asso
ciated with the radiographic criteria for QA 5-s and correlate 
with symptoms9

•
10

. In younger largely healthy subjects, the 
prevalence and severity of cartilage defects increase with 
age and body mass index (BMl)11

•
12

• Cartilage defects are 
associated with decreased knee cartilage volume3

, increased 
rate of cartilage loss 11 

• 
13 and knee joint replacement 14

• 

Previous studies have focused on the natural history of 
~artila~e defects in healthy, non-symptomatic popula
tions 

1 
· 
15

· 
16 with little data on the natural history of cartilage 

defects in those with QA9
•
17

·
18

. In a young population 
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containing the adult offspring of people who underwent 
knee joint replacement for QA, articular cartilage defects 
progressed in 33% of people and improved in 37% over 
2.3 years, however only 17% of the study population actually 
had radiographically diagnosed QA 15

• In contrast, in 43 sub
jects with chronic knee pain, of which 15 had radiographic 
criteria of QA, who were studied over 2 years, 66% of de
fects remained constant9. Amin et al. who examined a larger 
population, found that 60% of medial and 83% lateral carti
lage remained unchanged17

·
18 over at least 15 months. 

Therefore, we performed a 2-year cohort study of individ
uals with established symptomatic knee QA to determine 
the natural history of cartilage defects and to identify factors 
that might influence this. 

Materials and methods 

STUDY PARTICIPANTS 

Subjects with knee QA were recruited by advertising through local news
papers and the Victorian branch of the Arthritis Foundation of Australia and 
in collaboration with General Practitioners, Rheumatologists and Orthopaedic 
Surgeons 19

. The study was approved by the ethics committee of the Alfred 
and Caulfield hospitals in Melbourne, Australia. All patients gave informed 
consent. One hundred and thirty two subjects aged over 40 years who fulfilled 
American College of Rheumatology (ACR) clinical and radiographic criteria 
for knee 0A20

, with pain and osteophytes present within the knee, entered 
the study. Subjects were excluded if any other fonn of arthritis was present, 



338 M. L. Davies-Tuck et al.: The natural history of cartilage defects 

if there was any contraindication to MRI, if a total knee replacement was 
planned, or if they were unable to cooperate with study requirements. This poJ>
ulation haS been previously described19

• 

DATA COLLECTION 

At baseline, participants completed a questionnaire that included demo
graphic data and level of current physical activity21

• Weight was measured 
to the nearest 0.1 kg (shoes, socks and bulky clothing removed) using a single 
pair of electronic scales. Height was measured to the nearest 0.1 cm (shoes 
and socks removed) using a stadiometer. BMI (weight/height2 kglm2) was cal
culated. Pain, stiffness, and function of the knee were assessed using 
WOMAC (Western Ontario and McMaster University Osteoarthritis lndex)22

• 

RADIOGRAPHIC EVALUATION 

At baseline, each subject had a weight-bearing anteroposterior (AP) tibio
femoral radiograph taken of the symptomatic knee in full extension23. All radio
graphs were independently scored by two trained observers (AW and FC) 
using a published atlas to grade radiological features of tibiofemoral OA on 
a four point scale (0-3) for individual features of osteophytes and joint space 
narrowing where O = no disease and grade 3 = most severe grade as de
scribed in the atlas24. lntraobserver reproducibility was 0.93 for osteophytes 
and 0.93 for joint space narrowing. lnterobserver reproducibility was 0.86 
for osteophytes and 0.85 for joint space narrowing (by K statistic)25. Where 
both knees were symptomatic and showed changes of radiographic OA, the 
knee with the least severe disease was used. 

Measurement of static knee alignment 

Knee angles were measured by a single blinded trained observer from 
standing AP radiographs using the software program Osiris (University of 
Geneva)26. Lines were drawn through the middle of the femoral shaft and 
through the middle of the tibial shaft. The angle subtended at the point at 
which these two lines met in the centre of the tibial spines, and was recently 
validated by Hinman et a/.27 as an alternative to the mechanical axis on full
leg radiographs. Knee angles were considered as a continuum ranging from 
0° to 360°, with 0° representing extreme varus and 360° representing ex
treme valgus. Although these degrees of varus and vatgus are not clinically 
observed, this range was used to avoid defining varus and valgus from an 
arbitrarily chosen midline value, and allow quantification of change in align
ment. lntraobserver reliability [expressed as intraclass correlation coefficient 
(ICC)] was 0.9828. 

MRI EXAMINATION 

Each subject had an MRI performed on the symptomatic knee at baseline, 
and were followed up by a repeated MRI performed on the same knee ap
proximately 2 years. Knees were imaged in a sagittal plane on the same 
1.5-T whole-body magnetic resonance unit (Signa Advantage HiSpeed GE 
Medical Systems, Milwaukee, WI, USA) using a commercial receive-only 
extremity coil. The following sequence and parameters were used: a 
T1-weighted, fat-suppressed 3D gradient recall acquisition in the steady 
state; flip angle 55°; repetition time 58 ms; echo time 12 ms; field of view 
16 cm; 60 partitions; 512 (frequency direction, superior-inferior) x 512 
(phase encoding direction, anterior-posterior) matrix; one acquisition, time 
11 min 56 s. Sagittal images were obtained at a partition thickness of 
1.5mm and an in-plane resolution of 0.31 mm x 0.31 mm (512 x 512 
pixels) 1

·
25

• 

Cartilage defect assessment 

Cartilage defects were graded on the MR images using a validated clas
sification system2

9-
31 at the medial tibial, medial femoral, lateral tibial and 

lateral femoral sites as previously described3· 11 · 14
· 
16

. Cartilage defects 
were graded based on depth as follows: grade o, normal cartilage; grade 
1, focal blistering and intracartilaginous low-signal intensity area with an in
tact surface and bottom; grade 2, irregularities on the surface or bottom 
and loss of thickness of less than 50%; grade 3, deep ulceration with loss 
of thickness of more than 50%; grade 4, full-thickness cartilage wear with ex
posure of subchondral bone. A cartilage defect also had to be present in at 
least two consecutive slices. The baseline and follow-up cartilage defects 
were graded in duplicate (the cartilage defects were re-graded 1 month 
later), unpaired and blinded to the sequence. The defect scores at medial ti
biofemoral (0-8) and lateral tibiofemoral (0-8) compartments were used in 
the study. A prevalent cartilage defect was defined as a cartilage defect with 
a score of ~2 at any site within that compartment. A cartilage defect was de
fined as "progressing" if the defect score increased or "improving" if the de
fect score decreased over the 2-year follow-up, respectively. lntraobserver 
reliability (expressed as ICC) was 0.90 for the medial tibiofemoral 

compartment, and 0.89 for the lateral tibiofemoral compartment. lnterob
server reliability was assessed in 50 MRls and yielded an ICC of 0.90 for 
the medial tibiofemoral compartment, and 0.85 for the lateral tibiofemoral 
oompartment 12.32_ 

Cartilage volume measurement 

Tibial cartilage volume was determined by means of image processing on 
an independent workstation usi~ the software program Osiris (University of 
Geneva) as previously described 5·33

• Two trained observers read and mea
sured cartilage volume on each MRI, blinded to the patient's identification and 
study sequences as previously described28. The coefficient of variations 
(CVs) for cartilage volume measures were 3.4% for medial tibial, and 2.0% 
for lateral tibial cartilage25. 

Bone area measurement 

Medial and lateral tibial plateau cross-sectional areas were used as 
a measure of bone size. These were determined using Osiris software (Uni
versity of Geneva) as previously described25·33·34

. Medial and lateral tibial 
plateau areas were determined by creating an isotropic volume from the in
put images, which were reformatted in the axial plane. Areas were directly 
measured from these images. The CV for bone size measures was 2.3% 
for medial and 2.4% for lateral tibial plateau area25. 

STATISTICAL ANALYSES 

Descriptive statistics for the characteristics of the study subjects were tab
ulated. Paired samples ttests were used for comparison of means. The annual 
change of cartilage defect score was assessed for normality prior to linear re
gression techniques being used to explore the possible factors affecting an
nual change in tibiofernoral cartilage defect score. The severity of OA was 
adjusted for by including baseline cartilage volume and tibial bone plateau 
area within the regression model35. A P value of less than 0.05 (two-tailed) 
was regarded as statistically significant. All analyses were performed using 
the SPSS statistical package (standard version 14.0, SPSS, Chicago, IL, 
USA). 

Results 

One hundred and seventeen participants (89%) com
pleted the follow-up with interpretable scans (Table I). Nine 
subjects were lost to follow-up: two moved overseas or inter
state, three were too busy to continue in the study, two had 
knee surgery, one died of complications related to diabetes 
mellitus and chronic obstructive airways disease and one 
subject was too ill to continue due to multiple sclerosis. Six 
subjects' images were unsuitable for measurement of carti
lage defects. Those lost to follow-up at 2 years were slightly 
taller (P = 0.62), weighed more (P = 0.07) and had slightly 
higher tibial cartilage volume at baseline (P= 0.03). 

Most subjects had mild to moderate QA with 25 (20%) 
having severe (grade 3) medial tibiofemoral osteophytes 
and/or joint space narrowing and only 18 (15%) having 
severe lateral tibiofemoral osteophytes and/or joint space 
narrowing. Tibial cartilage defects were common, 56% of 
people had them in the medial compartment and 64% in 
the lateral compartment. 

The change in cartilage defect score from baseline to 
2-yearfollow-up is presented in Table II. The mean cartilage 
defect score increased significantly over the first 2-year 
study period in all tibiofemoral compartments (P < 0.001) 
except the lateral tibial compartment. The medial and lateral 
tibiofemoral defect scores increased in 68% and 66% of 
subjects; remained unchanged in 13% and 18% of subjects; 
and decreased in 19% and 16% of subjects, respectively. 
In the total tibiofemoral compartment, 81% of defect scores 
increased overall, 15% remained unchanged and 4% 
decreased (P< 0.001). A representative MR image of a pa
tient showing progression of cartilage defects over 2 years 
is presented in Fig. 1. 
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Table I 
Characteristics of study population at baseline 

Age (years) 
Gender (% female) 
Height (cm) 
Weight (k~ 
BMI (kg/m) 

WOMAC score 
Pain 
Stiffness 
Function 
Total 

Tibiofemoral osteophytes ~ grade 2 (%) 
Medial 
Lateral 

Joint space narrowing ~ grade 2 (%) 
Medial 
Lateral 

Tibial plateau bone area (cm2
} 

Medial 
Lateral 

Tibial cartilage volume (mis) 
Medial 
Lateral 

Prevalence of defects ~ grade 2 (%) 
Medial compartment 

Tibial 
Femoral 

Lateral compartment 
Tibial 
Femoral 

Cartilage defect score* 
Medial tibiofemoral 
Lateral tibiofemoral 

Knee angle 

n= 117 

63.7 (10.2) 
68 (58%) 

167.0 (8.9) 
80.5 (15.0) 
28.8 (5.1) 

81 (44) 
40 (22) 

307 (170) 
427 (225) 

24 (20%) 
34 (29%) 

38 (32%) 
14 (12%) 

20.8 (3.9) 
13.6 (2.6) 

1.74 (0.5) 
1.92 (0.6) 

66 (56%) 
61 (52%) 
39 (33%) 
64 (55%) 
64 (55%) 
19 (16%) 

3 (1.0-8.0) 
2 (1.0-7.0) 

180.7 (5.8) 

Data reported as mean [standard deviation (SD)}, except where 
variables categorical. 

'Data reported as median and range. 

Factors affecting the change in the medial and lateral 
tibiofemoral cartilage defect score over 2 years are pre
sented in Table Ill. Age was positively associated with 
change in medial cartilage defect score after adjusting 
for confounders (P = 0.01 ). Baseline cartilage defect score 
was negatively associated with a change in cartilage 
defect score for the medial and lateral compartments in 
univariate analysis and remained significant after adjusting 
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for confounders (P < 0.001 ). Baseline tibial bone plateau 
area was positively associated with change in defects in 
both the medial (P = 0.002) and lateral compartments 
(P = 0.03) after adjusting for confounders. In the medial 
compartment, being female (P = 0.01) was associated 
with worsening of cartilage defects. Height, weight, and 
BMI were not significantly associated with the change of 
cartilage defects. Annual change in cartilage volume was 
not associated with cartilage defects over 2 years within 
the medial [regression coefficient 0.54 (95% confidence 
interval (Cl) -0.23, 1.3) P=0.2) or lateral [regression 
coefficient 0.06 (95% Cl -0.7, 0.9) P=0.9] compartment 
after adjusting for confounders. Including baseline knee 
alignment in the regression model did not change the 
results except that gender was no longer found to be sig
nificant in the medial compartment (P -=r 0.2). Within the 
medial compartment there was a trend for osteophyte 
grade at baseline to predict cartilage defect progression 
(regression coefficient 0.1 (95% Cl -0.06, 0.21) P val
ue= 0.06) after adjusting for confounders. No association 
between joint space narrowing and progression of carti
lage defects was seen. Within the lateral compartment, 
osteophyte grade did not predict cartilage defect progres
sion while a trend with joint space narrowing (regression 
coefficient 0.2 (95% Cl -0.005, 0.36) P value = 0.06) 
was observed after adjusting for confounders. There was 
no significant association between baseline physical activ
ity score or WOMAC score or use of non-steroidal anti
inflammatory drugs and the change in cartilage defects 
over 2 years (results not shown). 

Discussion 

In this study, we found that cartilage defects tend to 
progress over 2 years in people with symptomatic knee 
OA. Factors associated with progression of cartilage 
defects were increasing age and baseline tibial bone 
area. Although female gender was significantly associated 
with progression of cartilage defects, it was no longer sig
nificant after adjusting for knee alignment. Baseline carti
lage defect score was negatively associated with the 
change in cartilage defects. 

Our finding that cartilage defects generally progress over 
time is consistent with other published research, in both 
symptomatic and asymptomatic populations9

·
15

·
16

•
18

. Longi
tudinal studies examining the natural progression of tibio
femoral cartilage defects in symretomatic populations have 
had contradictory findings9

•
15

•
17

• 
8

• Ding et al. showed that 
33% of defects progressed and 37% improved15

• In contrast 
Boegard et al. and Amin et al. showed that the majority of 

Table II 
Change in cartilage defect score from baseline to 2-year follow-up 

Baseline 2-Year follow-up P value* Increased(%) Unchanged(%) 
(n= 117) (n= 117) 

Medial tibial cartilage defect score 2.0 (1.1) 2.3 (1.4) 
Medial femoral cartilage defect score 1.4 (1.3) 2.0 (0.9) 
Medial tibiofemoral cartilage defect score 3.4 (2.3) 4.4 (1.6) 
lateral tibial cartilage defect score 1.8 (0.8) 1 .9 (1.1) 
lateral femoral cartilage defect score 0.8 (0.9) 1.5 (0.9) 
lateral tibiofemoral cartilage defect score 2.5 (1.7) 3.4 (1.3) 

Total cartilage defect score 5.9 (3.0) 7.7 (2.7) 

<0.001 
<0.001 
<0.001 

0.30 
<0.001 
<0.001 

<0.001 

32 
62 
68 
33 
62 
66 

81 

Cartilage defect score at 2-year follow-up available for 116 subjects. 
'Comparison between baseline and 2-year follow-up cartilage defect score, detennined by paired t test. 

67 
17 
13 
41 
37 
18 

15 

Decreased (%) 

1 
21 
19 
26 

1 
16 

4 
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Fig. 1 . MR image showing a cartilage defect score at both medial tibia and medial femur progressed from grade 3 at baseline to grade 4 at 
follow-up. 

defects remain unchanged over time9
·
18

. However, within 
these studies either not all participants had radiographically 
diagnosed QA9

·
15 or they used only semi-quantitative 

methods and were unable to determine the relationship 
between cartilage volume, joint size and change in 
defects 17 

· 
18

. 

Our findings are also consistent with other studies that 
suggest cartilage repair occurs, as shown by regression 
of cartilage defects 15

•
16

, especially amongst the most se
vere lesions 16

• Although these findings may suggest carti
lage repair, it is also possible that the observation of 
improvement of cartilage defects may be in part, due to 
measurement error. The reproducibility of our scoring of 
cartilage defects was high and for a cartilage defect to be 
classified as present, it had to be observed in at least two 
consecutive MRI images, where the slice thickness was 
1.5 mm. Thus partial volume averaging and errors in our 
grading are likely to only, in part, explain the observed 
improvement in defects and equally result in an apparent 

increase in cartilage defects. This finding of a negative 
association between baseline cartilage defect score and 
cartilage defect progression may also reflect a regression 
to the mean or ceiling effect. However, we have previously 
shown that cartilage defects progress more rapidly in the 
early stages and are less likely to progress when they are 
more severe 16

• Since these results replicate those found 
in a different population, this makes them more biologically 
plausible 15

• These findings, taken together with experimen
tal studies in animals showing that cartilage had significant 
capacity for self-repair of small sized defects (3- 6 mm in 
diameter) with hyaline or fibrocartilage36

•
37 indicate the pos

sibility that this finding reflects the reversible nature of car
tilage defects in QA progression. 

We have previously shown that age and gender are asso
ciated with cartilaae defects in cross-sectional studies of ~eo
ple with QA 12

·
14

·~
2 and the progression of defects 15

· 
6 in 

a healthy population. In this study, we found cartilage defects 
were more likely to progress in women, compared to men. 

Table Ill 
Factors affecting annual change in cartilage defect scores 

Univariate analyses, regression Pvalue Multivariate analyses, Pvalue 
coefficienr (95% Cl) regression coefficientt (95% Cl) 

Medial tibiofemoral cartilage defects 
Age (years) 0.006 (- 0.01 , 0.02) 0.45 0.01 (0.003, 0.024) 0.01 
Gandert 0.25 (- 0.06, 0.56) 0.12 0.41 (0.09, 0.73) 0.01 
BMI (kg/m2

) 0.008 (- 0.02, 0.04) 0.60 0.005 (- 0.02, 0.03) 0.61 
Baseline cartilage defect score - 0.27 (- 0.32, - 0.23) < 0.001 - 0.34 (- 0.41, - 0.27) <0.001 
Baseline tibial cartilage volume (ml s) 0.296 (- 0.03, 0.62) 0.07 - 0.06 (- 0.35, 0.23) 0.68 
Baseline tibial plateau bone area (cm2

) - 0.06 (- 0.09, --0.02) 0.001 0.07 (0.03, 0.12) 0.002 

Lateral tibiofemoral cartilage defects 
Age (years) 0.001 (- 0.013, 0.015) 0.90 0.009 (- 0 .002, 0.02) 0.13 
Gandert - 0.39 ( - 0.68, - 0.11) 0.01 0.002 (- 0.33, 0.33) 0.9 
BMI (kg/m2) - 0.001 (- 0.03, 0.03) 0.92 0.004 (- 0.02, 0.03) 0.73 
Baseline cartilage defect score - 0.314 (- 0.379, - 0.249) <0.001 - 0.35 (- 0.44, - 0.26) <0.001 
Baseline tibial cartilage volume (ml s) 0.574 (0.343, 0.805) <0.001 0.05 (- 0.20 0.31) 0.69 
Baseline tibial plateau bone area (cm2

) - 0.01 (- 0.06, 0.03) 0.59 0.06 (0.004, 0.11) 0.03 

*Change in cartilage defect score per unit increase in respective variable. 
tChange in cartilage defects score per unit increase in respective variable after adjusting for age, gender, BMI, baseline cartilage defect 

score, baseline cartilage volume and baseline tibial plateau area in regression equation. 
+Males = O and females = 1 . 
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The female sex has been well established as a risk factor for 
OA 38·

39 and our results are consistent with this. However 
when knee alignment, a risk factor for cartilage defects40

, 

was included in the model, the association of gender was 
no longer significant suggesting that the effect of gender on 
cartilage defects may be mediated via knee alignment. 

In this study, we found that baseline tibial bone plateau 
area was positively associated with a change in cartilage 
defects over 2 years. Bone size has been previously identi
fied as a risk factor for both the prevalence and severity of 
cartilage defects in healthy3· 14 and QA populations41 and 
more recently for the progression of cartilage defects in 
healthy individuals 15

• Increased bone size or expansion 
may result in splitting of articular cartilage and the progres
sion of cartilage defects3

• 
15

•
42

• Tibial subchondral bone area 
therefore predicts cartilape defects which, in tum, predict 
loss of cartilage volume 1 

• As cartilage loss is the hallmark 
of established QA, with 60% of cartilage lost by end-stage 
knee OA 2, tibial subchondral bone area expansion may 
be a primary event in QA. Consistent with this, knee carti
lage defect severity was positively associated with urinary 
levels of C-terminal crosslinking telopeptide of type II colla
gen (CTX-11), a specific index for cartilage breakdown3

• 

These results, together with the results of the current study 
suggest that prevention of tibial subchondral bone expan
sion and cartilage defects at an early stage may prevent 
the development of established knee QA 13

• 
15

• 

This study has a few potential limitations. Although these 
include loss to follow-up which introduces bias, there were 
no significant differences between those who completed 
the study and those who did not in terms of previously iden
tified risk factors for QA (age and BMl)12

•
32

• This study also 
examined people with symptomatic QA, and therefore these 
results may not be generalisable to the asymptomatic popu
lation. Furthermore, although the grading scale we used is 
highly reproducible, and correlated with histological3 and 
arthroscopic finding29

•
31

, it is based only on defect depth. 
Other scales include defect diameter43 and a new 8-point 
grading scale [Whole-Organ MRI Score (WORMS)] which 
assesses cartilage defects by depth and width, in each of 
15 articular surface regions44

• This expanding scale system 
may be more capable of capturing different patterns of re
gional cartilage loss but is not strictly linear as focal defects 
progress to diffuse cartilage thinning thus the scale may be 
more diffuse than our scale which focuses purely on defect 
depth45

• Finally, we were unable to examine the relationship 
between bone marrow lesions and meniscal damage on car
tilage defect progression in this study as these could not be 
measured from the sequences examined in this study. 

In conclusion, cartilage defects tend to progress in 
people with symptomatic QA with only a small percent
age decreasing. Increasing age, female gender and 
increased bone area are risk factors for progression of 
c~rtilage defects. As cartilage defects are associated 
with cartilage loss and joint replacement, interventions 
aimed at reducing tibial bone size may have a role in 
reducing progression of cartilage defects and warrant fur
ther investigation. 
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Chapter 4: The Significance of Meniscal Tears 

Meniscal tears have also been identified as an important risk factor for the 

development and progression of knee OA [179, 185]. Among people with OA, tears in 

the menisci are associated with loss of cartilage and progression of symptomatic knee 

OA [83, 128, 179, 182, 185, 330]. While meniscal tears have also been identified in 

symptomatic and/or early OA individuals [184], the prevalence and significance of 

meniscal tears in these populations remains to be studied. While· predominantly 

thought to be present due to injury, meniscal tears have also been identified in the 

absence of knee trauma [85]. Due to the clinical significance of meniscal tears, 

determining which modifiable factors are associated with meniscal lesions, even 

among people with no clinical knee OA, may help to better understand the 

pathogenesis of knee OA and develop preventative strategies. Recently, there has 

been increasing interest in the role of gait parameters in studies examining knee joint 

morphology and the genesis of knee OA and pain [75, 252, 254] and as they are the 

major determinant of loading passing through the knee joint they may represent one 

such modifiable factor. 

The two papers presented within this chapter therefore describe the prevalence and 

significance of meniscal tears and also the relationship between gait parameters and 

meniscal tears in a cohort of asymptomatic women. 

The first paper reports the prevalence of meniscal tears in a healthy pain free 

population of post-menopausal women and investigates whether meniscal tears in 

this population are associated with changes in cartilage volume and defects and 

tibial plateau bone area over two years. We report that meniscal tears are common 

in asymptomatic post-menopausal women, increase with age and are associated 

with greater tibial plateau bone area. 

4.1 Davies-Tuck ML, Martel-Pelletier J, Wluka AE, Pelletier J-P, Ding C, Jones 

G, Davis SR and Cicuttini FM. Meniscal Tear and Increased Tibial Plateau Bone Area 

in Healthy Post-Menopausal Women. Osteoarthritis Cartilage 2008; 16, 268-71. 
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The second paper examines whether modifiable gait parameters are associated with 

the presence and severity of meniscal lesions among women with no clinical knee 

OA. 

In this cross-sectional study, we have demonstrated that medial meniscal tears are 

associated with changes in biomechanical factors acting on the medial tibiofemoral 

compartment during level walking. These data may suggest that gait parameters are 

associated with meniscal damage, although longitudinal studies will be required to 

clarify whether gait abnormalities predate meniscal lesions, or vice versa and 

therefore whether modification of gait patterns may be helpful. 

4.2 Davies-Tuck ML, Wluka AE, Teichtahl AJ, Martel-Pelletier J, Pelletier J-P, 

Jones G, Ding C, Davis SR and Cicuttini FM. Association between Meniscal Tears 

and the Peak External Knee Adduction Moment and Foot Rotation During Level 

Walking in Postmenopausal Women without Knee Osteoarthritis: A Cross sectional 

Study Arthritis Research & Therapy 2008; 10, R58. 
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Summary 

Objective: Meniscal tears detected using magnetic resonance imaging (MRI) have been identified as a risk factor for the development and 
progression of Osteoarthritis, however the prevalence and significance of meniscal tears in healthy, asymptomatic adults remains to be stud
ied. We investigated the prevalence of meniscal tears in a healthy pain free population of post-menopausal women and whether meniscal 
tears in this population are associated with changes in cartilage volume and defects and tibial p(ateau bone area over 2 years. 

Methods. Fifty-seven post-menopausal women underwent MRI of their dominant knee at baseline line and approximately 2 years later to as
sess meniscal tears, cartilage volume, cartilage defects and tibial plateau bone area. 

Results: Forty-six percent of women had a meniscal tear in either the medial and/or lateral compartment. Women who had a tear were older 
(P = 0.01) and had more lateral cartilage defects (P = 0.02). Medial meniscal tear was associated with 103 mm2 greater tibial plateau bone 
area within the medial [95% confidence of interval (Cl) 6.2, 200.3; P = 0.04] and a lateral meniscal tear with a 120 mm2 greater area within the 
lateral compartment (95% Cl 45.5, 195.2; P= 0.002). 

Conclusion: This study demonstrates that rneniscal tears are common in asymptomatic post-menopausal women and that they become more 
common with age. Meniscal tears were also associated with greater tibial plateau bone area but not cartilage volume, providing support to the 
hypothesis that tibial plateau bone changes occur before significant pathological changes in cartilage. Whether increased tibial plateau bone 
area predisposes to an increased risk of degenerative meniscal tears or whether it is a consequence of altered biomec:hanical forces in relation 
to meniscal tear will need to be determined. 
© 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved. 

Key words: Meniscal tears, Healthy post-menopausal women, Cartilage volume/defect, Bone area. 

Osteoarthritis (OA) is a disease of multifactorial aetiology 
which affects the entire joint. Meniscal tears detected using 
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magnetic resonance imaging (MRI) have been identified as 
a risk factor for the development and progression of QA 1 

•
2

• 

Previous studies examining meniscal tears have mainly 
been performed on osteoarthritic populations or in popula
tions that have undergone meniscectomy 1 -

7
• These studies 

have linked tears in the meniscus to loss of articular carti
lage and progression of symptomatic knee QA 1-

3
•
6

•
8

• How
ever, there has been only one study examining the 
relationship between meniscal tear and knee structures in 
healthy individuals9

• In this cross-sectional study, which 
consisted of a predominantly non-osteoarthritic population, 
meniscal tear prevalence was found to be associated with 
higher cartilage defect scores, less tibial cartilage volume 
and increased tibial bone area9

• However, in this study, 
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meniscal tears were mainly present in those with knee pain 
and/or radiographic OA. Thus, the prevalence and signifi
cance of meniscal tears in healthy, asymptomatic adults 
remain to be studied. In the present study, we therefore 
investigated the prevalence of meniscal tears in a healthy 
pain free population of post-menopausal women and 
whether menlscal tears in this population are associated 
with changes in cartilage volume and defects and tibial pla
teau bone area over 2 years. We report that meniscal tears 
are common in asymptomatic post-menopausal women, 
increase with age and are associated with greater tibial 
plateau bone area. 

SUBJECTS 

The population for this study has been previously described10
• In brief, 

post-menopausal women aged over 50 years were recruited through private 
consulting clinics and advertising in the media. Exclusion criteria were in
flammatory arthritis, previous knee joint replacement, malignancy, fracture 
in the last 1 O years, and any contraindication to MRI. 

DATA COLLECTION 

At baseline, participants completed a questionnaire to obtain demo
graphic infonnation. Weight was measured to the nearest 0.1 kg (shoes, 
socks and bulky clothing removed) using a single pair of electronic scales. 
Height was measured to the nearest 0.1 cm (shoes and socks removed) 
using a stadiometer. Body mass index (BMI) (weight/height2, kg/m2) was 
calculated. Pain, stiffness, and function of the knee were assessed using 
WOMAC (Western Ontario and McMaster University OA Index) 11

. 

MRI AND THE MEASUREMENT OF CARTILAGE VOLUME 
AND CARTILAGE DEFECTS 

MRI was performed on the dominant knee as previously described12 at 
baseline and 2 years later. The following sequence and parameters were 
used: a Tl-weighted fat suppressed three-dimensional (30) gradient recall 
acquisition in the sleady state; flip angle 55°; repetition time 58 ms; echo time 
12 ms; field of view 16 cm; 60 partitions; 512 (frequency direction, superior-
1nferior) x 512 (phase encoding direction, anterior-posterior) matrix; one 
acquisition, time 11 min 56 s. Sagittal images were obtained at a partition 
thickness of 1.5 mm and an in-plane resolution of 0.31 mm x 0.31 mm 
(512 X 512 pixels). 

Medial and lateral tibial plateau cartilage volumes were determined by 
image processing on an independent .workstation using the Osiris software 
(Geneva, Switzer1and) as reported previously12

·
13 at baseline and 2 years 

later. The cartilage volumes of the tibial plateaus were perfonned by man
ually drawing disarticulation contours around the cartilage boundaries. The 
coefficient of variations (CVs) for the medial and lateral tibial cartilage vol
umes were 3.4% and 2.0%, respectively13

• Medial and lateral tibial bone 
areas were determined by Cf88ting an isotropic volume from the input im
ages that were reformatted in the axial plane and directly measured from 
lhese images at baseline and 2 years later. Areas were directly measured 
from these images by manually outlining the bone surface excluding osteo
phytes. CVs for medial and lateral tibial bone areas were 2.3°/o and 2.4%, 
respectively13

. Tibiofemoral cartilage defects were graded on the MR im
ages with a classification system that has been previously described14 at 
baseline and 2 years later. Cartilage defects were graded based on depth 
as follows: grade O, normal cartilage; grade 1, focal blistering and intra-car
tilaginous low-signal intensity area with an intact surface and bottom; grade 
2- irregularities on the surface or bottom and loss of thickness of less than 
50%; grade 3, deep ulceration with loss of thicf<ness of more than 50%; 
grade 4, full-thickness cartilage wear with exposure of subchondral bone. 
Intra-observer reliability (expressed as intra-class correlation coefficient 
IICCJ) was 0.8514• 

"AENISCAL TEAR ASSESSMENT 

Meniscal tears were assessed in the sagittal view and confirmed in co
ronal and axial views as previously described2·5 ·9 at baseline. The presence 
of a tear was based on the presence of a signal, which was line shaped, 
t>nghter than the dark meniscus, and reached the surface of the meniscus 
at both ends. The intra- and inter-reader corr9lation coefficient ranged from 
086 to 0.96 for the meniscal tears5 • 
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STATISTICAL ANALYSES 

Descriptive statistics for the characteriStics of the study subiedS were 
tabulated. Paired S&ff1)1es t tests were used for the comparison of means. 
Chi-squared analysis was used to compara the prevalence of cartilage de
fects between those with and without meniscal tears. The annual change of 
cartilage defect score was assessed for nonnality prior to linear regression 
techniques being used to explore the possible factors affecting annual 
change in tibiofemoral cartilage defect score. The severity of OA was ad
justed for by including baseline cartilage volume and tibial bone plateau 
area within the regression model15

• A P value of less than 0.05 (two-tailed) 
was regarded as statistically significant All analyses were performed using 
the SPSS statistical package (standard version 14.0, SPSS, Chicago, IL, 
USA). 

Results and discussion 

Eighty-one participants entered the study. Meniscal tear 
measurements were performed for 74 participants at base
line and 57 participants completed the follow-up at 2 
years. The characteristics of the baseline population are 
provided in Table I. There were no significant differences 
in age, BMI, baseline cartilage volume and defects, tibial 
plateau area and meniscal tears between those who com
pleted the study and those lost to follow-up (data not 
shown). 

Forty-six percent of post-menopausal women had a 
meniscal tear in either the medial and/or lateral compart
ments, with 36% having a medial and 22% having a lateral 
meniscal tear. Nine women had a tear in both the medial 
and lateral compartments. Those with meniscal tears 
were older, but had similar BMls, had significantly higher 
lateral tibiofemoral defects (P= 0.02), lateral tibiofemoral 
defect scores (P = 0.03) and tibial plateau bone area at 
both medial and lateral compartments (Table I). Interest
ingly, after adjusting for confounders only the relationship 
between the presence of meniscal tear and baseline tibial 
plateau bone area persisted (Table II). Medial meniscal 

Table I 
Characteristics of subjects with and without baseline menisca/ tear 

Age (years) 
Height (m) 
Weight (kg} 
BMI (kg/m) 

Meniscal tear 
present (n = 34) 

58.8 (6.0) 
1.65 (0.07) 

71 (13.6) 
26.1 (5.0) 

Prevalence of meniscal tear* 
Medial 27 (36%) 
Lateral 16 (22%) 

Cartilage volume (µI) 
Medial 1580 (328) 
Lateral 2004 (456) 

No meniscal 
tear (n= 40) 

55.5 (4.3) 
1.63 (0.07) 

69 (12) 
26 (4.5) 

1493 (274) 
2068 (337) 

Tibiofemoral cartilage defects prevalence· 
Medial 27 (36%) 29 (39%) 
Lateral 22 (30%) 15 (20%) 

Tibiofemoral cartilage defect scoret 
Medial 2 (1-6) 
Lateral 2 (1-8) 

Tibial bone area (mm2
) 

Medial 1790 (212) 
Lateral 1146 (122) 

2 (1-4) 
1 (0-3) 

1672 (180) 
1053 (129) 

Pvalue 

0.01 
0.3 
0.51 
0.9 

0.2 
0.47 

0.5t 
0.02t 

0.33 
0.03 

0.01 
0.002 

Mean and SD unless noted. P value for two-tailed t test except 
where noted. 

*Number(%). 
tMedian and range. 
tChi-squared. 
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tear was associated with 103 mm2 greater tibial plateau 
bone area within the medial (P= 0.04) and a lateral menis
cal tear with a 120 mm2 greater area within the lateral 
compartment (P= 0.002). A trend towards a negative 
association in the lateral compartment between meniscal 
tear and cartilage volume was also found (P= 0.07) 
(Table II). The cross-sectional relationship between menis
cal tears and osteophytes was also examined, however, 
no significant association was seen (data not shown). 

There was no signiftcant association between the pres
ence of a meniscal tear and change in tibial cartilage vol
ume, tibial plateau bone area and tibiofemoral defects 
over 2 years (Table II). However, in the medial compartment 
there was a trend towards the presence of medial meniscal 
tear at baseline and an increase in medial tibiofemoral de
fect score over 2 years (P = 0.08). 

This study demonstrates that meniscal tears are com
mon in asymptomatic post-menopausal women and that 
they become more common with age. Meniscal tears 
were also associated with greater tibial plateau bone 
area but not osteophyte severity, and trends between 
prevalence of meniscal tear at baseline and decreased lat
eral cartilage volume as well as with the progression of the 
tibiofemoral cartilage defects over 2 years were also 
found. 

Our finding that meniscal tears are present in asymptom
atic indMduals and become more common with increasing 
age is consistent with a previous study conducted in 
a largely non-osteoarthrttic population9

• However, our prev
alence of 46% is lower than that reported for the previous 

cohort, where 72% of individuals had tear at any site. On 
the other hand, when medial and lateral compartments 
are looked at separately, data are similar in that, in our 
study, a prevalence of 36% is found in the medial and 
22% in the lateral compartment compared to 19-40% 
and 21-44% having meniscal tears in the medial and lat
eral compartments, respectively9

• The higher prevalence at 
any site could be explained by the fact that in the previous 
study9 about half of the individuals were the adult offspring 
of individuals who had undergone a knee replacement for 
primary knee OA. Furthermore 61 % of those with meniscal 
tears had knee pain and 23% radiographic QA 9• Moreover, 
in the present study, meniscal tears were found to be as
sociated with greater tibial plateau bone area and a trend 
towards an increase in cartilage defects over the 2 years 
was observed, which is consistent, with the study by Ding 
et al. 9 • In contrast, our study also showed a negative asso
ciation with lateral cartilage volume. It may be that a menis
cal tear leads to altered walking gait and possibly reduced 
loading on cartilage which is required for cartilage health. 
Alternatively, it may be that reduced cartilage volume leads 
to greater forces on the meniscus during walking leading to 
a tear. However, longitudinal studies examining incident 
tears and changes in cartilage volume would be required 
to assess which change happens first. 

This study thus provides support to the hypothesis that 
tibial plateau bone changes occur before significant patho
logical changes in cartilage. The question that remains is 
whether increased tibial plateau bone area predisposes to 
an increased risk of degenerative meniscal tears or whether 

Table II 
Associations between menisca/ tear at baseline and change over 2 years 

Univariate analysis Pvalue Multivariate analysis Pvalue 

At baseline 
Cartilage volume (µI) 

Medial 100.5 (-43.6, 244.6) 0.17 62 (-75.5, 199y 0.4 
Lateral -151 (-362, 61.2) 0.16 -204 (-422, 147)* 0.07 

Tibiofemoral defects (yes/no) 
Medial 2.44 (0.7, 8.4) 0.16 2.9 (0.8, 10.6)t 0.11 
Lateral 2. 71 (0.83, 8.8) 0.097 2.4 (0.7, 8.3)t 0.2 

Tibial bone area (mm2)i 
Medial 106 (11.2, 201.3) 0.03 103 (6.2, 200.3)t 0.04 
Lateral 115.8 (45, 186) 0.002 120 (45.5, 195.2)t 0.002 

Annual change over 2 years 
Cartilage volume (µI) 

Medial 4.65 (-27, 36.3) o.n -6.1 (-35.8, 23.6)~ 0.7 
Lateral -20.9 (-75.5, 33.5) 0.4 -17.1 (-71.9, 37.7)~ 0.5 

Tibiofemoral defect score 
Medial 0.04 (-0.2, 0.25) 0.7 0.15 (-0.02, 0.32)11 0.08 
Lateral -0.2 (-0.6, 0.2) 0.4 ---0.02 (-0.2, 0.2)11 0.9 

Tibial bone area (mm2
) 

Medial -16.9 (-35.7, 1.7) 0.07 -10.6 (-29.1, 7.8), 0.25 
Lateral 8.6 (-16, 33.2) 0.5 18.7 (-7.7, 45.2)1 0.2 

*Difference in cartilage volume (µI) if meniscal tear is present compared to where one is absent after adjusting for age, BMI, and bone area. 
tOdcts ratio for tibiofemoral defects being present where a meniscal tear is present after adjusting for age, BMI and baseline cartilage 

volume. 
tDifference in tibial bone area (mm2

) if meniscal tear is present compared to where one is absent after adjusting for age and BMI. 
§Annual change in tibial cartilage volume (µI) if a meniscal tear is present compared to where one is absent after adjusting for age, BMI and 

baseline cartilage volume. 
IIAnnual change in tibiofemoral defect score if a meniscal tear is present compared to where one is absent at baseline after adjusting tor 

age, BMI, baseline cartilage volume and baseline cartilage defect score. 
1Annual change in tibial bone area (mm2

) if meniscal tear is present compared to where one is absent at baseline after adjusting for age, 
BMI and baseline tibial bone area. 
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it is a consequence of altered biomechanical forces in rela
tion to meniscal tear. 
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Abstrad 

Introduction Meniscal injury is a risk factor for the development 
and progression of knee osteoarthritis, yet little is known about 
risk factors for meniscal pathology. Joint loading mediated via 
gait parameters may be associated with meniscal tears, and 
determining whether such an association exists was the aim of 
this study. 

Methods Three-dimensional Vicon gait analyses were 
performed on the dominant knee of 20 non-osteoarthritic 
women, and the peak external knee adduction moment during 
early and late stance was determined. The degree of foot 
rotation was also examined when the knee adductor moment 
peaked during early and late stance. Magnetic resonance 
imaging was used to determine the presence and severity of 
meniscal lesions in the dominant knee. 

Results The presence (P = 0.04) and severity (P == 0.01) of 
medial meniscal tears were positively associated with the peak 
external knee adduction moment during early stance while a 

Introduction 
Meniscal injury is recognised as a significant risk factor for the 
development and progression of knee osteoarthritis (OA) (1,2) 

trend for late stance was observed (P = 0.07). They were also 
associated with increasing degrees of internal foot rotation 
during late stance, independent of the magnitude of the peak 
external knee adduction moment occurring at that time (P = 
0.03). During level walking among healthy women, the presence 
and severity of medial meniscal tears were positively associated 
with the peak external knee adduction moment. Moreover, the 
magnitude of internal foot rotation was associated with the 
presence and severity of medial meniscal lesions, independent 
of the peak knee adductor moment during late stance. 

Conclusion These data may suggest that gait parameters may 
be associated with meniscal damage, although longitudinal 
studies will be required to clarify whether gait abnormalities 
predate meniscal lesions, or vice versa, and therefore whether 
modification of gait patterns may be helpful. 

and may be present with or without a history of significant 
trauma when assessed via magnetic resonance imaging (MRI) 
[2-6}. In subjects without clinical knee OA, meniscal tears have 
been associated with structural changes associated with OA, 
including the presence of more severe cartilage defects, 

ASIS = anterior superior iliac spine; BMI = body mass index; a= confidence interval; KAO= knee alignment device; Kl= Kellgren-Lawrence; MRI 
== magnetic resonance imaging; OA = osteoarthritis. 
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diminished tibial cartilage volume, and increased tibial bone 
area [7]. Therefore, determining which modifiable variables are 
associated with meniscal lesions, even among people with no 
clinical knee OA, may help to better understand the pathogen
esis of knee OA and develop preventative strategies. 

Recently, there has been increasing interest in the peak exter
nal knee adduction moment in epidemiological studies exam
ining knee joint morphology and the genesis of knee OA and 
pain (8-11 ]. The peak external knee adduction moment, which 
is generated by the combination of the ground reaction force 
passing medial to the centre of the knee joint during gait and 
the perpendicular distance of this force from the centre of the 
knee joint, is a major determinant of 70% of the total knee joint 
load passing through the medial tibiofemoral compartment 
during walking [10). Recently, we demonstrated that the 
degree of external foot rotation was associated with a reduc
tion in the magnitude of the external peak knee adduction 
moment during healthy human walking [12). This result was 
similar to the previous finding that a toe-out posture of the 
lower limb also reduced the magnitude of the peak knee 
adductor moment during late stance [13, 14). Given that the 
peak external knee adduction moment is a major determinant 
of the axial load passing through the medial tibiofemoral com
partment and that the degree of foot rotation may help to medi
ate changes in this load, it is possible that these variables may 
also be associated with the presence of compartment-specific 
meniscal lesions. The aim of this cross-sectional study was to 
determine whether the peak external knee adduction moment 
and the degree of foot rotation occurring during level walking 
are associated with the presence and severity of meniscal 
lesions among women with no clinical knee OA. 

Materials and methods 
Subjects 
Twenty women involved in an existing study of healthy aging 
[8) were recruited through a women's health clinic and adver
tising in the local media The study was approved by the ethics 
committees of Alfred Hospital (Prahran, Victoria, Australia), 
Caulfield Hospital (Caulfield, Victoria, Australia), and La Trobe 
University (Melbourne, Victoria, Australia). All participants 
gave informed consent. 

Exclusion criteria were a history of knee OA, radiological OA 
or any history of symptoms requiring medical treatment, any 
knee pain for more than 1 day in the month prior to testing, pre
vious or planned knee joint replacement, inflammatory arthritis, 
malignancy, fracture in the last 10 years, contraindication to 
MRI (for example, pacemaker, cerebral aneurysm clip, coch
lear implant, presence of shrapnel in strategic locations, metal 
in the eye, and claustrophobia), inability to walk 50 feet without 
the use of assistive devices, hemiparesis, and any other mus
culoskeletal, cardiovascular, or neurological condition that 
would impair normal gait as previously described [8]. 
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Data collection 
Weight was measured to the nearest 0.1 kg (shoes, socks, 
and bulky clothing removed) using a single pair of electronic 
scales. Height was measured to the nearest 0.1 cm (shoes 
and socks removed) using a stadiometer. Body mass index 
(BMI) (weight in kilograms divided by height squared in metres 
squared) was calculated. A history of knee trauma and knee 
surgery was obtained. 

Magnetic resonance Imaging 
MRI was performed on the dominant knee (that is, the leg from 
which a subject stepped off from when initiating walking) as 
previously described [15]. The following sequence and param
eters were used: a T1-weighted fat-suppressed three-dimen
sional gradient recall acquisition in the steady state; flip angle 
55°; repetition time 58 ms; echo time 12 ms; field of view 16 
cm; 60 partitions; 512 (frequency direction, superior-inferior) 
x 512 (phase-encoding direction, anterior-posterior) matrix; 
one acquisition, time 11 minutes 56 seconds. Sagittal images 
were obtained at a partition thickness of 1.5 mm and an in
plane resolution of 0.31 x 0.31 mm (512 x 512 pixels). 

Meniscal tears were assessed in the sagittal view and con
firmed in coronal and axial views by experienced radiologists 
(Andre Pelletier and Josee Theriault) as previously described 
(3,7, 16]. The presence of a tear was based on the presence 
of a signal, which was line-shaped, brighter than the dark 
meniscus, and reached the surface of the meniscus at both 
ends within six defined regions (anterior horn, body and pos
terior horn at both medial and lateral tibiofemoral compart
ments). A semi-quantitative lesion assessment of meniscal 
tears was also performed. Our scoring system for meniscal 
damage referred to the accepted MRI nomenclature for menis
cal anatomy, which is in accordance with arthroscopic litera
ture [ 1 7). The proportion of the menisci affected by tears was 
scored separately using the following semi-quantitative scale 
[3]: 0 = no damage; 1 = one out of three meniscal areas 
involved (anterior, middle, posterior horns); 2 = two out of 
three areas involved; 3 = all three areas involved. The intra
and inter-reader correlation coefficients ranged from 0.86 to 
0.96 for the meniscal tears (16]. 

Galt analysis 
Gait analyses were conducted in the gait laboratory in the 
Musculoskeletal Research Centre, La Trobe University. A six
camera Vicon motion analysis system (Oxford Metrics Ltd., 
Oxford, UK) was used to capture three-dimensional kinematic 
data during four walking trials on the dominant leg at the sub
jects' self-selected speed to capture normal gait patterns. 
Ground reaction forces were measured by a Kistler 9281 
force-platform (Kistler Instruments, Winterthur, Switzerland). 
Inverse dynamic analyses were performed using 'PluglnGait' 
(Oxford Metrics ltd.), which is based on a previously pro
posed model [18], to obtain joint moments calculated about 
an orthogonal axis system located in the distal segment of a 



joint as previously described (8, 12). lnter--ASIS (anterior supe
rior iliac spine) distance was measured using a calliper, allow
ing the medial-lateral and proximal-distal coordinates of the hip 
joint centre to be determined by the method previously 
described [18]. The ASIS to greater-trochanter measurement 
provided the anterior-posterior coordinate of the hip joint. A 
knee alignment device (KAO) was used to calculate knee joint 
axes. The coronal plane of the thigh was defined as the plane 
containing the hip joint centre, knee marker, and lateral KAO 
marker. The coronal plane of the shank contained the knee 
joint centre and lateral malleolus marker. The angle fanned by 
the knee and ankle joint axes measured tibial torsion. 

Foot rotation was measured about an axis perpendicular to the 
foot vector and the ankle flexion axis. It is defined as the angle 
between the foot vector and the sagittal axis of the shank, pro
jected into the foot transverse plane. This differs from the toe
out angle, which is measured from the long axis of the foot, rel
ative to the line of progression of the body. The foot is defined 
by the single vector joining the ankle joint centre to the second 
toe. The relative alignment of this vector and the long axis of 
the foot is calculated from a static trial using an additional cal
ibration marker from the heel. The foot vector is established by 
making two rotations about the orthogonal axis. This measure 
is equal to the angle between the line joining the heel marker 
and the toe marker, projected in the plane perpendicular to the 
ankle flexion axis (sagittal). The second rotation is about a foot 
rotation axis that is perpendicular to the foot vector and the 
ankle flexion axis. This measure is equal to the angle projected 
in the plane perpendicular to the foot rotation axis (transverse}. 
The angle is measured between the line joining the heel and 
toe markers and the line joining the ankle centre and toe 
marker as previously described [12, 19] and according to the 
protocol stipulated by the Vicon technology in the gait labora
tory [20). Positive values correspond with internal rotation 
(Vicon Clinical Manager's User Manual [201). Subjects were 
instructed to walk barefoot at their normal pace over level 
ground, to capture their natural gait patterns. 

Statistical analysis 
Gait data were initially examined for normality and linearity. The 
peak external knee adduction moment and degree of foot rota
tion occurring when the adductor moment peaked during early 
and late stance were averaged over four walking trials. Peak 
external knee adduction moments were normalised to percent
age body weight multiplied by height. Linear regression analy
ses were used to determine the relationship between meniscal 
tear presence (yes/no) and severity (grade) (independent var
iables) and peak external knee adduction moments and foot 
rotation during early and late stance (outcome variables). Age 
and gender are associated with meniscal tears and also with 
gait. Our study used restriction to reduce any confounding 
associated w,th gender and included age within our multivari
ate regression analysis. Moreover, since six participants 
reported a past knee injury, a history of knee injury (yes/no) 
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was also included in the regression analyses. Furthermore, to 
see whether rotation effects on the menisci were independent 
of the adductor moment, this was included within the model. 
Results in which there were P values of less than 0.05 (two
tailed) were considered to be statistically significant. All analy
ses were performed using SPSS (version 11.0.1 ; SPSS Inc., 
Cary, NC, USA}. 

Results 
Meniscal tears were present in the dominant knees of 9 (45%) 
of the 20 participating women. Six (30%) of these were 
located medially and 4 (20%) were located laterally. One 
woman had a meniscal tear in both medial and lateral compart
ments. Seven of the 20 women had self-reported a knee injury 
at some time in their life. No injury occurred in the knee that 
was imaged. All injuries were reported as mild and did not 
require any treatment. None of these injuries occurred in the 
knee imaged. There were no significant differences in the prev
alence of meniscal tears (medial P = 1.0 and lateral P = 0. 7), 
peak external knee adduction moments (early and late stance 
P = 0.8), degree of foot rotation when the adductor moment 
peaked during early (P = 0.4) and late (P = 0. 7) stance, and 
age (P= 0.14) in women who reported a prior injury and those 
who did not; however, those with a past injury had slightly 
lower BMls (P= 0.04). Nineteen of the 20 women had a Kell~ 
gren-lawrence (KL) score of O whereas one woman had a KL 
score of 1 . The external knee adduction moment peaked at 

Table 1 

Demographic and blomechanlcal mean data 

Age, years 

Body mass index, kglm2 

Kellgren-lawrence grades, number (percentage) 

Grade 0 

Grade 1 

Prevalence of meniscal tears, number (percentage) 

Prevalence of medial meniscal tears, number 
(percentage) 

Prevalence of lateral meniscal tears, number 
(percentage) 

Knee adduction moment• 

Early stance 

Late stance 

Foot rotation, degreesb 

Early stance 

late stance 

n=20 

60.7 (5.5) 

25.3 (4.2) 

19 (95%) 

1 (5%) 

9(45%) 

6 (30%) 

4(20%) 

4.0 (0.9) 

2.2 (0.7) 

-7.65 (6.0) 

0.44 (6.6) 

Values are presented as mean (standard deviation) unless otherwise 
stated. •Adduction moments are normalised to percentage body 
weight muhiplied by height. bPosifive values for foot rotation indicate 
internal rotation and negative values indicate external rotation. 
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12% (early stance) and 48% (late stance) of the gait cycle. 
Mean gait, meniscal, and subject data are presented in Table 
1. 

The peak external knee adduction moment during early stance 
was positively associated with the presence (P = 0.04, /1. = 
0.3) and severity (P:a 0.01, fl= 0.4) of medial meniscal tears 
(Table 2). A trend toward significance was also apparent 
between the presence of medial meniscal tears and the peak 
external knee adduction moment during late stance (P= 0.09) 
(Table 2). No association between the presence and grade of 
lateral meniscal tears during either early or late stance and the 
peak external knee adduction moment was observed. As 7 of 
the 20 women had a self-reported knee injury in the past, a his
tory of knee injury was included in the model but did not 
change the association between meniscal tears and the exter
nal knee adduction moment (data not shown). 

No association between meniscal tears and the degree of foot 
rotation when the external knee adduction moment peaked 
during early stance was observed (Table 3). However, the 
degree of foot rotation when the external knee adduction 
moment peaked during late stance was positively associated 
with both the presence (P = 0.03, fl= 0.3) and severity (P-= 
0.03, /1. = 0.3) of medial meniscal tears. The presence of a 
medial compartment meniscal tear was associated with a 6.2° 
(95% confidence interval [CO 0.5 to 11.8; P= 0.03) increase 
in internal foot rotation, and each grade increase in meniscal 
tear severity was associated with a 3.5° (95% Cl 0.35 to 6.6; 

Table 2 

P= 0.03) increase in internal foot rotation (Table 3). When the 
corresponding peak external knee adduction moment was 
included in the model, a trend between greater internal foot 
rotation during late stance and the presence (5.4°, 95% a -1 
to 11.8; P = 0.09) and severity {3.0°, 95% Cl -0.42 to 6.5; P 
== 0.08) of medial meniscal tears persisted. Moreover, the 
inclusion of setf-report of past history of knee injury in the 
model did not significantly affect the association between 
meniscal tears and foot rotation {data not shown). 

DlsaJSSlon 
In this cross-sectional study examining women with no clinical 
knee OA, we have demonstrated that medial meniscal tears 
are associated with changes in biomechanical factors acting 
on the medial tibiofemoral compartment during level walking. 
In particular, the presence and severity of medial meniscal 
tears were associated with an increased peak external knee 
adduction moment during early stance and trended toward an 
association during late stance. Moreover, the presence of 
medial meniscal lesions was positively associated with the 
degree of internal foot rotation when the external knee adduc
tion moment peaked during late stance, independent of the 
magnitude of the adductor moment. 

To our knowledge this is the first study to describe a relation
ship between gait parameters and meniscal tears. We have 
demonstrated that the presence and severity of medial menis
cal tears were positively associated with the peak external 
knee adduction moment during early stance and trended 

Association between external peak knee adduction moment during early and late stance and the presence and severity of menlscal 
tears 

Early stance 

Any medial meniscal tear y/nb 

Medial meniscal tear scorec 

Any lateral meniscal tear y/nb 

Lateral meniscal tear scorec 

late stance 

Any medial meniscal tear ylrP 

Medial meniscal tear scorec 

Any lateral meniscal tear y/nb 

Lateral meniscal tear scorec 

Univariate regression coefficient (95% Cl) 

0.8 (·0.1, 1.8) 

0.6 (0.1, 1.1) 

0.3 (·1.5, 0.8) 

-0.1 (·1.0, 0.7) 

0.6 (-0.1, 1.3) 

0.3 (·0.1, 0. 7) 

0.2(·1.1,0.6} 

-0.07 (-0.7, 0.6) 

Pvalue 

0.07 

0.02 

0.5 

0.8 

0.09 

0.13 

0.6 

0.8 

Multivariate regression coefficient (95% Cl)8 

1.0 (0.05. 1.9) 

0.6 (0.2, 1.1) 

·0.3 (·1.6, 0.9) 

·0.1 (-1.0, 0.7) 

0.6 (-0.1, 1.4) 

0.3 (·0.1, 0.7) 

-0.2 (-1.1, 0.7) 

-0.07 (-0.7, 0.6) 

PValue 

0.04 

0.01 

0.6 

0.7 

0.09 

0.14 

0.62 

0.8 

•Adjusted for age. bfncrease in peak adduction moment if a meniscal tear is present (tear= 1, no tear= 0). ctncrease in peak adduction moment 
for each increase in grade of meniscal tear score. Adduction moments are normalised to percentage body weight multiplied by height. Cl, 
confidence interval. 
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Table3 

AssOdatlon between foot rotation during early and late stance and the presence and severity of menlscal tears 

Univariate regression coefficient (95% Cl) P value Multivariate regression coefficient (95% Cl)• P Value 

Earty stance 

Any medial meniscal tear y/nb 1.7 (-5.1, 8.5) 

Medial meniscal tear scorec 1.1 (-2.7, 4.9) 

Any lateral meniscal tear y/nb 1.9 (-5.8, 9.6) 

Lateral meniscal tear scorec 1.1 (-4.6, 6.9) 

Late stance 

Any medial meniscal tear y/nb 6.3 (1.1, 11.6) 

Medial meniscal tear scorec 3.6 (0.6, 6.6) 

Any lateral meniscal tear y/nb 2.3 (-4.6, 9.3) 

Lateral meniscal tear scorec 1.0 (-4.2, 6.3) 

0.6 

0.5 

0.6 

0.7 

0.6 

0.02 

0.02 

0.5 

0.7 

0.16 (-5.6, 8.9) 

1.1 (-3.0, 5.1) 

1.9 (-6.2, 9.9) 

1.1 (-4.8, 7.1) 

6.2 (0.5, 11.8) 

3.5 (0.35, 6.6) 

2.2 (-4.9, 9.3) 

1.1 (-4.2, 6.5) 

0.6 

0.6 

0.6 

0.7 

0.03 

0.03 

0.52 

0.6 

aAdjusted for age. blncrease in early stance peak adduction moment if a meniscal tear is present (tear= 1, no tear= 0). clncrease in peak 
adduction moment for each increase in grade of meniscal tear score. Positive foot rotation values indicate internal rotation and negative values 
represent external rotation. Cl, confidence interval. 

toward a similar association during late stance. The peak exter
nal knee adduction moment is a major determinant of 70% of 
the total knee joint load passing through the medial tibiofemo
ral compartment during walking [1 OJ, and it is not surprising to 
have observed these compartment-specific results. Other 
studies have also demonstrated compartment-specific associ
ations between the peak external adduction moment and other 
knee joint structures such as the medial tibial plateau area in 
non-osteoarthritic women [81 as well as medial joint space nar
rowing in OA populations [11,21) and increased medial com
partment cartilage breakdown in rabbits (22). 

The presence of medial meniscal tears was also positively 
associated with the degree of internal foot rotation when the 
external knee adduction moment peaked during late stance, 
independent of the magnitude of the adductor moment. We 
have previously shown that the degree of foot rotation corre
lates with the knee adduction moment, whereby the magnitude 
of the peak knee adduction moment during late stance can be 
reduced by external rotation of the foot [12). Others have also 
shown that the magnitude of the toe-out angle (a postural 
description rather than an isolated joint movement) is inversely 
associated with the peak external knee adduction moment dur
ing late stance [13,14,23). Therefore, the degree of internal 
foot rotation during late stance observed in our study may have 
contributed toward increased medial tibiofemoral joint load by 
mediating an increase in the peak external knee adduction 
moment. However, our results demonstrated an association 
between internal foot rotation and the presence and severity of 

medial meniscal tears, independent of the peak external knee 
adduction moment. This suggests that, as well as compressive 
loads imparted by the knee adduction moment, non-compres
sive forces such as rotations appear to be an independent 
determinant of the presence and severity of medial meniscal 
tears. 

This study has demonstrated that gait parameters that isolate 
medial tibiofemoral joint loads are associated with medial 
meniscal pathology. It may be that meniscal lesions predict 
aberrations in gait or alternatively that the gait parameters con
tributed to the development of these lesions. If the latter were 
true, our results would imply that by reducing internal foot rota· 
tion during late stance, either independent of the knee adduc
tor moment or alternatively by mediating a reduction in the 
peak external knee adduction moment, meniscal tear preva
lence and severity could be reduced. Since meniscal tears are 
associated with structural changes of OA (including cartilage 
defect scores, reduced tibial cartilage volume, and increased 
tibial bone area [2-7,24)), it is possible that modifying the gait 
parameters examined in this study (for example, via gait retrain
ing or orthoses) may also help to reduce the incidence and 
burden of knee OA. 

The sample size in this study was modest and the range of the 
95% Cls was wide, thereby providing the range of uncertainty 
in our results, however we did have sufficient power to detect 
a relationship between biomechanical parameters and the 
presence and severity of meniscal tears. The potential effect of 

Page 5 of 7 
(par,e number not for citation purposes) 



Arthritis Research a Therapy V~ 1 o No 3 Davies-Tuck et al. 

outliers was also examined and shown not to influence the 
results, and in many cases the 95% Cls also indicate that the 
true differences could be quite large (if the upper end of the Cl 
is examined). Furthermore, by selecting only healthy middle
aged women, we were able to reduce the effect of potential 
confounders such as age and gender. The results of this study, 
however, are limited to non-osteoarthritic women and there
fore are not generalizable to men or osteoarthritic populations. 
Another potential limitation of this study relates to the biome
chanical model we adopted. The axis system that measured 
the magnitude of knee adduction moment and the degree of 
foot rotation was calculated from the orientation of the shank. 
Therefore, the knee adduction moment and foot rotation may 
not have represented independent variables. However, we 
previously used this model and showed that the relationship 
between the peak external knee adduction moment and 
degree of foot rotation is not consistent across stance [12]. 
We examined a number of associations within this study, but 
we did not correct for multiple comparisons as this would have 
severely reduced our power to detect any effects. While it is 
possible that the significant findings we observed are a result 
of chance, this is unlikely as the association between rneniscal 
tears and gait remained consistent regardless of which defini
tion of tear we used. In addition, the significant results 
observed were biologically plausible. Due to our sample size, 
the relationship between gait, meniscal tears, and any other 
potential structural changes in the knee was not explored in 
this study. larger longitudinal studies examining this would be 
required as these relationships may not be simply a matter of 
confounding but rather structural changes on the causal path
way of biomechanic gait abnormalities and knee disease. In 
addition, it possible that the associations observed are a result 
of knee injury rather than altered gait; however, while almost 
one third of our population reported an injury in their knee at 
some point during their life, all injuries were reported as mild 
and did not require any treatment. Anyone with severe injuries 
or symptoms was excluded. In addition, in women who 
reported any injury to their knee during their life, their contral
ateral knee was imaged. To confidently determine that a self
report of knee injury was not confounding our results, a history 
of knee injury was included within the models and did not alter 
the results, thus implying that the association between adduc
tion moment, foot rotation, and meniscal tear are independent 
of knee injury. Finally, because of the cross-sectional nature of 
this study, we are unable to determine cause and effect and 
therefore cannot conclude whether gait variables caused 
meniscal lesions or vice versa. Longitudinal studies will be 
required to determine this. 

Conduslon 
This study demonstrated a significant positive relationship 
between the presence and severity of medial rneniscal lesions 
and the magnitude of the peak external knee adduction 
moment as well as the degree of internal foot rotation during 
level walking among middle-aged women with no clinical knee 
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OA. Taken together, these results indicate that the presence 
of medial meniscal tears is associated with changes in biome
chanical factors acting on the medial tibiofemoral compart
ment. 
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Chapter 5: Local Biomechanical Factors May Explain Different 

Compartmental Effects 

There is a genera_l consensus that one of the leading risk factors for OA is joint 

biomechanics, including joint geometry which act within the context of a person's 

systemic susceptibility to OA [76]. Although the disease can occur at any site within 

the knee joint, the medial compartment is the most common site of tibiofemoral 

involvement while the lateral compartment is the most common site for patello

femoral involvement [34-38]. Is has been suggested that local biomechanical factors 

leading to differing compartmental loading may explain these differing effects. Within 

the tibiofemoral compartment the majority of forces are directed medially [268] and 

changes in the alignment of the knee dramatically effect joint loading and are 

associated with both the development and progression of disease [73, 76]. Joint 

mechanics however are not fixed and it is unclear whether changes in knee alignment 

are associated with change in knee cartilage volume within the context of disease. 

Similarly within the patellofemoral joint, from which the majority of pain emanating 

from the knee originates, the role of joint biomechanics has received limited attention. 

The femoral sulcus angle, which forms an articular surface for the patella between the 

medial and lateral femoral condyles, has been recognised as an important factor in 

patellofemoral stability [331, 332] and therefore load distribution within the 

patellofemoral compartment, yet no study has examined the femoral sulcus angle in 

the context of patellofemoral OA. 

The two papers presented within this chapter therefore aim to address these gaps 

within the. literature. The first study explores whether change in static knee angle over 

two years was associated with a change in tibial knee cartilage in cartilage people with 

knee OA. We found that a change toward genu valgum reduced the annual rate of 

medial tibial cartilage volume loss, while change toward genu varum increased the 

annual rate of medial tibial cartilage volume loss in knee OA. These findings may 

have important implications for preventing or delaying the progression of medial 

tibiofemoral OA, and support the rationale behind surgical procedures, such as high 

tibial osteotomy, used to treat medial compartment knee OA. 
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The second study investigates the patello-femoral joint and examines whether the 

femoral sulcus angle is a determinant of compartmental patella cartilage volume. The 

results of this study showed that the femoral sulcus angle is a cross-sectional 

determinant of the amount of patella cartilage, but is not a major determinant of the 

annual change of patella cartilage volume among people with knee OA. These data 

suggest that a shallower sulcus in the context of established OA may be an 

advantageous anatomical variant. Further longitudinal studies are required to 

determine the role of the femoral sulcus angle in OA. 
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Summary 

Objectives: Identifying factors that influence the rate of cartilage loss at the knee may help to prevent or delay the progression of knee oste
oarthritis (OA). Changes in knee alignment alter knee joint load and may affect the rate of cartilage loss. The aim of this study was to determine 
whether change in knee alignment between baseline and 2 years is associated with a change in knee cartilage volume in knee OA in the 
subsequent 2.5 years. 

Methods. Seventy-eight adults with symptomatic knee OA were recruited using a combined strategy. Radiographs were performed at time 
O and 2 years to determine change in knee alignment, measured on a continuous scale. Magnetic Resonance Imaging was perfonned at 
2 and 4.5 years to determine annual percentage change in medial and lateral tibial cartilage volumes. 

Results. In multivariate analyses, for every 1° change toward genu valgum, there is an associated 0.44% reduction in the rate of annual medial 
tibial cartilage volume loss (95% Cl: -0.85%, -0.04%, P= 0.03). Similarly, because our measures of change in alignment and cartilage vol
ume were continuous, these results also implied that for every 1 ° change toward genu varum, there was an associated 0.44% increase in the 
rate of annual medial tibial cartilage volume loss. Change in knee angle did not significantly affect the rate of loss of the lateral tibial cartilage 
volume (P = 0.95). 

Conclusiorr. Our results have demonstrated that progressive change toward genu valgum reduced the annual rate of medial tibial cartilage 
volume loss in people with knee QA, without expediting the rate of lateral tibial cartilage volume loss. These findings suggest that methods 
to reduce varus alignment may delay the progression of medial tibiofemoral OA and warrant further investigation. 
© 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. AH rights reserved. 

Key words. Cartilage, Osteoarthritis, Knee, Alignment, Prevention. 

Introduction 

Knee osteoarthritis (QA) is a major cause of chronic pain 
and disability in people aged over 60 years that has pro
found socioeconomic ramification for both the individual 
and the healthcare system 1 • Although the disease can oc
cur at any site within the knee joint, the medial compartment 
is the most common site of tibiofemoral involvement. In es
tablished disease, a reduction in cartilage volume signifies 
disease progression. Despite this, there is a paucity of lon
gitudinal studies examining factors that contribute toward 
change in cartilage volume. Identifying factors that slow 
the rate of cartilage loss may help to alleviate the burden 
of knee QA, and may establish interventions to delay or pre
vent the need for knee joint replacement. 
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Static knee alignment is known to influence load distribu
tion at the knee joint. Anatomically, genu varum predates 
medial tibiofemoral compartment load, while genu valgum 
predates lateral compartment load2

• It has been demon
strated that whereas genu varum is associated with medial 
compartment joint space narrowing and osteophytes, genu 
valgum is associated with similar changes in the lateral 
compartment'. Recent debate has focused on whether fron
tal plane alignment is able to predict the development and 
progression of radiographic knee QA 4·

5
• While the general 

consensus has been that baseline frontal plane malaliqn
ment can predict radiographic progression of knee QA ·5. 
there have been conflicting reports of whether malalignment 
predates disease onset. Brouwer and colleagues showed 
that an increasing degree of varus alignment is associated 
with both the development and progression of radiographic 
knee OA4

. However, Hunter et al. found that baseline knee 
alignment was not associated with incident radiographic 
knee OA 6 • Reasons for the discrepancies between these 
two radiographic studies are unclear. 

While the aforementioned studies have examined knee 
alignment and the onset and progression of knee QA radio
graphically, few studies have directly assessed the 
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relationship between joint structures, such as cartilage vol
ume, and knee alignment. To our knowledge, the only study 
to have used Magnetic Resonance Imaging (MRI) to assess 
tibial cartilage volume in the context of knee alignment, 
demonstrated that baseline knee alignment was a determi
nant of longitudinal cartilage loss in a compartment specific 
manner among people with knee OA 7• While this result im
plies that baseline alignment can predict the progression of 
cartilage loss, it is unclear whether change in knee align
ment is associated with change in knee cartilage volume. 

The aim of this longitudinal study was to determine 
whether change in static knee alignment from baseline to 
year 2 was associated with a change in knee cartilage in 
cartilage volume over the subsequent 2.5 years in people 
with knee OA. 

Methods 

SUBJECTS 

SubjectS with symptomatic mild-moderate knee OA were recruited by ad
vertising in local papers, through local general practitioners, rheumatologists 
and orthopedic surgeons, as well as through the local Arthritis Foundation. 
All participants in the previous study who had undergone baseline MRI, 
who were alive, had not received a joint replacement in the study joint and 
had no contra-indication to MRI (pacemaker, metal implant. claustrophobia, 
etc.) were eligible and invited to lake part in this study. Thus 105 subjects 
were eligible, since 18 subjects had undergone knee replacement surgery. 
This study was conducted as part of a larger prospective study whereby ra
d10graphic examination was conducted at baseline and 2 years later at the 
first follow-up. MRI examination was perfonned at the first and second fol
low-ups, which were approximately 2.5 years apart. The study was approved 
by the ethics committee of the Alfred and Caulfield Hospitals in Melbourne, 
Australia. All subjects gave written informed consent. 

Inclusion criteria mandated age over 40 and knee OA according to Amer
ican College of Rheumatology (ACR) criteria8

• Subjects were excluded if any 
other form of arthritis was present, contra-indication to MAI (e.g., pacemaker, 
cerebral aneurysm clip, cochlear implant, presence of shrapnel in strategic 
locations, metal in the eye, and claustrophobia), inability to walk 50 feet with
out the use of assistive devices, hemiparesis of either lower limb, and 
planned total knee replacement. 

RADIOGRAPHS AND DETERMINING STATIC KNEE ALIGNMENT 

Each subject attended for a standing anteroposterior (AP) radiograph of 
their symptomatic knee (or where both knees were symptomatic, the knee 
with least severe radiographic OA) at baseline and 2 years later at the first 
radiological follow-up. Lines were drawn through the middle of the femoral 
shaft and through the middle of the tibial shaft. The angle subtended at 
the point at which these two lines met in the center of the tibial spines was 
based on a modification of the method of Moreland9 validated by Hinman 10

• 

Knee angles were considered as a continuum ranging from O to 360°, with 
lower values representing increasing varus, and higher values increasing 
vatgus alignment. Intra-observer reliability (expressed as Intraclass Correla
tion Coefficient) was 0.987

• 

MAGNETIC RESONANCE IMAGING AND THE MEASUREMENT 
OF CARTILAGE VOLUME 

Each subject attended for an MRI of their symptomatic knee at 2 (second 
radiological follow-up) and 4.5 years. Knee cartilage volume was determined 
by MRI image processing on an independent workstation using the Osiris 
software as previously described11

• Knees were imaged in the sagittal plane 
on a 1.5-T whole body magnetic: resonance unit (Philips) using a commercial 
transmit-receive extremity coil. The following sequence and parameters 
were used: a T1-weighted fat suppressed three-dimensional (30) gradient 
recau acquisition in the steady state; flip angle 55°; repetition time 58 ms; 
echo t,me 12 ms; field of view 16 cm; 60 partitions; 513 x 196 matrix; one ac
quisrt10n time 11 min 56 s. sagittal images were obtain at a partition thickness 
~~ 5 mm and an in-plane resolution of 0.31 x 0.83 mm (512 x 196 pixels). 
' 'N:! 1mage data were transferred to a workstation. 

The volumes of the individual tibial cartilage plates were isolated from the 
total tibial volume by manually drawing disarticulation contours around the 
cartilage boundaries on each section. These data were r&-SamJ)led by bilin
ear and cubic interpolation (area of 312 and 312 µm and 1.5 mm thickness, 
continuous sections) for the final 30 rendering. The volume of the particular 

9 

tibial cartilage plate was determined by summing the pertinent voxels within 
the resultant binary volume. A trained observer read each MRI. Independent 
checks of volume estimates were made in a blinded fashion by a second 
trained observer 1 1

• The coefficients of variation (CVs) for the medial and lat
eral tibial cartilage volumes were 3.4 and 2.0%, respectively. Medial and lat
eral tibial plateau areas were detennined by creating an isotropic volume 
from the input images which were reformatted in the axial plane. Areas 
were directly measured from these images. CVs for the medial and lateral 
tibial plateau areas were 2.3 and 2.4%, respectivety11. 

STATISTICAL ANALYSES 

Change in cartilage volume and knee alignment was initially assessed for 
normality before being regressed against each other using linear regression. 
Known confounders were adjusted for including gender and baseline age 
and knee angle, and body mass index (BMI) and cartilage volume at 2 years 
in multivariate analyses. Change in each variable (e.g., knee alignment) was 
calculated by subtracting follow-up from baseline data. The annual change in 
each parameter was then calculated by dividing this figure by the time be
tween assessments. Annual percentage change in cartilage volume was ob
tained by dividing the annual cartilage volume change by the cartilage 
volume at 2 years and multiplying by 100 to obtain a percentage. All analy
ses were performed using the SPSS statistical package (standard version 
15.0, SPSS, Chicago, IL). A P value of less than 0.05 was considered to 
be statistically significant. 

Results 

Of the 105 eligible subjects, 78 (74%) completed the 
study. Reasons for failure to complete the study included, 
significant co-morbidity9

, moved interstate3 and loss to fol
low-up/refusal to participate 15

. Forty-two (52%) of study par
ticipants were female. At study inception, the mean age of 
the cohort was 63 (±10.5) years, and BMI was 28.2 
(±4.6) kg m-2

• Characteristics of the study population are 
shown in Table I. 

Our results demonstrated that for every 1 ° change away 
from genu varum toward genu valgum, there is an associ
ated 0.44% reduction in the annual rate of medial tibial car
tilage volume loss (95% Cl: -0.85, -0.04, P = 0.03) (see 
Table ll)These results remained significant when change 
in medial tibial cartilage volume was expressed as annual 
volume change. Similar1y, because our measures of change 
in alignment and cartilage volume were continuous, these 
results also implied that for every 1 ° change toward genu 
varum, there was an associated 0.44% increase in the 
rate of annual medial tibial cartilage volume loss. We further 
analyzed the data by grouping people according to change 
in a valgus direction (yes/no). After adjustment for con
founders, we substantiated a tendency for the annual per
centage rate of medial tibial cartilage volume loss to be 
reduced by 2.0% (95% Cl: -4.3%, 0.3%) if the knee angle 
changed in a valgus direction (P = 0.08) (data not shown). 

Change in knee angle did not significantly affect the an
nual rate of lateral tibial cartilage volume loss (P = 0.95). 

Discussion 

We have demonstrated that change in knee alignment 
from genu varum toward genu valgum from baseline to 
year 2 was associated with a reduction in the annual rate 
of medial tibial cartilage volume loss among people with 
knee OA in the subsequent 2.5 years. Change in alignment 
did not affect the rate of change in lateral tibial cartilage 
volume. These findings suggest that methods to reduce 
varus alignment may delay the progression of medial tibio
femoral OA. 

Previously, it was demonstrated that baseline static knee 
alignment was a determinant of the rate of cartilage loss in 
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Table I 
Characteristics of study subjects 

Total (n = 78) 

Gender(% female) 

Age at baseline (years) 

BMI at baseline (kg m-2) 

Kellgren-Lawrence median grade at baseline (range) 

WOMAC soores at baseline 
Pain 
Stiffness 
Function 
Total 

Time between baseline and first follow-up 
(years) 

Time between first follow-up and second 
follow-up (years) 

Radiographic data 
Knee alignment at baseline ( 0 ) 

Knee alignment at follow-up ( 0 ) 

Change in knee alignment (first follow-up -
baseline) ( 0

) 

Frequency of people whose knees changed in 
a valgus direction(%) 
Frequency of people whose knees changed 
in a varus direction{%) 

MRI data 
Tibial cartilage volume at first follow-up (µI) 

Medial 
Lateral 

Tibial cartilage volume at second follow-up (µI) 
Medial 
Lateral 

Annual change (loss) in tibial cartilage volume (µI) 
Medial 
Lateral 

Annual change (loss) in tibial cartilage volume(%) 
Medial 
Lateral 

52 

63 (10.5) 

28 (4.7) 

2 (1-3) 

78.4 (42.6) 
36.7 (21.2) 

287.4 (161.2) 
402.5 (214.4) 

1.9 (0.2) 

2.5 (0.4) 

180.5 (5.7) 
180.9 (5.8) 
0.22 (0.35) 

51.8 

48.2 

1405 (511) 
1649 (622) 

1267 (461) 
1473 (632) 

56 (85) 
68 (77) 

3.7 (5.9) 
4.8 (5.6) 

Values are reported as mean (±SD) at baseline unless otherwise 
stated. 

More positive knee alignment is oriented away from genu varum. 

a compartment specific manner among people with tibiofe
moral OA7

• However, the current study adds to previous 
knowledge by providing the first evidence that change in 
alignment away from genu varum toward genu valgum is 
associated with a reduction in the subsequent rate of medial 
tibial cartilage loss, without increasing the rate of lateral tib
ial cartilage volume loss in people with knee OA. This infers 
that minor changes (e.g., 1°) away from genu varum, which 

ultimately reduces the static load exerted to the medial tibio
femoral compartment, can reduce the rate of cartilage loss 
in that compartment. This rationale underties specific surgi
cal procedures, such as high tibial osteotomy, that is used 
to treat medial compartment knee OA in patients with varus 
alignment 12

, and provides theoretical evidence to support 
such a surgical approach. However, our study suggests 
that this can be extrapolated to minor degrees of 
malalignment. 

The mechanism for a reduction in the rate of medial tibial 
cartilage volume loss with change away from genu varum is 
likely to be due to complex interactions between biome
chanical factors and mechanocellular responses. Cartilage 
deformation has been demonstrated in response to high im
pact joint loading 13

, and it may be that loading the medial 
joint increases the rate of medial compartment cartilage 
loss in the setting of OA. In non-arthritic cartilage, it has 
been speculated that chondrocytes may respond to me
chanical loading by increasing glycosaminoglycan content, 
causing cartilage "swelling", which may represent a com
pensatory mechanism to withstand added joint loads 14

. Dis
eased cartilage may not be equipped with similar 
compensatory mechanisms, and may, therefore, be more 
susceptible to the affect of alterations in joint load. More
over, it may be that in OA joints, aberrations in biomechan
ics, such as knee alignment, may be either the cause or the 
result of disease progression. 

This study was potentially limited by the relatively small 
sample and we cannot exclude the possibility that a larger 
cohort may have demonstrated that change in knee align
ment was associated with the rate of cartilage volume 
loss at the lateral tibia. However, joint load is preferentially 
directed to the medial compartment of the knee 15 even in 
the context of genu valgum, and it may be that small devi
ations toward genu valgum have a greater influence at off
setting medial compartment load than they do at increasing 
lateral compartment load. Moreover, this study was limited 
to subjects with established knee OA, and our conclusions 
are, therefore, generalized to the progression, rather than 
the onset of disease. It may be that change in knee align
ment has no effect on the rate of cartilage volume reduction 
in non-arthritic states. 

We also examined tibial cartilage volume plates only, as 
these have previously been shown to correlate with femoral 
cartlla.pe volume both cross-sectionally 16 and longitudi
nally 1 . Moreover, we examined cartilage volume and not 
thickness. One of the potential difficulties of measuring car
tilage thickness longitudinally is that the defined regions of 
cartilage have no natural anatomical boundaries and thus 
assessment of disease will require either co-registration or 
assessment of images side by side. This is technically chal
lenging and may engender reliability problems. We were 
also unable to examine the relationship between meniscal 
damage and bone marrow lesions as these could not be 

Table II 
The relationship between change in knee alignment and annual percentage change in cartilage volume 

Annual change in medial tibial cartilage volume (µI) 
Annual change in medial tibial cartilage volume(%) 
Annual change in lateral tibial cartilage volume {µI) 
Annual change in lateral tibial cartilage volume(%) 

Univariate analysis (95% Cl)* P Multivariate analysis (95% Cl)t 

-2.5 (-8.3, 3.3) 0.4 -6.0 (--11.9, -0.15) 
-0.24 (-0.6, 0.14) 0.2 -0.44 (-0.95, -0.04) 
-0.08 (-5.4, 5.3) 0.98 -0.14 (-5.9, 5.6) 
-0.12 (-0.51, 0.27) 0.5 0.01 (-0.4, 0.4) 

*Annual percentage change in tibial cartilage volume (µI or%) for every 1° change in knee alignment. 

p 

0.04 
0.03 
0.96 
0.95 

tAnnual percentage change in tibial cartilage volume (µI or%) for every 1° change in knee alignment after adjustment for baseline age, BMI, 
knee angle, gender and respective cartilage volume and BMI at 2 years. 
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measured from the MRI sequences employed in this study. 
Additionally, although we did not obtain full-limb films to as
sess knee alignment, Hinman et al. demonstrated that our 
method was a valid alternative to full-limb films to predict 
mechanical axis 10

• We did, however, only examine the as
sociation between static knee alignment and knee cartilage, 
and it is possible that dynamic measures, such as the knee 
adductor moment, are associated with compartment spe
cific knee cartilage properties. Finally, we did not use 
a cut-off to categorize subjects as valgus or varus. Although 
we could have used a correction factor to estimate neutral 
alignment, this was not an essential component of this 
study, since our intention was to determine whether change 
in frontal plane knee alignment (in either a varus or valgus 
direction) was associated with the rate of compartment car
tilage volume loss at the tibia, without exposing subjects to 
unnecessary ionizing radiation. This approach allowed us to 
detect associations between small changes in cartilage vol
ume and small changes in knee alignment, independent of 
whether a person had anatomical genu varum or valgum 
alignment. This approach also enabled us to conclude 
that change toward genu valgum was associated with a re
duction in the rate of medial tibial cartilage volume loss, 
without an increase in the rate of lateral tibial cartilage vol
ume loss. Alternatively, our result could be interpreted that 
change toward genu varum is associated with an increase 
in the rate of medial tibial cartilage volume loss. 

In conclusion, we have demonstrated that change away 
from genu varum reduced the annual rate of medial tibial 
cartilage volume loss among people with knee OA. These 
findings suggest that methods to reduce varus alignment 
may delay the progression of medial tibiofemoral OA. 
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Femoral sulcus angle and increased patella facet cartilage volume 
in an osteoarthritic population 1 
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Summary 

Objective: The patellofemoraJ joint is an example of an incongruent articulation commonly affected by osteoarthritis (OA). The relationship 
between femoral sulcus angle and the development and progression of patellofemoral OA is unclear. The aim of this study was to examine 
the relationship between the femoral sulcus angle at baseline and patella cartilage volume at baseline and at 2-year follow-up among 
community based adults with established knee OA. 

Methods: One hundred subjects had magnetic resonance imaging of their symptomatic knee at baseline and at 2-year follow-up. From these 
images, patella cartilage volume was detennined. Radiographic skyline views of the patellofemoral joint were taken at baseline to measure the 
femoral sulcus angle. 

Results'. For every 1 ° increase in the femoral sulcus angle (i.e., as the sulcus angle became more shallow) there was an associated 9.1 mm3 

(95% Cl 3.1, 15.0) increase in medial patella cartilage volume at baseline (P = 0.003). There was a similar trend that approached statistical 
significance between the femoral sulcus angle and the lateral patella facet cartilage volume at baseline (P = 0.09). There was no association 
between the femoral sulcus angle at baseline and the change in patella cartilage volume over 2 years in either patellofemoral compartment. 

Conclusion These results infer that the femoral sulcus angle is a cross-sectional determinant of the amount of patella cartilage, but is not 
a major determinant of the annual change of patella cartilage volume among people with knee OA. These data suggest that a shallower sulcus 
in the context of established OA may be an advantageous anatomical variant. Further longitudinal studies are required to determine the role of 
the femoral sulcus angle in OA. 

2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved. 

Key words. Sulcus angle, Patella cartilage, Patella facets, Patellofemoral osteoarthritis. 

Introduction 

The patellofemoral joint, which is formed by the articulation 
between the irregularty shaped under-surface of the patella 
and the femoral trochlear groove, is one example of an in
congruent joint that Is commonly affected by painful and dis
abling pathological processes such as osteoarthritis (QA) 1 • 

Incongruent joints sacrifice stability for mobility, and as 
a result, are commonly affected by pathological processes. 
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In particular, the larger lateral patellofemoral compartment 
is most commonly affected by QA 2 -

4
• 

Of the bony landmarks along the trochlear groove, the 
femoral sulcus angle, which forms an articular surface for 
the patella between the medial and lateral femoral condyles, 
has been recognised as an important factor in patellofemoral 
stabllity2·5

• Nevertheless, no study has examined the femoral 
sulcus angle in the context of patellofemoral QA. One reason 
for this paucity of data may have arisen because of the 
difficulty in obtaining valid and reliable measures of patello
femoral joint structure, namely cartilage volumes that are 
sensitive to change. Radiographic quantitation of patellar 
cartilage, approximated by radiographic joint space, Is unreli
able when assessed longitudinally by either the skyline or lat
eral views, since these views may be affected by knee 
position, patellar tilt and subluxation6

•
7

• Moreover, indirect 
examination of the radiographic joint space width as a surro
gate for patellofemoral cartilage has proven to be problem
atic, unless joint space narrowing is very severe8

• In 
contrast, magnetic resonance imagini (MRI) enables patel
lar cartilage to be directly assessed - 11 

• Another reason 
may also be that accurate measures of sulcus angle from 
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radiographs are problematic due to their dependence on the 
degree of knee flexion, and only one group has previously 
described three-dimensional (3D) analysis of the sulcus an
gle by using an open MAI scanner12

. 

The aim of this study was to examine whether the femoral 
sulcus angle is a determinant of compartmental patella 
cartilage volume at baseline and change in compartmental 
volume in a population with OA over 2 years. 

Methods 

STUDY PARTICIPANTS 

Subjects with knee OA were recruited by advertising 
through local newspapers and the Victorian branch of the 
Arthritis Foundation of Australia and in collaboration with 
General Practitioners, Aheumatologists and Orthopaedic 
Surgeons 13

. Subjects aged over 40 years who fulfilled Amer
ican College of Rheumatology (ACR) clinical and radio
graphic criteria for knee OA 14 were examined in this study. 
Subjects were excluded if any other form of arthritis was 
present, if there was any contraindication to MRI or if a total 
knee replacement was planned. The study was approved 
by the ethics committees of the Alfred and Caulfield hospitals 
in Melbourne, Australia. All patients gave informed consent. 

DATA COLLECTION 

At baseline, weight was measured to the nearest 0.1 kg 
(shoes, socks and bulky clothing removed) using a single 
pair of electronic scales and height was measured to the 
nearest 0.1 cm (shoes and socks removed) using a stadiom
eter. Body mass index (BMI) was calculated as weight/ 
height2 (kg/m2

). 

At baseline, radiographs were taken to determine inclu
sion in the study. Each subject had a weight-bearing an
tero-posterior tibiofemoral radiograph, taken in full 
extension and a skyline (infero-superior) view, taken in 
the supine position, with 45° of knee flexion (using a perspex 
positioning wedge). Radiographs were taken of the symp
tomatic knee. Where both knees had OA and were symp
tomatic, the knee with least severe radiographic OA was 
used to reduce subject loss to follow-up for joint replace
ment surgery. Radiographs were scored independently by 
two trained observers using a published atlas to classify dis
ease. The radiological features of OA were graded in each 
compartment (medial tibiofemoral, lateral tibiofemoral and 
patellofemoral), on a four-point scale (0- 3) for individual 
features of osteophytes and joint space narrowing 15

. In 
the case of disagreement between observers, the films 
were reviewed with a third independent observer. lntraob
server reproducibility for agreement on features of OA 
was 0.93 for osteophytes (grade 0, 1 vs 2,3) and 0.93 for 
joint space narrowing (grade O, 1 vs 2,3). lnterobserver re
producibility was 0.86 for osteophytes and 0.85 for joint 
space narrowing (K statistic) 16

. 

RADIOGRAPHY AND FEMORAL SULCUS ANGLE 
DETEAMINA TION 

Radiographic skyline (infero-superior) views were taken 
with each subject positioned in supine with 45° of knee flexion 
(using a perspex positioning wedge). Femoral sulcus angles 
were measured from these images. The femoral sulcus angle 
was measured independently by two trained observers as 
previously described17

•
18

. The femoral sulcus angle was 
defined by lines jorning the highest points of the medial and 

lateral condyles and the lowest point of the intercondylar sul
cus (Fig. 1). The angle was measured using the software 
program Osiris (University of Geneva, Switzerland). All 
angles were reported in degrees. The intraclass correlation 
coefficient (ICC) between the two sulcus angle measure
ments was calculated to assess the reliability of the two 
sulcus angle measurements using Stata software version 9 
(StataCorp 2005). The ICC was estimated to be 0.98 (95% 
Cl 0.97- 0.99). 

MRI 

Each subject had an MRI performed at baseline and 
approximately 2 years later on the same knee was X-rayed 
at baseline. Knees were imaged in a sagittal plane on the 
same 1.5-T whole-body magnetic resonance unit (Signa 
Advantage HiSpeed GE Medical Systems, Milwaukee, WI, 
USA) using a commercial receive-only extremity coil. The 
following sequence and parameters were used: a T1 -
weighted, fat-suppressed 30 gradient recall acquisition in 
the steady state; flip angle 55°; repetition time 58 ms; 
echo time 12 ms; field of view 16 cm; 60 partitions; 512 
(frequency direction, superior- inferior) x 512 (phase en
coding direction, anterior- posterior) matrix; one acquisition, 

Fig. 1. Skyline radiographs used to measure femoral sulcus angle. 
The femoral sulcus angle was defined by lines joining the highest 
points of the medial and lateral condyles and the lowest point of 
the intercondylar sulcus as previously described17

•
18

. (A) Shows 
a shallow and (B) a narrow sulcus angle. 
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time 11 min 56 s. Sagittal images were obtained at a parti
tion thickness of 1.5 mm and an in-plane resolution of 
0.31 x 0.31 mm (512 x 512 pixels)9

·
16

. 

Patella cartilage volume was determined at baseline and 
approximately 2 years later by means of image processing in 
an independent workstation using the software program Osiris 
(University of Geneva, Switzerland) by creating an isotropic 
volume from the input images, which were reformatted in the 
axial plane (voxel dimensions 0.427 x 0.427 x 1.281 mm3

) 

using a validated method16
•
19

. Briefly, we used the patella 
ridge to divide the patella cartilage into medial and lateral 
facets. Medial and lateral patella facet cartilage volumes 
were then measured separately by two trained observers on 
each MRI by manually drawing disarticulation contours around 
the cartilage boundaries on each section blind of patient's iden
tification and study sequences as previously described20 

(Fig. 2). The coefficient of variation (CV) for cartilage volume 
measures was 2.6% for patellar cartilage. 

STATISTICAL ANALYSES 

Change in knee cartilage volume was obtained by sub
tracting cartilage volume at follow-up from that at baseline. 
The annual change was calculated by dividing this figure 
by the time between MRI scans. The annual change in car
tilage volume followed a normal distribution and therefore 
the association between femoral sulcus angle and change 
in cartilage volume was explored using multiple linear re
gression. The contribution of each of the variables to the 
models was determined by examining the total and partial 
variance of each of the variables on the patella cartilage 
volume21

• A P-value of less than 0.05 (two-tailed) was 
regarded as statistically significant. All analyses were 

Fig 2. Patella cartilage volume was determined by means of image 
Processing using the software program Osiris (University of 
Geneva, Switzerland) . The patella ridge was used to divide the 
Patella cartilage into medial and lateral facets. Medial and lateral 
Patella facet cartilage volumes were then measured separately on 
each MRI by manually drawing disarticulation contours around 

the cartilage boundaries on each section. 
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performed using the SPSS statistical package (standard ver
sion 15.0, SPSS, Chicago, IL, USA). 

Results 

Femoral sulcus angle and patella facet measurements 
were available for 100 participants. The characteristics of 
the study population are presented in Table I. The mean 
(standard deviation (SD)) femoral sulcus angle was 131.8° 
(10.2°). There was no significant difference in the femoral 
sulcus angle between men and women (P = 0.9). Within 
the patellofemoral compartment grade 2 or more patello
femoral osteophytes were present in 35% and grade 2 or 
more patellofemoral joint space narrowing was observed in 
12% of participants. Within the medial tibiofemoral compart
ment, 20% of participants had grade 2 or greater tibiofemoral 
osteophytes and 27% had grade 2 or greater tibiofemoral 
joint space narrowing. Within the lateral tibiofemoral com
partment, 31 % of participants had grade 2 or greater tibio
femoral osteophytes and 11 % had grade 2 or greater 
tibiofemoral joint space narrowing. 

In cross-sectional analyses, for every 1 ° increase in the 
femoral sulcus angle (i.e., as the femoral sulcus became 
more shallow), there was a 9.1 mm3 (95% Cl 3.1, 15.0) in
crease in the medial (P = 0.003) and a 15.4 mm3 (95% Cl 
1.8, 29) increase in total patella cartilage (P = 0.03) volume 
after adjustment for potential confounders (age, gender, 
BMI and patella bone volume). A similar trend between 
femoral sulcus angle and the lateral patella cartilage volume 
at baseline was also observed (P = 0.09). No significant 
relationship between femoral sulcus angle and annual 

Table I 
Characteristics of study population 

Subject characteristics 

Age (years) 
Gender (% female)' 
Height (cm) 
Weight (k~ 
BMI (kg/m) 
Femoral sulcus angle ( 0 ) 

Patellofemoral osteophytes 2:grade 2* 
Patellofemoral joint space narrowing > grade 2* 

Tibiofemoral osteophytes 2:grade 2· 
Medial compartment 
Lateral compartment 

Tibiofemoral joint space narrowing ~ grade 2· 
Medial compartment 
Lateral compartment 

Patella bone volume (mm3
) 

Patella cartilage volume at baseline (mm3) 

Total 
Medial compartment 
Lateral compartment 

Patella cartilage volume at 2 years (mm3) 

Total 
Medial compartment 
Lateral compartment 

Annual change in patella cartilage volume (mm3) 

Total 
Medial compartment 
Lateral compartment 

Total eligible 
(n = 100) 

63.3 (10.2) 
61 (61 %) 

166.7 (8.9) 
81 (15.4) 
29 (4.9) 

131 .8 (10.2) 
35 (35%) 
12(12%) 

20 (20%) 
27 (27%) 

31 (31 %) 
11(11%) 

21 ,064 (4840) 

2535 (968) 
972 (408) 

1563 (592) 

2085 (848) 
779 (371) 

1313 (539) 

231 (236) 
102 (103) 
128 (148) 

All variables described as mean (± SD) unless otherwise stated. 
*Described as total number (percentage). 
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change in cartilage volume over the study period was 
observed (Table II). 

Discussion 

The cross-sectional component of this study demon
strated that for every 1 ° increase in the femoral sulcus angle 
(i.e., as the sulcus became more shallow), there was an 
associated 9.1 mm3 increase in medial patella cartilage 
volume among people with knee OA. A similar trend 
was also seen between the femoral sulcus angle and the 
lateral patella cartilage volume. There was no significant 
relationship between the femoral sulcus angle at baseline 
and longitudinal change in patella cartilage volume over 
2 years. 

No previous study has examined the relationship be
tween the femoral sulcus angle and patella cartilage vol
ume. The femoral sulcus has previously been examined in 
the context of patellofemoral subluxation/dislocation 17

•
22

•
23

, 

trochlear dysplasia24 and patellofemoral pain syndrome 18
• 

In a small study that examined 21 women with recurrent 
patellar dislocation, it was shown that the mean femoral sul
cus angle was significantly larger (shallower) in people with 
recurrent dislocation compared to a control group with no 
history or signs of dislocation23

• Another small study of 16 
patients with femoral trochlear dysplasia showed that the 
femoral trochlear groove was significantly shallower com
pared to 23 people without trochlear dysplasia24

• In a study 
comparing 23 women with patellofemoral pain to 12 control 
subjects, although the femoral sulcus angle was not signifi
cantly different between the two groups, a more shallow 
sulcus was associated with increased lateral patella dis
placement and tilt18

, which are both thought to contribute 
towards the pathogenesis of patellofemoral pain. 

Although the existing literature has generally supported 
the notion that a shallower femoral sulcus is associated 
with decreased patellofemoral congruency and stability2·5

, 

our study is the first to have examined the femoral sulcus 
angle in the context of knee OA. Whereas our cross
sectional results demonstrate that a greater medial patella 
cartilage volume is associated with a shallower femoral sul
cus in people with knee OA, the femoral sulcus angle was 
not a significant determinant of the annual patella cartilage 
loss. Further studies are required to determine factors 
influencing the rate of loss of patella cartilage volume. 

Mechanistically, it may be that a shallower femoral sulcus in
creases the surface area for articulation with the patella. In
creased articular contact area theoretically may reduce 
contact pressure and thus allow better distribution of retro
patellar joint load25

• Therefore, a shallower rather than 
a deeper femoral sulcus may be better suited to providing 
optimal mechanical stimulation to articular cartilage and 
reducing contact stresses. Moreover, the tendency for the 
association between the femoral sulcus angle and patella 
cartilage volume to be significant in the medial patello
femoral compartment may signify that a shallower sulcus 
may be a determinant that protects the medial compartment 
from degenerative processes. 

The results of this study are limited to people with knee 
OA and cannot be generalised to non-osteoarthritic popula
tions. Although we demonstrated a cross-sectional associa
tion between the femoral sulcus angle and patella cartilage 
volume, the baseline angle was not significantly associated 
with change in cartilage volume over 2 years. It may be that 
our sample size or follow-up period was too small to detect 
change in cartilage volume that is attributed to the sulcus 
angle. In cross-sectional analyses, the sulcus angle 
explained only 8% of the 53% variance in patella cartilage 
after multiple regression analyses. Although significant, 
this relatively small contribution towards patella cartilage 
volume variability may infer that longer time frames are 
needed to detect significant changes in cartilage volume 
that are related to the femoral sulcus angle. Another limita
tion of our study is that the two-dimensional analysis of the 
femoral sulcus angle employed is highly dependent on the 
degree of knee flexion, however, a method for accurately 
measuring the sulcus angle (bony or cartilaginous) from 
MR images is yet to be validated. Patella tilting and lateral
isation were also not measured in this study and may con
tribute to changes in the patella cartilage. 

In conclusion, this study demonstrated that among peo
ple with knee OA, a more shallow sulcus is associated 
with increased medial patella cartilage volume compared 
to a deeper sulcus angle. Despite this cross-sectional asso
ciation, the femoral sulcus angle at baseline was not asso
ciated with longitudinal change in patella cartilage volume 
over 2 years. These data suggest that a shallower sulcus 
in the context of established OA may be an advantageous 
anatomical variant. Further longitudinal studies are required 
to elucidate the role the femoral sulcus angle plays in OA. 

Table II 
The relationship between femoral sulcus angle and patella cartilage volume 

Univariate analysis 

Regression coefficient (95% Cl)* 

Baseline cartilage volume 
Total patella cartilage 14.6 ( 5.4, 35) 
Medial patella cartilage 8.1 (-0.002, 16.14) 
Lateral patella cartilage 6.4 (-5.5, 18.4) 

Annual change in cartilage volume 
Total patella cartilage 2.2 ( 2.8, 7.2) 
Medial patella cartilage 0.81 (-1.4, 2.9) 
Lateral patella cartilage 1.4 (-1.7, 4.5) 

The bold values signify that the findings were statistically significant. 
*Change in dependent variable per unit increase in sulcus angle. 

Multivariate analysis 

P-value Regression coefficient (95% Cl) 

0.15 15.4 (1 .8, 29) 
0.05 9.1 (3.1, 15)1 
0.3 7.2 ( -1.2, 15.5)t 

0.4 0.6 ( 5.2, 4) 
0.46 -0.16 (-2.3, 1.9)1 
0.4 -0.3 (-3.1, 2.5)t 

P-value 

0.03 
0.003 
0.09 

0.8 
0.9 
0.84 

tChange in patella cartilage volume (mm3
) per unit increase in sulcus angle in the regression equations after adjustment for age, gender, 

BMI and a patella bone volume (mm3
). 

tAnnual change in patella cartilage volume (mm3
) per unit increase in sulcus angle without and with adjustment for age, gender, BMI, 

patella bone volume and baseline cartilage volume. 
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Chapter 6: The Natural History and Significance of Bone 

Marrow Lesions 

There is increasing interest on the role of bone marrow lesions (BMLs ), detected by 

magnetic resonance imaging (MRI), in the pathogenesis of knee osteoarthritis 

(OA)[41, 78]. Histologic~l examination of BMLs in knees has shown that they may 

represent areas of osteonecrosis, oedema, trabecular abnormalities and bony 

remodeling [170]. While BMLs have been shown to be present in both symptomatic 

[41, 181, 270, 271] and asymptomatic populations [171, 173], most previous studies 

have focussed on symptomatic populations with established knee OA [41, 172, 174-

177, 239, 270, 278]. In these populations BMLs are associated with knee symptoms 

[41, 172, 174-177] and progression of disease [78, 175, 178, 270, 277] and once 

present they are unlikely to resolve [239, 270, 271, 278]. 

There is very little information however, about the role of BMLs in healthy 

asymptomatic populations. The presence of BMLs at baseline in these populations has 

been shown to be associated with longitudinal progression of cartilage defects and 

loss of cartilage volume [333] suggesting that BMLs also have a pathogenic role in 

pre-clinical OA however, there is no data on the natural history of BMLs in 

asymptomatic populations or of factors that may affect the development of BMLs. In 

addition the relationship between incident BMLs and the resolution of BMLs 

prevalent at baseline and change in knee cartilage over time has not been described. 

The two papers presented within this chapter therefore describe the natural history and 

significance of bone marrow lesions in those with no clinical knee OA. 

The first paper describes the natural history of BMLs in an asymptomatic population. 

It presents the rates of incidence of BMLs over two years and factors related to the 

incidence including the development of pain symptoms. It also reports the natural 

history of BMLs present at baseline and factors associated with either their resolution 

or persistence. We found that the rate of incidence of BMLs is lower than previously 

described in populations with OA. Incident BMLs were associated with increased 

BMI and the development of pain. Approximately half the BMLs present at baseline 
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resolved. These data suggest that in pain free people with no clinical knee OA, BMLs 

are reversible and may provide a target for interventions aimed at the prevention of 

kneeOA. 

6.1 Davies-Tuck ML, Wluka AE, Wang Y, English DR, Giles GG, and Cicuttini 

FM. The Natural History of Bone Marrow Lesions in Community Based Adults with 

no clinical knee osteoarthritis. Annals of the Rheumatic Diseases, 68(6):904-8 

The second paper describes the relationships between the development or resolution 

of BMLs and knee cartilage properties in a 2 year prospective study of asymptomatic 

middle-aged adults. In this study we found that the development of new BMLs was 

associated with progressive knee cartilage pathology while resolution of BMLs 

prevalent at baseline was associated with reduced progression of cartilage pathology. 

These observations suggest that BMLs may provide an important target for the 

prevention of knee OA. 

6.1 Davies-Tuck ML, Wluka A, Forbes A, Wang Y, English DR, Giles GG & 

Cicuttini F Development of Bone Marrow Lesions is associated with adverse 

effects on knee cartilage while resolution is associated with improvement-a 

potential target for prevention of knee osteoarthritis: a longitudinal study. 

Arthritis Research and Therapy 12: RIO 

93 



PART B: Suggested Declaration for Thesis Chapter 

Monash University 

Declaration for Thesis Chapter 6: The Natural History of Bone 
Marrow Lesions in Community Based Adults with no clinical knee 
osteoarthritis. 

Declaration by candidate 

In the case of Chapter 6, the nature and extent of my contribution to the work was the 
following: 

Nature of Extent of 
contribution contribution(%) 
Literature review, measurement of bone marrow lesions, analysis and 70 

interpretation of results. manuscript draft preparation 

The following co-authors contributed to the work. Co-authors who are students at Monash 
University must also indicate the extent of their contribution in percentage terms: 

Name 

Anita Wluka 

Yuanyuan 

Wang 

Dallas English 

Graham Giles 

Flavia Cicuttini 

Candidate's 
Signature 

Nature of contribution 

Study design. recruitment of subjects 

interpretation. data collection. draft revision 

Measurement of cartilage and draft revision 

Draft revision 

Draft revision 

Study design, recruitment of subjects. data 

collection. interpretation. draft revision 

Declaration by co-authors 

The undersigned hereby certify that: 

Extent of contribution 
(%) for student co-
authors only 

I Date 

(1) the above declaration correctly reflects the nature and extent of the candidate's contribution 
to this work, and the nature of the contribution of each of the co-authors. 

(2) they meet the criteria for authorship in that they have participated in the conception, 
execution. or interpretation. of at least that part of the publication in their field of expertise; 



(3) they take public responsibility for their part of the publication, except for the responsible 
author who accepts overall responsibility for the publication; 

(4) there are no other authors of the publication according to these criteria; 
(5) potential conflicts of interest have been disclosed to (a) granting bodies. (b) the editor or 

publisher of journals or other publications, and {c) the head of the responsible academic 
unit; and· 

(6) the original data are stored at the following location(s) and will be held for at least five years 
from the date indicated below: 

Locatlon(s) Department of Epidemiology and Preventive Medicine, Monash University 

(Please note that the location(s) must be institutional in nature. and should be indicated here as 
a department, centre or institute, with specific ca~pus ldentif1eation where relevant.] 

Signature 1
Signature 

Signature 
Signature 4

Signature 

..........



ended report 

~epartment of Epidemiology 
0-: Preventive Medicine. 
'.':sash University, Central and 
: ,,'.ern Clinical School. Alfred 
">ortal. Melbourne. Australia; 

~,~er Heart Research Institute. 
'>::iourne. Australia; 3 Centre 
• · 1~olecular. Environmental. 
>·e:rc and Analytic 
(: dem1ology, School of 
· ::;J!at1on Health, The University 
· '.1elbourne. Carlton. Australia; 

,rcer Epidemiology Centre. 
· · - Cancer Council of Victoria. 

,',on. Australia 

· ·espondence to: 
: ·•essor F Cicuttini. 
<;ir1ment of Epidemiology and 

· ",ent1ve Medicine. Monash 
• • 0 rs1ty. Central and Eastern 
• r ~I School. Alfred Hospital. 

'.'- :jQurne. Victoria 3004. 
·· ··alra. flav1a cicuttini@med. 

· ish edu.au 

~pted 9 July 2008 
· • ,,hed Online First 

.'.,1'.JUS! 2008 

The natural history of bone marrow lesions in 
community-based adults with no clinical knee 
osteoarthritis 
M L Davies-Tuck,1 A E Wluka,1

·
2 Y Wang, 1 D R English,2·3 G G Giles,3.4 F Cicuttini1 

ABSTRACT 
Objective: Although bone marrow lesions (BML) have 
been implicated in the pathogenesis of osteoarthritis. their 
natural history in a healthy population is unknown. This 
study in a healthy, pain-free population aimed to examine 
the natural history of BML; factors associated with 
incidence and progression of BML over 2 years and 
whether incident BML are associated with the develop
ment of pain. 
Methods: 271 subjects with no clinical knee osteoar
thritis. being pain free at baseline. underwent magnetic 
resonance imaging of their dominant knee at baseline and 
2 years later. The presence of BML was assessed. 
Results: In knees initially free of BML. incident BML 
developed in 14% of people over the study period. 
Increased body mass index (BMI; odds ratio (OR) 1.15, 
95% Cl 1.06 to 1.2, p = 0.001) was associated with 
incident BML. Those who developed a BML were more 
likely to develop knee pain compared with those in whom 
no BML developed (OR 4.2, 95% Cl 1.2 to 15.1, 
p = 0.03). Among those in whom BML were present at 
baseline, 46% completely resolved. There was no 
association between age, gender and BMI and persis
tence of BML over 2 years. 
Conclusion: In this healthy population, the rate of 
incident BML is lower than previously described in a 
population with osteoarthritis. Incident BML are asso
ciated with increased BMI and the development of pain. 
Approximately half the BML present at baseline resolved. 
These data suggest that in pain-free people with no 
clinical knee osteoarthritis, BML are reversible and may 
provide a target for interventions aimed at the prevention 
of knee osteoarthritis. 

Bone marrow lesions (BML), detected by magnetic 
resonance imaging (MRI) have been implicated in 
the pathogenesis of knee osteoarthritis. 1 

' They 
have been shown to be present in both sympto
matic>' and asymptomatic populations · · The 
presence of BML has been associated with struc
tural changes in the knee, including joint space 
narrowing, loss of cartilage 1 

• •• and increased 
prevalence and severity of cartilage defects.' · '• 
Although BML have been associated with knee 
pain, the data are conflicting, whereas a number of 
studies report a relationship between BML and 
pain.'"'' others show no such association.'•" 1 

• 

Both mechanical factors such as such as trauma,1'· 
1
" knee malalignment,~ and increased weight~ as 

well as systemic factors such as osteoprotective 
medicationsc" and nutritional factors' 1 

:; have been 
shown to affect the risk of BML. 

Little is known about the natural history of 
BML. Most previous studies have focussed on 
symptomatic populations with established clinical 
knee osteoarthritis rather than asymptomatic 
populations. 4

' 
13 

'' 
2

·~ In subjects with symptomatic 
knee osteoarthritis, the data suggest that BML are 
unlikely to resolve, with one study suggesting that 
99% of BML either remained the same or increased 
over 15 or 30 months' and another finding that 
only 1Q<½1 resolved over 2 years. 1' Similarly, in a 
population with chronic knee pain, which included 
subjects with and without radiographic osteoar
thritis, only 22% completely resolved over 
2 years.'' 

There are no data on the natural history of BML 
in asymptomatic populations with no clinical knee 
osteoarthritis or of factors that may effect the 
development of BML. The aim of this paper was to 
examine the natural history of BML in a healthy 
population, free of knee pain at baseline, and to 
identify factors associated with the incidence and 
progression of BML over 2 years and whether 
incident BML are associated with the development 
of pain. 

METHODS 
Subjects 
Subjects were recruited from the Melbourne 
Collaborative Cohort Study, a prospective cohort 
study of community-based people, aged 40 
69 years, established to examine the role of lifestyle 
and genetic factors in the risk of cancer and chronic 
diseases from middle age and beyond, as described.' 
Subjects were excluded if they had: osteoarthritis, 
as defined hy the American College of 
Rheumatology clinical critena; 1

• current or past 
knee disease; a history of knee pain in the past 
:i years lasting for more than 24 h; a previous knee 
injury requiring non-weight-bearing treatment for 
more than 24 h or surgery (including arthroscopy); 
or a history of any arthritis diagnosed by a medical 
practitioner or contratnd1Cat1on to MRI, as 
described:' The study was approved hy thl.'. 
Human Research Ethics Committee of the C:anccr 
Council of V1Ctoria and Monash University 
Standing Committee on Eth1Cs in Research 
Involving Humans. All participants gave written 
informed consent. 

Data collection 
Study part1Cipants completed a questionnaire that 
included information on their demographics at 
baseline and at the 2-year follow-up. Weight was 
measured to the nearest 0.1 kg (shoes, socks and 
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figure 1 Coronal T2 images of a "large" 
(A) and "very large" (8) bone marrow 
lesion. 

bu lky clothing removed) using a single pair of electronic scales. 
Height was measured to the nearest 0.1 cm (shoes and socks 
removed) using a stadiometer. From these data, body mass 
index (BMI; weight/height kg/m2

) was calculated. The devel
opment of pain in the knee was assessed at the 2-year follow-up 
:iy asking the question "have you had any pain in your knee in 
the past 12 months, yes or no?11

1 for those who answered yes, 
the duration of pain was also determined by asking whether this 
pam lasted for "less than 24 h11

1 "more than 24 h but less than 
half a month" or "more than half a month" in the past 
12 months. 

Magnetic resonance imaging 
An MRI of the dominant knee of each subject (defined as the 
lower limb from which the subject stepped off when initiating 
gai t) was performed at baseline and approximately 2 years 
late r. ' Knees were imaged in the coronal plane on a 1.5-T whole
tiody magnetic resonance unit (Philips Medical Systems, 
Emdhoven, The Netherlands) using a commercial transmit
receive extremity coil. The following sequence and parameters 
we re used: fat saturated, fast spin echo three-dimensional, T2-
·Ne1ghted (2200 ms, 20/80 ms/90° repetition time/echo time/ 
flip angle) with a slice thickness of 3 mm, a 0.3 interslice gap, 
Jne excitation, a field of view of 11- 12 cm and a matrix of 
2S6 x 128 pixels. 6 

Bone marrow lesions 
Assessment of BML 
RML were defined as areas of increased signal intensity adjacent 
to subcortical bone present in either the medial or lateral, distal 
:emur or proximal tibia assessed on coronal T2-weighted fat 
,a tura ted images.26 Two trained observers (MD and AW) , who 

Table 1 Characteristics of study subjects 

No BML present in knee at baseline 
(n = 234) 

were blinded to patient characteristics, as well as the sequence 
of images, together assessed the presence of lesions for each 
subject. The presence or absence of a BML was determined . A 
lesion was defined as "large" if it appeared on two or more 
adjacent slices and encompassed at least one quarter of the 
width of the tibial or femoral cartilage being examined from 
coronal images. This is comparable to the previously described 
"grade 2" BML by Felson et a/.2 Lesions were further classified as 
"very large" if they appeared on three or more slices. This is 
comparable to the previously described "grade 3" by Felson et 
a/. 2 Fig 1 shows a "large" (A) and "very large" (B) BML. The 
reproducibility for determination of the BML was assessed using 
60 randomly selected knee MRI (K value 0.88, p< 0.001) . If a 
person had more than one BML underlying a cartilage plate, the 
BML of the highest grade was used for analysis . 

Statistical analysis 
Descriptive statistics for the characteristics of the study subjects 
were tabulated. Independent sample t tests were performed to 
compare means and x_2 analysis to compare proportions. The 
relationship between risk factors, incident pain and incident 
BML was assessed by binary logistic regression. A p value of less 
than 0.05 (two-tailed) was regarded as statistically significant. 
All analyses were performed using the SPSS statistical package 
(standard version 14.0) . 

RESULTS 
Of the 297 pain-free subjects imaged at baseline, 271 (90%) 
participants completed the 2-year fo llow-up. The reasons for 
the loss to follow-up of 26 subjects were : death (three); 
withdrawal for health reasons (four); withdrawal of consent 
(10); ineligible for follow-up (pacemakers) (four) and inability to 

BML present in knee at baseline 
(n = 37) 

Incident BML 
(n = 33) 

No incident BML 
(n = 201) 

BML resolved 
p Value (n = 17) 

BML p rsisted 
(n = 20) p Value 

Age (vears) 57.7 (5.8) 57.7 (5.0) 0.9 0.7 57.8 (6.4) 58.6 (5.5) 
Female(%) 23 (69%) 121 (60%) 0.3" 0.98 11 (65%) 13 (65%) 
Height (cm) 167 (9.4) 168 (9.1) 0.6 0.5 170 (10.6) 169 (9.1) 
Weight (kg) 78 (17) 72 (13) 0.02 0.7 72.6 (10.6) 74.3 (13.4) 
BMI (kG-'m2

) 27.9 (5.2) 25.4 (3.7) 0.01 25.2 (4.6) 26.1 (4.0) 0.5 

Incident knee pain at follow-up 15 (45%) 57 (29%) 0.05* 5 (29%) 8 (40%) OS 

Values are reported as mean (SD) except where otherwise noted. p Value indicates the difference between subjects. "Pearson 1.2 for dichotomous variables. BMI, body mass index; 
BML. bone marrow lesion. 
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Table 2 Risk factors for incident BML in the knee 

Univariate analysis• Multivariate analysis 
(OR, 95% Cl) p Value (OR, 95% Cl) p Value 

"Large" or "very large" BML 
Age at baseline (years) 0.99 (0.93 to 1.1) 0.9 1.0 (0.9 to 1.1 It 0.7 
Gender (female vs male) 1.5 (0.7 to 3.3) 0.3 1.66 (0.7 to 3.8)t 0.2 
BMI at baseline (kg/m2

) 1.15 (1.0 to 1.2) 0.002 1.15 (1.06 to 1.2)§ 0.001 
"Very large" BML 

Age at baseline (years) 0.97 (0.9 to 1.1) 0.6 0.99 (0.9 to 1.1 )t 0.99 
Gender (female vs male) 0.98 (0.3 to 3.1) 0.97 0.9 (0.3 to 3.1 )t 0.9 
BMI at baseline (kg/m2

) 1.24 (1 .1 to 1.4) < 0.001 1.2 (1.1 to 1.4)§ 0.001 

*Odds ratio (OR) for an incident bone marrow lesion (BML) at follow-up per unit increase in respective variable. t OR for an incident 
BML at follow up per 1-year increase in age adjusted for gender and body mass index (BMI). t OR for an incident BML at follow-up 
when female = 1 adjusted for age and BMI. §OR for an incident BML at follow-up per unit increase in BMI adjusted for age and 
gender. 

be contacted (five). The only significant difference between 
those who completed follow-up and those who were lost to 
follow-up was that those lost to follow-up were slightly heavier 
p = 0.01). All participants were pain free at baseline. 

Incidence of BML 
A total of 234 of the 271 participants did not have a BML at 
ba seline. Over 2 years, 33 knees developed new BML (14% of 
knees). Those who developed a BML weighed more (p = 0.02), 
had a higher BMI (p = 0.01) and reported a higher proportion of 
:ncident pain (p = 0.05) (table 1). Of the 33 BML that developed 
ove r the study, 20 (61 %) were located within the medial and 13 
. 19%) within the lateral compartment. One person developed a 
3ML in both the medial and lateral compartments. Of the 33 
:nc1dent BML, 13 were graded as "very large". 

Factors associated with developing BML over 2 years are 
presented in table 2. Although age, gender and height were not 
significantly associated with developing a BML over 2 years, 
:ncreased BMI was significantly associated with developing a 
3ML both before (p = 0.002) and after (p = 0.001) adjusting for 
confounders. For every unit increase in BMI, there was an 
associated 15% increased likelihood of developing a BML 
r = 0.001) and a 20% increased likelihood of developing a 
very large" BML (p = 0.001), after adjusting for confounders. 
We examined whether self-reported knee pain at follow-up 

differed in those subjects who developed a BML over 2 years 
·ompared with those who did not (table 3). Among people with 
no BML in the knee at baseline, incident knee pain was reported 
.n 45% of people who developed a BML compared with 29% 
·.vho remained BML free. Self-reported knee pain, assessed by 
the question "have you had any pain in your knee in the past 
12 months, yes or no?", was positively associated with incident 

BML over 2 years, with people who developed a "very large" 
BML being 4.2 (95% CI 1.2 to 15.1) times more likely to report 
knee pain than people who did not develop a "very large" BML, 
after adjusting for confounders (p = 0.03). Furthermore, devel
oping an incident BML over 2 years was positively associated 
with the development of knee pain lasting more than half a 
month (OR 3.5, 95% CI 1.21 to 10.0, p = 0.02) in univariate 
analyses. The development of a "very large" incident BML was 
also significantly associated with the development of knee pain 
lasting more than half a month in the past 12 months in 
univariate analysis (OR 6.5, 95% CI 1.8 to 23.9, p = 0.005) and 
after adjusting for confounders (OR 5.0, 95% CI 1.11 to 23.3, 
p = 0.04) . 

Natural history of prevalent BML 
Thirty-seven of the 271 participants who completed follow-up 
had a BML at baseline. Twenty-five (67%) BML were located 
within the medial and 14 (38%) within the lateral compart
ment. Two people had a BML in both compartments. Of the 37 
BML that were present at baseline, 11 were graded as "very 
large", with six located within the medial and five within the 
lateral compartment. Of the 37 BML that were present at 
baseline, 20 (54%) persisted at follow-up and 17 (46%) 
completely resolved. There were no significant differences in 
age (p = 0.7) , gender (p = 0.98) and BMI (p = 0.50) between 
people who had a BML at baseline that resolved compared with 
people whose BML persisted over the 2-year study period 
(table 1). Furthermore, there were no significant associations 
between risk factors such as age (p = 0.8), gender (p = 0.98), 
weight (p = 0.4) and BMI (p = 0.6) and BML persisting over 
2 years. There were no associations with the development of 
pain. 

Table 3 Association between incident BML and development of pain at follow-up 

Incident BML 
Self-reported knee pain 
Pain in knee for over half a month in past 12 months 

Incident "very large" BML 
Self-reported knee pain 
Pain in knee for over half a month in past 12 months 

Univariate 
analysis• 
(OR, 95% Cl) 

2.1 (0.99 to 4.5) 

3.5 (1.21 to 10.0) 

3.9 (1 .2 to 12.4) 
6.5 (1 .8 to 23.9) 

Multivariate analysis 
p Value (OR, 95% Cl) p Value 

0.05 1.9 (0.9 to 4.3)t 0.10 
0.02 2.53 (0.8 to 7.9)t 0.11 

0.02 4.2 (1.2 to 15.l)t 0.03 
0.005 5.01 ( 1.11 to 23.3)t 0.04 

*Odds ratio (OR) for having self-reported knee pain if a there was an incident bone marrow lesion (BML) compared with if there 
was not. t OR for having self-reported knee pain if there was an incident BML compared with if there was not, adjusted for age, 
gender and body mass index (BMI). t OR for have pain in the knee for more than half a month in the past 12 months compared with 
if not adjusted for age, gender and BMI. 
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DISCUSSION 
Jn this population of healthy participants with no clinical knee 
osteoarthritis, BML developed in 14% of people over 2 years. 
Increased BMI was a risk factor for incident BML, and incident 
BML were associated with the development of knee pain in a 
population in which all participants were free of pain at the 
beginning of the study. Approximately half of the BML present 
at baseline resolved over the 2-year study period. 

This is the first study to report the natural history of BML 
and risk factors associated with the incidence of BML in a 
healthy, pain-free population. Incident BML have previously 
been reported in cohorts mixed in relation to radiographic 
osteoarthritis diagnosis and/or pain symptoms.5 15 23 In a 
population with chronic knee pain, in which 80% had radio
graphic knee osteoarthritis, new lesions developed in 21 % of 
people over 2 years. 15 Similarly, among patients with primary 
knee osteoarthritis, new BML developed over 15 or 30 months 
in 20% of knees.5 In a small study of 47 people with painful 
knees with (88%) or without (12%) osteoarthritis, eight new 
BML were identified over 2 years. 23 Our finding that BML 
developed in 14% of people over 2 years is lower than has been 
described in symptomatic populations. Furthermore, approxi
mately half the BML present at baseline resolved over 2 years, 
which is higher than has previously been shown in subjects 
with osteoarthritis and/ or knee pain.4 5 15 23 These data suggest 
tha t, not only are BML less common in asymptomatic subjects 
with no clinical knee osteoarthritis, but they are more likely to 
resolve and the rate of development is lower. 

ln this study, we found that incident BML were associated 
with developing knee pain. The association between pain and 
BML is conflicting.3 4 14 15 To our knowledge only one previous 
study has reported an association between incident BML and 
inC1dent pain and this was in a population of people who either 
had knee osteoarthritis or were at high risk of developing 
osteoarthritis. 13 In that study, incident BML were found to be 
more common in the knees of people with incident pain over 
15 months compared with those with no incident knee pain.13 

This current study has extended these findings by observing a 
consistent relationship between incident BML and the develop
ment of pain in a healthy, middle-aged population. While 
subchondral bone has been suggested as a contributor to knee 
pain, 21 the exact causes of knee pain remain unclear. It is known 
tha t the marrow of subchondral bone is richly innervated with 
nociceptive pain fibres. 28 Taken together with the findings of 
our study, this suggests that the role of bone in knee pain may 
be partly mediated via BML development. 

We found that increased BMI was a risk factor for incident 
BML. This has not previously been examined in a longitudinal 
study. However, these findings are consistent with data from a 
cross-sectional study of asymptomatic middle-aged women, 
'Nhich showed that the prevalence of BML was associated with 
increased body weight and BMI. 6 A similar association was also 
iound in a cross-sectional study examining a population 
containing people with and without radiographic osteoarthri
tis. 10 

The findings of this study suggest that BML occur in healthy 
populations but are less common and are more likely to resolve 
compared with osteoarthritis/symptomatic populations.9 In this 
current study, the incidence of BML was also associated with 
developing new knee pain, mirroring previous observations in 
)steoarthritis/symptomatic populations. This suggests that 
BML play a role in knee pain in osteoarthritis possibly as a 
continuum from a normal to a clinically diseased joint. 
Furthermore, in this study obesity was associated with 
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developing new BML. Both mechanical factors, such as knee 
malalignment8 and increased weight,6 have been shown to be 
risk factors for BML prevalence. Knee alignment was not 
examined in this study and it may be that, in part, the effect of 
obesity as a risk factor for BML acts via malalignment. 
However, systemic factors such as nutritional factors21 21 also 
affect the risk of BML so a metabolic effect of obesity may also 
be possible. Given that BML have also been shown to be 
associated with structural changes associated with the progres
sion of osteoarthritis, 1 

4-9 it may be that by preventing their 
development in healthy populations it could help to reduce the 
incidence and burden of knee pain. 

This study has a number of potential limitations. First, the 
study examined a healthy, community-based population 
selected on the criteria of no knee pain or injury, and therefore 
the results are not generalisable to symptomatic populations or 
people who have injured their knees. However, the findings of 
our study can be generalised to populations that may be 
targeted for primary prevention. Second, we did not obtain 
radiographs of the knees, so that subjects may have had 
asymptomatic, radiographic osteoarthritis. However, we used 
the American College of Rheumatology clinical criteria of 
osteoarthritis to determine the status of knees, and individuals 
with significant knee injury in the past, pain at baseline, knee 
surgery or a medical diagnosis of any other type of arthritis were 
excluded. 24 It is possible that the findings reported of a lower 
rate of development and persistence compared with sympto
matic/radiographic osteoarthritis populations reflect the low 
prevalence of undetected radiographic osteoarthritis that may 
be present in this population. However, it could be argued that 
the development of radiological osteoarthritis is a step along the 
spectrum of changes from the normal to the osteoarthritis knee. 
BML incidence and/or persistence may represent one such step 
in the pathway because it has been shown that 10% of knee 
cartilage is lost by the time the first radiological changes of 
osteoarthritis can be identified.l9 Finally, due to the small 
number of prevalent BML at baseline, our analysis of persistent 
BML may not have been sufficiently powered to detect any 
weak associations between age, gender, BMI and symptoms. 

The findings of this study suggest that BML develop in 
healthy populations at a lower rate than has been reported in 
osteoarthritis populations, and that approximately half of the 
BML present at baseline resolved. Increased weight and BMI 
were risk factors for incident BML. Furthermore, the incidence 
of BML was positively associated with the development of pain . 
These data suggest that in middle-aged people with no clinical 
knee osteoarthritis, BML are reversible and may provide a target 
for interventions aimed at symptoms and the prevention of 
knee osteoarthritis. 
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Development of bone marrow lesions is associated 
with adverse effects on knee cartilage while 
resolution is associated with improvement - a 
potential target for prevention of knee 
osteoarthritis: a longitudinal study 
Miranda L Davies-Tuck1, Anita E Wluka1,2, Andrew Forbes 1, Yuanyuan Wang 1, Dallas R English3,4, Graham G Giles3, 
Richard O'Sullivan5 .and Flavia M Cicuttini*1 

Abstract 

Introduction: To examine the relationship between development or resolution of bone marrow lesions (BMLs) and 
, knee cartilage properties in a 2 year prospective study of asymptomatic middle-aged adults. 

Methods: 271 adults recruited from the Melbourne Collaborative Cohort Study, underwent a magnetic resonance 
imaging scan (MRI) of their dominant knee at baseline and again approximately 2 years later. Cartilage volume, 
cartilage defects and BMLs were determined at both time points. 

Results: Among 234 subjects free of BMLs at baseline, 33 developed BMLs over 2 years. The incidence of BMLs was 
associated with progression of tibiofemoral cartilage defects (OR 2.63 (95% Cl 0.93, 7.44), P = 0.07 for medial 
compartment; OR 3.13 (95% Cl 1.01, 9.68), P= 0.048 for lateral compartment). Among 37 subjects with BMLs at 
baseline, 17 resolved. Resolution of BMLs was associated with reduced annual loss of medial tibial cartilage volume 
(regression coefficient-35.9 (95%CI -65, -6.82), P= 0.02) and a trend for reduced progression of medial tibiofemoral 
cartilage defects (OR 0.2 (95% Cl 0.04, 1.09), P = 0.06). 

Conclusions: In this cohort study of asymptomatic middle-aged adults the development of new BMLs was associated 
: with progressive knee cartilage pathology while resolution of BMLs prevalent at baseline was associated with reduced 
I progression of cartilage pathology. Further work examining the relationship between changes and BML and cartilage 

may provide another important target for the prevention of knee osteoarthritis. 

Introduction 
There is increasing interest in the role of bone marrow 
lesions (BMLs), detected by magnetic resonance imaging 
(MRI), in the pathogenesis of knee osteoarthritis (OA) 
I 1.2J. Histological examination of BMLs in knees has 
reported that they may represent areas of osteonecrosis, 
oedema, trabecular abnormalities and bony remodeling (3). 
BMLs are present in both symptomatic [4-7) and asymp
tomatic populations (8,9). Although BMLs are found to be 
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extremely common in OA populations and, once present, 
are unlikely to resolve (7,10,J I], in asymptomatic popula
tions they tend to have a more fluctuating course [ 12]. 
BMLs have most commonly been described in relation to 
mechanical factors such as trauma [ I 3-16 ]. knee malalign
ment [ I 71, and increased body weight [8]. However, more 
recently systemic factors such as osteo-protective medica
tions [ I 8) and nutritional factors [ I 9,201 have been reported 
to affect the risk of BM Ls. 

Very little is known about the relation between BMLs and 
other changes in knee structures in asymptomatic, clinically 
healthy populations. Most previous studies have focussed 
on symptomatic populations with established knee OA 
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[ 6, 10, 11,21 ], where BMLs are associated with knee symp
toms [4,21-25] and progression of structural changes 
including joint space narrowing [ 17], loss of cartilage 
[6,26] and increased prevalence and severity of cartilage 
defects [23,27]. More recently in an asymptomatic popula
tion, the presence of BMLs at baseline was shown to be 
associated with longitudinal progression of cartilage defects 
and loss of cartilage volume [28] suggesting that BMLs 
also have a pathogenic role in pre-clinical OA. 

The significance of development or resolution of preva
lent BMLs has only recently been examined in populations 
with, or at high risk of, knee OA [6,7,29]. In two of these 
studies, the majority of BMLs persisted so both could only 
examine the effect of change in size of the BMLs, had lim
ited ability to examine incident BMLs, and had no power to 
investigate resolution [ 6, 7]. In contrast, for participants of 
the Multi-centre Osteoarthritis Study (MOST) who either 
had or were at high risk of OA, approximately 40% of 
BMLs completely resolved and about one-third of cartilage 
locations developed new BMLs over 30 months, but no sig
nificant association between resolution of BMLs and 
change in cartilage was seen. In addition, the presence, res
olution and progression of the BMLs was observed simulta
neously within the same knee suggesting that complete 
resolution of all BMLs in a knee occurred less frequently. 
Worsening of BMLs and development of new BMLs was 
associated with increased cartilage loss compared with 
where BMLs remained stable [29]; however, no compari
son between knees with incident BMLs and knees that 
remained free of BMLs was made. Recently, we have 
shown for asymptomatic populations that BMLs fluctuate 
with about 50% resolving and about 14% of people devel
oping new ones over two years [12,30]. Thus, the aim of 
this study was to examine the relation between incident 
BMLs and the resolution of BMLs prevalent at baseline and 
change in knee cartilage over two years in a cohort of 
asymptomatic middle-aged adults. 

Materials and methods 
Participants 
The study was conducted within the Melbourne Collabora
tive Cohort Study, a prospective cohort study of 41,528 
people, assembled to examine the role of lifestyle and 
genetic factors in the risk of cancer and chronic diseases in 
Melbourne, Australia (31 ). Participants for the current 
study were recruited from this cohort in 2003-04 if they 
were aged between 50 and 79 years without any of the fol
lowing exclusion criteria: a clinical diagnosis of knee OA 
as defined by American College of Rheumatology criteria 
132]; knee pain lasting for more than 24 hours in the past 
five years; a previous knee injury requiring non-weight 
bearing treatment for more than 24 hours or surgery 
( including arthroscopy); a history of any form of arthritis 
diagnosed by a medical practitioner or a contraindication to 
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MRI, as previously described (33]. The study was approved 
by The Cancer Council Victoria's Human Research Ethics 
Committee and the Standing Committee on Ethics in 
Research Involving Humans of Monash University, Mel
bourne. All participants gave written informed consent. 

Anthropometric data 
Height (cm) was measured using a stadiometer with shoes 
removed at baseline ( 1990-94). Weight (kg) was measured 
with bulky clothing removed at the time of MRI. Body 
mass index (BMI) was calculated from these data (weight 
(kg)/height2 (m2)). 

MRI and the measurement of BMLs, cartilage volume and 
defects 
MRI 
An MRI of the dominant knee (defined as the lower limb 
from which the subject stepped off from when initiating 
gait) for each participant was performed between October 
2003 and December 2004 and approximately two years 
later, as described on a 1.5-T whole body MR unit (Philips, 
Medical Systems, Eindhoven, the Netherlands) using a 
commercial transmit-receive extremity coil (9]. The follow
ing sequences and parameters were used: fat suppressed, 
gradient recall acquisition in the steady state, three dimen
sional Tl-weighted (58 msec/12 msec/55°, repetition time/ 
echo time/flip angle), one signal average, slice thickness 
1.5 mm, field of view 16 cm and matrix 512 x 512 scans. In 
addition, a coronal T2-weighted fat-saturated acquisition, 
(3500 to 3800 msec/20/80 msec/90°, repetition time/echo 
time/flip angle), two signal averages, echo train length of 
10, with a slice thickness of 3.0 mm, a 1.0 inter slice gap, I 
excitation, a field of view of 13 cm, and a matrix of 256 x 

192 pixels was also obtained [8]. 

Assessment of BMLs 
BMLs were defined as areas of ill-defined increased signal 
intensity adjacent to subcortical bone present in either the 
medial or lateral, distal femur or proximal tibia assessed of 
coronal T2-weighted fat-saturated images [ 34 ]. Two trained 
observers (MD and AW), who were blinded to patient char
acteristics, as well as sequence of images, together assessed 
the presence of lesions for each subject. The presence or 
absence of a BML was determined as previously described 
(34). Two trained observers, who were blinded to patient 
characteristics. as well as sequence of images, together 
assessed the presence of lesions for each subject. The pres
ence or absence of a BML was determined as previously 
described [ 17.28]. Briefly, a lesion was defined as present if 
it appeared on two or more adjacent slices underlying the 
cartilage plate. A BML was defined as 'incident' if it was 
present at follow up in the knees without BMLs at baseline. 
A BML was defined as 'resolved' if it was present at base
line but disappeared at follow up. A BML was classified as 
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'persistent' if it was present in the same location on both the 
baseline and follow-up scans. The reproducibility for deter
mination of the BMLs was assessed using 60 randomly 
selected knee MRls (K value 0.88, P < 0.001). 

Measurement of cartilage volume 
The volumes of individual cartilage plates (medial and lat
eral tibia) were measured from the total volume by manu
ally drawing disarticulation contours around the cartilage 
boundaries on each section on a workstation as described 
[33]. The coefficients of variation for the medial and lateral 
tibial cartilage volume measures were 3.4% and 2.0% 
respectively (35,36]. Annual change in cartilage volume 
was calculated as follow up cartilage volume subtracted 
from initial cartilage volume then divided by the period of 
time between MRI scans, as described (35]. 

Assessment of cartilage defects 
Cartilage defects were graded on the sagittal Tl-weighted 
MR images with a classification system as previously 
described [37-39], in the medial and lateral tibial and femo
ral cartilages. Cartilage defects were graded as follows: 

Table 1: Characteristics of participants 

With BMLs at baseline 
(n=37) 
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grade 0, normal cartilage; grade 1, focal blistering and 
intracartilaginous low-signal intensity area with an intact 
surface and bottom; grade 2, irregularities on the surface or 
bottom and loss of thickness of less than 50%; grade 3, 
deep ulceration with loss of thickness of more than 50%; 
grade 4, full-thickness cartilage wear with exposure of sub
chondral bone. A cartilage defect also had to be present in 
at least two consecutive slices. The baseline and follow-up 
cartilage defects were graded in duplicate (the cartilage 
defects were re-graded one month later), unpaired and 
blinded to the sequence. The defect scores at medial 
tibiofemoral (0-8) and lateral tibiofemoral (0-8) compart
ments were used in the study. Intra-observer reliability 
(expressed as intraclass correlation coefficient, ICC) was 
0.90 for the medial tibiofemoral compartment and 0.89 for 
the lateral tibiofemoral compartment (40]. Change in carti
lage defects in a compartment was classified as to whether 
or not they progressed (i.e. increase in cartilage defect 
score), regressed (i.e. reduction in cartilage defect score) or 
remained stable (i.e. no change in cartilage defect score). 

FrH of BMLs at baseline 
(n =234) 

BMLs BMLs Pvalue BMLs NoBMLs Pvalue 
persisted resolved developed developed 
(n=20) (n= 17) (n= 33) (n = 201) 

Age (years) 58.6 (5.5) 57.8 (6.4) 0.701 57.7 (5.9) 57.8 (5.0) 0.901 

Gender 13(65%) 11 (65%) 0.982 23 (70%) 122 (61%) 0.302 

(%female) 

Body mass 25.9 (3.9) 24.8(4.1) o.50 1 28.0 (5.1) 25.4 (3.7) 0.01 1 

index (kg/m2) 

Annual change 

in cartilage 
volume(µ/) 

Medial tibial 36.0 (39.2) 10.5 (45.9) 0.13 1 34.0 (54.6) 19.5 (50.0) 0.08 1 

Lateral tibial 25.6 (67.2) 28.4 (42.1) 0.08 1 37.6 (57.0) 21.0 (48.4) 0.881 

Progression of 

tibiofemoral 
cartilage 

defects, 
number(%) 

Medial 7(35%) 3(18%) 0.152 11 (33%) 44(21%) 0.242 

Lateral 9(18%) 8(47%) 0.0082 15(45%) 47 (23%) 0.901 

Mean (standard deviation) unless otherwise stated. BML = bone marrow lesion. 
1 Independent samples t-test 
2 Chi-squared test 
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Table 2: Relation between compartment specific incident bone marrow lesions and longitudinal change In knee cartilage 
(n = 234) 

Univariate analysis 
regression 

coefficient/odds 
ratlo(95% Cl) 

Pvalue Multivariate analysis 
regression 

coefficient/odds ratio 
(95%(1)• 

Pvalue 

Medial compartment 

Annual change in 
cartilage volume 

Cartilage defects 
progress vs no change 

Lateral compartment 

Annual change in 
cartilage volume 

Cartilage defects 
progress vs no change 

4.12 (·19.30, 27.60) 

1.86 (0.70, 4.93) · 

21.2 (-5.86, 48.20) 

3.0 (1.01, 8.93) 

0.73 

0.21 

0.12 

0.05 

2.37 (-21.78, 26.53) 1 0.85 

2.63 (0.93, 7.44)2 0.07 

18.04 (-9.72, 45.80) 1 0.2 

3.13 (1.01, 9.68)2 0.05 

1 Annual change in tibial cartilage volume if an incident bone marrow lesion (BML) developed compared with if no BML developed after 
adjusting for age, gender, body mass index (BMI) and respective baseline tibial plateau area 
2 Odds ratio for cartilage defects to progress if an incident BML developed compared with if no BML developed after adjusting for age, gender, 
BMI and respective baseline cartilage volume 

Cl = confidence interval. 

Statistical analysis 
All variables were assessed for normality by visually 
inspecting histograms. Baseline characteristics for the 271 
subjects who completed both MRI scans were tabulated. 
Linear regression was used to examine the compartment 
specific relation between having an incident or resolved 
BML and annual change in cartilage volume. Logistic 
regression was used to determine the compartment specific 
odds of cartilage defect progression versus regression/sta
bility in relation to if a person had an incident BML or a 
resolved BML over two years. Potential confounders of 
age, gender, BMI, and tibial plateau area for annual change 
in cartilage volume were included in multivariate analyses. 
A P value less than 0.05 (two-tailed) was regarded as statis
tically significant. All analyses were performed using the 
SPSS statistical package (version 15.0.0, SPSS, Cary, NC, 
l'SA). 

Results 
Two hundred and seventy-one (90%) of the originally 
recruited 297 participants completed both MRI scans at 
baseline and approximately two years later. Reasons for 
loss to follow up included: death (3 ), withdrawal for health 
reasons (4), withdrawal of consent (10), ineligible for fol
low up (pacemakers) (4), and inability to be contacted (5). 
The only significant difference between those who com
pleted follow up and those who were lost to follow up was 

that those lost to follow up were slightly heavier (P = 0.0 I). 
Of the 271 participants, 234 (86%) did not have a BML in 
their knee at baseline. Over the two-year study period, 33 
( 14%) developed a BML in their knee. Of the 37 ( 14%) par
ticipants who had a BML in their knee at baseline, 20 
(54%) persisted and 17 ( 46%) resolved over the two-year 
study period. The characteristics of the participants are pre
sented in Table I . 

Relation between Incident BMls and tlblofemoral cartilage 
properties 
The associations between developing an incident BML and 
annual change in cartilage volume and progression of 
tibiofemoral cartilage defects are presented in Table 2. 
Within the medial compartment developing an incident 
BML was not associated with annual change in medial car
tilage volume, but a trend for incidence of medial BMLs 
being associated with progression of medial tibiofemoral 
cartilage defects was observed (odds ratio (OR) = 2.63, 
95% confidence interval (Cl) = 0.93 to 7.44, P = 0.07). A 
similar finding was seen in the lateral compartment. 
Although incidence of lateral BMLs was not associated 
with annual change in lateral cartilage volume, having an 
incident lateral BML was associated with a 3.13 fold (95% 
Cl = 1.0 I to 9.68, P = 0.05) increased odds of having lateral 
tibiofemoral defects progress. Figure 1 shows MRI images 
of knee that developed an incident BML over the two-year 
period and the worsening of a tibial defect located above 
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the incident BML. 

Relation between resolved BM Ls and tibiofemoral cartilage 

properties 
The compartment specific associations between having a 
BML resolve compared with it persisting over two years 
and annual change in cartilage volume and progression of 
tibiofemoral defects are presented in Table 3. Having a 
medial BML resolve over the study period was associated 
with a trend for reduced annual loss in medial tibial carti
lage volume (regression coefficient= -28.7 µl, 95% Cl = -
58.11 to 0.68, P = 0.05) in univariate analyses. After adjust
ing for potential confounders this relation became signifi
cant (regression coefficient = -35.9 µl, 95% Cl = -65 to -
6.82, P = 0.02). A trend for resolution of medial BMLs and 
reduced likelihood of progression of medial tibiofemoral 
defects was also observed in both univariate (OR = 0.23, 
95% CI = 0.05 to 1.08, P = 0.06) and multivariate analyses 
(OR = 0.2, 95% CI = 0.04 to 1.09, P = 0.06). No relation 
between the resolution of lateral BMLs and annual change 
in lateral cartilage volume or. progression of lateral 
tibiofemoral defects was seen. 

Discussion 
In this cohort of asymptomatic middle-aged adults, the 
development of new BMLs i'n kn~es free of BMLs at base
line was associated with the progression of tibiofemoral 
cartilage defects over two years. In contrast1 the resolution 
of BMLs was associated with reduced loss of medial tibial 

I (a) 
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cartilage olume and a trend toward reduced progr ion 
of tibiofemoral cartilage defects. 

The relation between incident BMLs and change in carti
lage has only recently been examined [29]. Among elderly 
participants with or at high risk of knee OA, de elopment 
of new BMLs was associated with a worsening cartilage 
score as assessed using the WORM (Whole organ MRI 
score) scale compared with knees where a BML remained 
stable; howe er, a comparison of cartilage loss with knees 
that remained BML free was not performed [29]. Although 
we did not show a relation between incident BMLs and 
change in cartilage olume there was. progression of carti
lage defects. This may be due to the relative short duration 
of two years of follow up; in a pain-free population people 
are likely to have slower cartilage loss and also due to the 
fact that cartilage defects are an earlier and independent 
marker of cartilage pathology [37). We have shown that 
cartilage defects are present in asymptomatic people with 
no clinical or radiological OA and to be predictors of carti
lage loss in healthy people [41] and tho e with OA [37] 
independent of initial cartilage volume. Thus, it may be that 
the relation we have observed between incident BMLs and 
cartilage defects reflects early cartilage pathology and lon
ger duration of follow up may be needed in order to ob erve 
subsequent cartilage volume lo s. 

In this asymptomatic population we found that the r olu
tion of BM Ls over two years was associated with b neticial 
effects on cartilage as evidenced by reduced loss of tibial 
cartilage volume and a trend towards r duced progression 
of tibiofemoral cartilage defects suggesting this is not im-

(b) 

Figure 1 Magnetic resonance Images. (a) Magnetic resonance image of knee showing no bone marrow lesion (BML) and a grade 2 medial tibial 
defect at baseline. (b) Magnetic resonance image showing an incident medial tibial BML and a grade 3 medial tibial defect above the BML at follow up. 
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Table 3: Relation between compartment specific resolution compared with persistence of bone marrow lesions and 
change in knee cartilage (n = 37) 

Univariate analysis 
regression 

coefficient/odds ratio 
(95%(1) 

Pvalue Multivariate analysis 
regression 

coefficient/odds ratio 
(954MICI)* 

Pvalue 

Medial compartment 

Annual change in 
cartilage volume 

Cartilage defects 
progress vs no change 

Lateral compartment 

Annual change in 
cartilage volume 

Cartilage defects 
progress vs no change 

-28.70 (-58.11, 0.68) 0.05 

0.23 (0.05, 1.08) 0.06 

24.70 (-18.88, 68.37) 0.26 

1.08 (0.24, 4.90) 0.92 

-35.90 (-65.00, -6.82)1 0.02 

0.20 (0.04, 1.09)2 0.06 

23.41 (-23.13, 70) 1 0.31 

1.08 (0.22, 5.39)2 0.92 

1 Annual change in tibial cartilage volume if a bone marrow lesion (BML) resolved vs persisted after adjusting for age, gender, body mass 
index (BMI) and respective baseline tibial plateau area 
2 Odds ratio for cartilage defects to progress if a BML resolved vs persisted after adjusting for age, gender, BMI and baseline cartilage volume 
Cl = confidence interval. 

ply due to cartilage swelling. Our results are supported by 
recent observations in OA populations (6,7,29]. For sub
jects with OA, an increase in size of BML was shown to be 
associated with increasing C-terminal cross-linking telo
peptide of collagen type II levels [6] and increased cartilage 
loss (7,29]. To our knowledge only one study, the MOST, 
has examined cartilage changes in knees where BMLs 
resolved; however, no significant association was observed 
between resolution of BMLs and change in cartilage [29]. 
This may, at least in part, be due to the mixed nature of the 
MOST population because the purpose of the MOST was to 
examine a population at high risk ofOA. In the MOST pop
ulation, approximately 12% had symptomatic OA, approxi
mately 24% had symptoms and about one-third had a 
Kellgren Lawrence score greater than or equal to two and 
past injury and surgery were not excluded. Therefore, the 
joints of these participants may already be further along the 
pathological pathway of structural change from the normal 
joint to one with OA, where the factors culminating in a 
BML, and acting on the whole knee, are established. In this 
situation, the reduction in change of cartilage associated 
with the resolution of BMLs may be lessened. In contrast, 
our population was asymptomatic and participants with 
prior injury or knee surgery were excluded. 

There is growing evidence to suggest that BMLs have an 
important role in the pathogenesis of knee OA. They are 
common and persistent in symptomatic OA where they arc 
associated with pain and progression of OA [ 4,6, I 7 .21-26 ]. 
Although less common in asymptomatic people, BMLs are 

also associated with progressive knee cartilage pathology 
[28,42]. In this asymptomatic population with no clinical 
OA, the development of new BMLs was associated with 
adverse effects on knee cartilage, while resolution of BM Ls 
was associated with improvement in cartilage. Although it 
has been suggested that BMLs are largely due to adverse 
biomechanical factors, we, and other investigators, have 
shown that systemic factors also affect the risk of BMLs 
[ I 8,20,43). It may be that in the observed relation between 
BMLs and cartilage, factors contributing to the develop
ment of BMLs have resulted in impairment of the supply of 
nutrients and oxygen to the overlying cartilage plate, which 
may also reduce the strength of the bony support of articu
lar cartilage [44,45]. Our data also suggest that this is 
reversible because resolution of BMLs was associated with 
reduction in cartilage defects and cartilage loss. Thus iden
tifying factors that reduce the incidence of BMLs and 
increase their resolution may offer therapeutic targets in the 
prevention of knee OA. 

This study has a number of potential limitations. Firstly, it 
examined a healthy asymptomatic population selected on 
the criteria of no knee pain or injury and therefore, the 
results are not generalisable to symptomatic populations or 
people who have injured their knees. On the other hand, the 
findings from our study can be generalised to populations 
that may be targeted for primary prevention or early treat
ment of knee OA. Second, we did not obtain radiographs of 
the knees, so some subjects may have had asymptomatic 
radiographic OA. However, we used the American College 
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of Rheumatology clinical criteria of OA [32] to determine 
the status of knees, and individuals with significant knee 
injury in the past, pain at baseline, knee surgery or medical 
diagnosis of any other type of arthritis were excluded. Due 
to the small number of persistent BMLs we were unable to 
examine change in BML size. The small number of BMLs 
may have also reduced our power to detect significant asso
ciations and may explain the trends reported. In this study 
we did not assess knee alignment, which has been shown to 
be associated with the presence of BMLs [17]. Ifmalalign
ment were to be a major determinant of BMLs, we would 
not expect it to change significantly in a healthy asymptom
atic population over a period of only two years, so would 
expect it to underestimate the relations we observed. 

Conclusions 
In this cohort study of asymptomatic middle-aged adults the 
development of new BMLs was associated with progressive 
knee cartilage pathology, while resolution of BMLs preva
lent at baseline was associated with reduced progression of 
cartilage pathology. Further work examining the relation 
between changes and BML and cartilage may provide 
another important target for the prevention of knee OA. 
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Chapter 7: Systemic Risk Factors for Bone Marrow 

Lesions 

Given the significance of bone marrow lesions and their role in knee OA, 

understanding modifiable factors which may influence their development is important. 

While originally thought to predominantly be a result of joint mal-alignment [78] 

there is increasing evidence to suggest that they may also be associated with systemic 

or vascular factors [279, 289, 290]. The ends of long bones are highly vascularised 

and are therefore subject to any systemic effects [306]. Factors that have the potential 

to disturb bone nutrition and repair may impair the supply of nutrients and oxygen to 

the overlying cartilage plate [274-276]. Bone death may also occur resulting in a 

reduced strength of the bony foundation of articular cartilage [274, 275]. 

Cigarette smoking has been found to be associated with loss of knee cartilage and 

development of cartilage defects [227-229]. Given the fact that cartilage has no 

vascular supply the mechanisms by which smoking affects cartilage is unclear. It is 

possible that any affects smoking has on cartilage are mediated through the underlying 

bone. While smoking has been shown to be detrimental to bone [334), there have been 

no studies examining the relationship between smoking and change in knee structures 

in healthy asymptomatic individuals without knee OA. 

The first paper presented within this chapter examines the relationship between 

smoking and change in tibial cartilage volume and BMLs over 2 years in a cohort of 

asymptomatic community based individuals. It suggests a possible mechanism by 

which smoking leads to increased cartilage loss via impairing the ability for BMLs to 

resolve. 

7.1 Davies-Tuck ML, Wluka AE, Forbes A, Wang Y, English DR, Giles GG & 

Cicuttini F. Smoking is Associated with Increased Cartilage Loss and Persistence of 

Bone Marrpw Lesions over 2 Years in Community Based Individuals with No 

Clinical Knee Osteoarthritis. Rheumatology 2009 48(10): 1227-31. 
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Dietary fatty acid intake has also been implicated in OA [303, 305]. But once again, 

the mechanism by which fatty acids affect the knee structure and consequently the 

risk of knee OA has not been fully elucidated. We have recently shown that higher 

intakes of fatty acids were associated with an increased prevalence of BMLs in a 

healthy population without clinical knee OA [291]. However there are no longitudinal 

studies examining the role of fatty acids on change in BML. 

The second paper presented within this chapter examines the association between 

different types of dietary fatty acids and the incidence of BMLs in healthy, 

community-based, middle-aged men and women with no clinical knee OA. It suggests 

that increased fatty acid consumption may increase the risk of developing new bone 

marrow lesions. 

7.2 Davies-Tuck ML & Wang Y, Wluka AE, English DR, Giles GG, O'Sullivan 

R and Cicuttini F. Dietary Fatty Acid Intake affects the risk of developing Bone 

Marrow Lesions in Healthy Middle-Aged Adults without Knee Osteoarthritis. 

Arthritis Research and Therapy 2009 11(3) R63. 

The above studies suggest that systemic factors may be associated with OA 

development via effects on the bone; in addition there is further evidence that OA may 

have a vascular basis. Hypercholesterolemia and hypertriglyceridemia, both risk 

factors for cardiovascular disease, have also been related to risk and progression of 

OA [274, 308]. It is possible that elevated serum lipids make contribute to venous 

occlusion resulting in small vessel stasis underlying the cartilage plate, joint 

hypertension, hypercoagulability and/or microemboli which may result in 

subchondral bone ischemia [2 7 4]. 

The final paper in this chapter aims to further explore the hypothesis that OA may 

have a vascular basis. It explores the relationship between serum lipids and bone 

marrow lesions and cartilage over two years in a population of pain free, middle-aged 

women. We found that serum cholesterol and triglyceride levels were associated with 

the incidence of BMLs over 2 years. This provides support for the hypothesis that 

vascular pathology may have a role in the pathogenesis of knee OA. Further work is 

108 



warranted to clarify this and whether treatments aimed at reducing serum lipids may 

have a role reducing the burden of knee OA. 

7.3 Davies-Tuck ML, Hanna F, Davis SR, Bell R, Davison S, Wluka A, Adams J 

& Cicuttini FM. Increased Total Cholesterol and Triglycerides are Associated with the 

Incidence of Bone Marrow Lesions in Asymptomatic Middle-Aged Women. Arthritis 

Research and Therapy 2009 11(6):R181 
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Smoking is associated with increased cartilage loss and persistence 
of bone marrow lesions over 2 years in community-based individuals 

:Vliranda L. Davies-Tuck1
, Anita E. Wluka 1

'
2

, Andrew Forbes', Yuanyuan Wang1, Dallas R. English3
•
4

, 

Graham G. Giles4 and Flavia Cicuttini1 

Objective. To determine whether smoking is related to change in tibial and patella cartilage, and the development or persistence of bone 
marrow lesions (BMLs) over 2 years in a cohort of middle-aged adults. 
Methods. Two hundred and seventy-one adult subjects recruited from the Melbourne Collaborative Cohort Study underwent an MAI of their 
dominant knee at baseline and ....,2 years later. Cartilage volume and BMLs were determined for both time points. At baseline, subjects also 
completed a questionnaire about current and past cigarette smoking. 
Results. Being a 'smoker' (former or current) was associated with increased annual loss of medial but not lateral or patella cartilage volume 
(medial: difference= 13.4 µI, P= 0.03; lateral difference= 4.86 µI, P= 0.45, patella difference= -2.57 1,1, P= 0.79). A relationship between 
increasing pack-years smoked and increased medial cartilage volume loss was also observed (P= 0.04). Amongst people who had a BML at 
baseline, BMLs present in 'ever smokers' were 11.4 [95% confidence interval (Cl) 1.54, 89.9; P= 0.02] times more likely to persist over 
2 years than those present in 'never smokers'. In addition, the relationship between smoking and increased medial cartilage loss for subjects 
with a BML present at baseline was partially mediated by the persistence of the BMLs over 2 years. 
Conclusion. This study contributes to the evidence of a detrimental effect of smoking on joint cartilage. Furthermore, it provides a possible 
mechanism that the association smoking shares with increased cartilage loss may be mediated via smoking impairing the ability for BMLs to 
resolve. 

Kn woRos: Bone marrow lesions, Smoking, Cartilage, Osteoarthritis. 

Introduction 

l he relationship between smoking and the development of knee 
0.\ remains conflicting (1-9]. Whereas a number of studies have 
,ugt,!csted a protective role of cigarette smoking on risk of OA 
l :. J, 10, 11 ]. others have reported no association between smok
rng and development or progression of knee OA (8, 9]. The null 
lindings of these studies may in part be due to the fact that radio
graphic OA or knee joint replacement were used as the outcome 
:ind therefore provided no information about specific structural 
,h,tnges within the knee (12]. 

\1ore recently, studies employing MRI to assess change in spe
,1,ic knee structures have found smoking to be associated with 
:nlreascd loss of knee cartilage and development of cartilage 
:l'IL'Ch in rnhorts mixed in relation to OA diagnosis and/or symp-

1, ,rm [5-7J. In a cohort largely without radiographic knee OA. 
,nwking and pack-years smoked was associated with im:reascd 
r,wd1al and lateral femoral cartilage loss over -2 years [5J. In a 
' 11 month follow-up of 159 men with symptomatic knee OA. smo
~cr, were found to lose more medial tibiofemoral and patella 
,;1rtilage and had more severe knee pain than non-smokers [6]. 
\lore recently, in a population mixed with relation to OA diag
n,1,1s, smoking was found to be associated with increased cartilage 
:,,,, and cartilage defect development primarily in people with a 
L1rnily history of knee OA >2.5 years [7]. 
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While loss of articular cartilage is considered the hallmark of 
OA, changes in the highly vascularized hone, in particular hone 
marrow lesions ( BM Ls). have also been implicated in the devel
opment of the disease [ 13-15]. Both cartilage and BM Ls can he 
directly measured from MRI. While the mechanism by which 
smoking affects cartilage remains unclear, smoking has been 
shown to be detrimental to bone (16]. Despite this. there arc no 
studies examining the relationship between smoking and change in 
knee structures in healthy asymptomatic individuals without knee 
OA. Therefore. the aim of our study was to examine the relation
ship between smoking and change in knee structures. namely 
change in cartilage volume and BMLs over 2 years in a cohort 
of asymptomatic community-based individuals. 

Methods 

Suhjccts 

The study was conducted within the Melhourne Collahorat1vc 
Cohort Study (MCCS). which is a prospective cohort study of 
41 528 residents of Melbourne. Australia, aged between 27 and 
75 years (99.3% were aged 40--69 years) at recruitment which 
occurred between 1990 and 1994, with the aim of examining the 
role of lifestyle factors in the risk of cancer and heart disease [ 17). 
Partil.:ipants were recruited via the electoral rolls (registration to 
vote i-. compulsory for adults in Australia). adverti,ernents and 
community announcements in local media (e g television. radio 
and newspapers). Participants for this current study were recruited 
from the MCCS As our intent wa, to investigate subJects with no 
significant current or past knee disca~. individuals were excluded 
if they had had any of the following: a clinical diagnosis of knee 
OA as defined hy ACR criteria [IR): knee pain la,ting for :> 24 h in 
the la,t 5 :vear,: a previous knee injury requiring non-weight hear
ing treatment for >24 h or surgery (mcluding arthroscopy): a 
malignancy: or they were unahle to complete the study (e.g. pro
posed relocation): or they had a history of any form of arthritis 
diagnosed by a medical practitioner. A further exclusion criterion 
was a contraindication to MRI including pacemaker. metal 
sutures, presence of shrapnel or iron filings in the eye or 
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claustrophobia. We invited subjects who fulfilled our inclusion 
criteria and attended the first year of round 3 follow-up of the 
MCCS. which commenced in 2003. We used quota ampling 
whereby recruitment ceased when our. target ample of approxi
mately 300 subjects was achieved. By the end of 2004, 297 eligible 
,ubjects were recruited into the current study. The tudy was 
approved by The Cancer Council Victoria's Human Re earch 
Et hics Committee and the Standing Committee on Ethics in 
Re earch Involving Humans of Monash University. All partici
pa nts gave written informed consent. 

Anthropometric data 

Study participants completed a questionnaire that included infor
mation on their demographics at baseline and at the 2-year follow
up . Weight was measured to the neare·st 0.1 kg (shoes, socks and 
bulky clothing removed) using a single pair of electronic cales. 
Height was measured to the nearest 0.1 cm (shoes and sock 
removed) using a stadiometer. From these data, BMI (weight/ 
height2 kg/m2

) was calculated . 

Smok in,? status 

Subjects were classified as having ·ever smoked' if they reported 
\moking at least seven cigarettes or seven pipes of tobacco per 
\\Cek for at lea t I year as previously described [I]. If ubject 
Jid nol consume this amount, they were classified a having 
·never smoked' . Subjects who had 'ever smoked' were also asked 
abo ut the average number of cigarettes they smoked a day and 
about the number of years for which they had smoked. From this 
the 'pack-year' variable was calculated by averaging the number 
of cigarettes smoked daily , dividing by 20 (considered one pack) 
and multiplying by the number of years smoked as previously 
Jescribed [19) . 

Jf RI 

An MRI of the dominant knee (the knee stepped out from) of 
each participant was performed between October 2003 and 
December 2004. and -2 year later. a described on a 1.5-T 
\\hole-body MRI unit (Philips. Medical Systems, Eindhoven, 
The Netherlands) [20) . The following sequence and parameters 
\\e re used: fat suppressed. gradient recall acquisition in the 
qcady state, three-dimensional Tl-weighted (58 ms/ 123s/55°, 
repetition time/echo time/flip angle, slice thickness 1.5 mm, field 
of view 16 cm and matrix 512 x 196 scans. In addition, a coronal 
T2-weighted fat-saturated acquisition, repetition time 2500-
:1000 ms, echo time 40 ms, with a slice thicknes of 3.0 mm, a 
n J interstice gap, I excitation. a field of view of 11 - 12 cm and a 
mat rix of 512 x 512 pixels was also obtained [20). 

Cartilage 1•0/ume measuremenr 

The volumes of the individual cartilage plate (medial and lateral 
tibial and patella) were mea ured from the total volume by manu
ally drawing di articulation contours around the cartilage bound
ane on each section on a workstation a described [21]. The 
(ocfficient · of variation (CVs) for the medial. lateral and patella 
s:art ilage volume measures were 3.4. 2.0 and 2.6%, respectively 
[22 . 23). Annual change in cartilage volume wa calculated as 
(fo llow-up cartilage volume ubtracted from initial cartilage 
\Ol ume) divided by the period of time between MRI scans, as 
Lbcribed [22) . 

H 'vf L assessment 

B\,1 L were defined as area of increased ignal in ten ity 
.id.1acent to suhcortica\ bone pre. ent in either the medial or lateral, 
dhtal femur or proximal tibia a e sed of coronal T2-weighted 

FtG. 1. Coronal T2-weighted fat saturated MRI of a BML. 

fat- aturated image [24). Two tr, ined ob er er , who were 
blinded to patient characteri tic , a well a equence of ima e . . 
together a .e , ed the pre cnce of le ion for each ubjcct. The 
pre ence or ab ence of a BML wa determined. A le ion wa 
defined a pre ent if it appeared on two or more adjacent slice 
and encompa ed at lea t one-quarter of the width of the tibial or 
fem oral cartilage being examin d from c ronal image a pre
viou ly de ·cribed [14). The reproducibility for determination of 
the BML wa a e ed u ing 60 randomly elected kne MRI 
(K-value 0.88, P < 0.00 I ). BM L were de, cribed a incident if 
they were pre en t on the follow-up MRI but not on the ba,elil\C 
MRI. BMLs were de cribed a p r i tent if they were pre ent on 
both ba eline and follow-up MRI in the same location . Figure I 
how a BML. 

Statistical analysis 

Base line characteri . tic . . annual change in cartila e volume, and 
incidence and per i tence of BM were compared between ub
jects who had 'ne er moked ' and tho e who had ·ever- moked· 
('ex-smoker · and 'current- m ker '). u ing unpaired t-te. t for 
continuou variable and chi- quared te t for binary variable . 
Linear regre sion techniques were u ed to examine the relation
ship between moking and annual change in cartilage volumes if 
'ever smoked' and per unit 'pack-year' moked . Potential con
founders including age, gender, BMI, re pective ba eline tibial 
plateau area or patella bone volume were included in the multi
variate model. Logi tic regre ion wa used to determine the odd 
of having an 'incident' or 'per i tent' BM at follow-up if 'ever 
moked' and per unit pack-year moked . Potential confounder of 

age. gender and BMI were included in the multivariate m del. 
BM L haye been hown to be a ociated with cartilage lo 
[ I 3, 25. 2,6) . Potential mediation by BML per i tence of the 
effect of moking on knee ·tructure among ubjects with a ba 'eline 
BM L wa , as e ed by imultaneou regre ion equation (27], 
which yielded indirect (i.e. via per i tence of BM L) and direct 
effect of moking on cartilage lo . A P < 0.05 (two-tailed) wa. 
regarded as tali tically ignilicant. All analy e were performed 
u ing the SPS st.a ti tical package (version 15 .0.0, P S, ary, 
NC. USA), apart from the mediation analyse , which u ed 
MPlus (ver ion 3.0, Muthen and Muthen, o Angele , A. 
USA, 2004). 

Re ults 

Two hundred and eventy-onc (90%) of the 297 participants com
pleted the 2-year follow-up. Rea on for lo !> to follow-up 
included death (3), withdrawal for health rca. on (4). withdrawal 
of con ent ( I 0). ineligible for follow-up (pacemaker ) (4) and 
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T .+.BLE 1 . Characteristics of study participants 

Smokers (former/current), 
n = 104 

Non-smokers (never), 
n-167 P-valuet 

Age, years 
Gender, female, % 
BMI , kg/m2 

Baseline cartilage volume 
Medial tibial, ,, 1 
Lateral tibial, µI 
Patella, /ti 

Prevalence of BMLs at baseline, n (%) 

58.2 ± 5.8 
64 ± 61 

25.4 ± 4.1 

1726±504 
2118 ± 633 
2942 ± 973 

11 (10) 

57.6 ± 4.8 
105 ± 63 

25.9 ± 4.1 

1688 ±528 
2005±637 
2903±923 

26 ± 15 

0.29 
0.83' 
0.38 

0.56 
0.16 
0.74 
0.24" 

Values reported as mean ± s.o. except where otherwise stated; 1 unpaired /·test lor difference, except where Indicated; • Pearson chi-squared test for dichotomous variable. 

T.+.sLE 2. Relationship between smoking and annual change in cartilage volume 

Ever smoked 
Annual change in medial cartilage volume 
Annual change in lateral cartilage volume 
Annual change in patella cartilage volume 

Amount of pack-years smoked 
Annual change in medial cartilage volume 
Annual change in lateral cartilage volume 
Annual change in patella cartilage volume 

Univariate analysis 
Regression coefficient 

(95% Cl) 

11 .8 (-0.35, 24) 
5.83 (-6.65, 18.31) 

-3.75 (-23.2, 15.7) 

0.59 (0.01 , 1.18) 
0.31 (-0.27, 0.90) 
0.26 (- 0.68, 1.21 ) 

P-value 

0.057 
0.36 
0.70 

0.048 
0.29 
0.58 

Multivariate analysis 
Regression coefficient 

(95%CI) P-value 

13.4 (1 .32, 25.5)• 0.03 
4.86 (-7.82, 11.5)• 0.45 

-2.57 (-21 .89, 16.74)8 0.79 

0.63 (0.04 , 1.21 lb 0.04 
0.29 (-0.31 , 0.89)b 0.34 
0.27 (- 0.68, 1.21)b 0.58 

' Annual change in respective cartilage volume (microtltres) ii 'ever smoked' alter adjusting lor age, gender, BMI and baseline tib al plateau area (or patella bone volume In the case ol patella 
cartilage): •annual change in respective cartilage volume (mlcrolitres) per unit pack-year smoked alter adjusting lor age, g nder, BMI and baseline tibial plateau area (or patella bone volume In the case 
ot patella cartilage). 

T.+.BLE 3. Relationship between smoking and incidence or persistence of BMLs over 2 years 

Ever smoked 
Incident BML 
Persistent BML 

Amount of pack-years smoked 
Incident BML 
Persistent BML 

Univariate analysis 
OR (95% Cl) 

0.98 (0.46, 2.09) 
6.14 (1 .1, 34.2) 

0.98 (0.94, 1.03) 
1.13 (0.97, 1.31) 

P-value 

0.96 
0.04 

0.47 
0.12 

Multivariate analysis 
OR (95% Cl) 

0.95 (0.43, 2.1 ). 
11 .4 (1.54, 89.9t 

0.98 (0.94, 1.03)° 
1.14 (0.97, 1.3) 

P-value 

0.91 
0.02 

0.45 
0.11 

'OR for developing a BML at follow-up If ·ever smoked' alter ad1usting for age. gender and BMI ; "OR lor having a BML persist at follow up 11 'aver smoked' altar djustlng lor age. g nder and BMI ; 00R 
to, developing a BML at follow-up per unit pack-year smoked after ad1ustmg lor age, gender and BMI; "OR for having a BML per11at at lollow·up per unit p11ek-year smoked after adjuaUng lor age. 
gender and BMI. OR: odds ratio . 

1n.ibil ity to be contacted (5). The only significant difTerence 
Ot;:lween those who completed follow-up and those who were 
lost to follow-up was that tho e lost to follow-up were sl ightly 
heavier (P=0.0 1). There was no difTerence in the smoking vari
.thle 'ever smoked' (P=0.12) and 'pack-years smoked' (P =0.09) 
between those who did and did not complete follow-up. 

Of the 271 participants, I 04 were cla ified a 'smokers' (former 
or current) and 167 as non-smokers (never smoked). There were 
no significant differences in baseline medial (P = 0.56), lateral 
I f' == 0.16) and patella (P = 0.07) cartilage volume and al o ba e
lrne BML prevalence (P = 0.24) for smokers compared with never 
,mokers (Table I). At baseline there were 37 prevalent BML : 
mer the 2-year study period 20 of the e BM Ls persisted whereas 
the ot her 17 completely resolved . In addition. among the 234 
,ub.iects who did not have a BML present in their knee, 33 devel
oped a BML over the 2-year tudy period . 

Compared with ' non-smokers', being a 'smoker' (former or 
cu rrent) wa associated with increased annual los of medial 
ti bial cartilage [regression coemcient f3 = 13.4 µ.I. 95% confidence 
in terval (Cl) 1.32, 25.5; P = 0.03), but not lateral or patella ca rti -
1,tgc vol ume after adjustment for potential confounders. Further, 
fo r eve ry unit of ·pack-years' smoked there wa an a sociated 
1nc rea ed annual medial tibial cartilage los (regression coefficient 
H == 0.63 µ I, 95% Cl 0.04, 1.2 1: P = 0.04) after adjusting for poten
lia\ confounders. No association between 'pack-year ' moked 

and annual change in lateral tibi al or patella cartil age volume 
wa ob erved (Table 2) . imilar finding were ob erved when cur
rent moker. were compared with non-, makers. but the re ult 
were not ignificant a there were only 18 ubject in thi group 
(da ta not hown) . 

Wherea no as ociation between making and the development 
of an incident BML over 2 year was ob erved, in people who had 
a BML at ba eline, those who were 'ever moker ' were 11.4 (95% 

1 1.54. 89 .9) time more likely to persist at follow-up after adjust
ing for potential confounder ( P = 0.02) . N as ocia tion between 
the per i tence of BM L and ·pack-year · moked wa ob er ed 
(Table 3). 

In order to asse. s whether the signi fi cant relationship hctween 
making and increa ed medial carti lage lo wa mediated by the 

per i tence of a BM L over 2 year , the a ociation between 
per istent BML . medial cartilage lo and moking wa explored . 
To how mediation [27], not onl y did making need to be rela ted 
to both BML per i tence and annual change in ca rtilage vol ume, 
BML persistence al o needed to be as ociated with annual change 
in ca rti lage vol ume. Where a BM L persisted over 2 yea rs, medial 
tibial ca rti lage lo s was ignificantl y increa ed by 31.8 /-l.l (95% I 
4.8, 58 .9, P = 0.02) after adj u ting for age. gender, BM I and ba ·e
line medial tibial bone. Therefore, having a per istent BM L wa 
included in the multivariate model examining the relation hip 
between moking and an nual change in medial ca rtilage vol ume. 
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Smoking 

/ 
I Smoking I 

I t7.lµI (46%) 

Bone marrow lesion 
persistence 

! 20.lµI (54%) 

Annual change 
In cartilage 

volume 

Annual chanae 
In cartilage 

volume 

F1G. 2. Path analysis displaying the contribution of mediation by BML persistence 
1n the relationship between smoking and annual change in medial cartilage volume. 
Forty-six percent of the difference in annual change in cartilage volume between 
smokers and never smokers was due to an indirect pathway through BML persis
tence. The remaining 54% was via a direct relationship (or via other unknown 
pathways) between smoking and cartilage change. 

Ideally, if complete mediation existed, smoking should no longer 
he associated with annual cartilage volume change when BM L 
rcrsistence was included in the regression model. When ·persis
tent' BMLs were included within the model the association 
hctween 'ever smoked' and annual change in medial cartilage 
volume no longer remained [regression coefficient for if ·ever 
-,moked' 26.75 (-6.41, 59.9). P=0.11)]. 

Pathway analysis was then performed to determine the contri
hution of mediation of BML persistence in the relationship 
hctween smoking and annual change in medial cartilage volume 
for people with a BML present in their knee at baseline. Here, it 
1\as found that the total effect of smoking on change in cartilage 
111 people who had a BML present at baseline was 37.21d (95% Cl 
621. 68.18, P = 0.02) (after adjusting for confounders). Thus, 
46°1

0 ( 17. I 1.d) of the difference in annual change in cartilage 
1olume between smokers and never smokers was due to an indir
l'L't pathway through BML persistence. The remaining 54% 
120. I ,,t) was via a direct relationship (or via other unknown path-
1\ays) between smoking and cartilage change (Fig. 2) 

Discussion 

In this cohort study of asymptomatic. community-based adults, a 
history of smoking (current and past) was associated with 
increased medial tibial, hut not lateral tibial or patella cartilage 
lti-,s over 2 years. In addition, there was a dose-response relation
,hip between ·pack-years' smoked and increased medial tibial 
c<1rtilage loss. For individuals who had a BML at baseline, smok
ing was also associated with the persistence of the BML over 
2 years. The persistence of the BML was found to partially 
mediate the relationship between smoking and cartilage loss. 

Thi~ is the first longitudinal study to examine the relationship 
hctween smoking and change in cartilage volume in an asympto-
1natic. community-based population. Our finding that smoking 
\\.ts associated with increased medial tibial cartilage loss is con
,1-.tcnt with other studies that have examined the relationship 
ht'tween smoking and cartilage using MRI [5-7]. Smoking was 
lnund to be associated with increased medial and lateral femoral 
Lartilage loss over -2 years in a cohort largely without knee radio
l(raphic knee OA [5]. Similarly. smokers were found to lose more 
tnl'dial tihiofemoral and patella cartilage and had more severe 
~nee pain than non-smokers over a 30-month follow-up of 
I ~9 men with symptomatic knee OA [6]. More recently, in a popu
l,1tion mixed with relation to OA diagnosis, smoking was found to 
he associated with increased cartilage loss and cartilage defect 
dl'\elopment primarily for people with a family history of knee 
OA over 2.5 years [7]. Taken together with the findings of our 

study, these data support a negative effect of smoking on knee 
cartilage. 

Although we found no association between smoking and 
the development of incident BMLs over 2 years. smoking was 
associated with the persistence of BMLs present at baseline. 
To our knowledge, no previous study has examined this. The 
aetiology of BMLs in healthy asymptomatic subjects is unclear. 
On histopathologic examination, BM Ls demonstrate features that 
include oedema, osteonecrosis, abnormal bone formation with 
excessive fibrosis and extensive bony remodelling (28). Cigarette 
smoking has been shown to impair bone healing (16). Nicotine 
also diminishes osteoblast function [29) and increases carbon 
monoxide levels in arterial blood contributing to tissue hypoxia 
[30], which consequently induces osteoclast activity and bone 
resorption (31 ]. A study of smokers with tibial shaft fractures 
found that smokers took longer to heal than non-smokers [32). 
Similarly, it might be that once a BML has developed smoking 
reduces the capacity for the BML to resolve. 

In this asymptomatic population with no clinical OA, smoking 
was associated with an increased rate of loss of articular cartilage, 
a hallmark of OA and persistence of BMLs. BMLs have been 
associated with structural changes in the knee, including joint 
space narrowing (33). increased prevalence and severity of carti
lage defects (34-36) and loss of cartilage [13. 25, 26]. We found 
that the association between smoking and increased medial carti
lage loss was mediated by the persistence of a BML over 2 years. 
BMLs may represent one step in the continuum from a healthy to 
a diseased joint. In QA/symptomatic populations, < 10% of 
BMLs resolve [26]. In contrast, in this asymptomatic population 
approximately half of the BMLs present at baseline resolved and 
persistence of BMLs was associated with smoking. Taken 
together, this suggests that the detrimental effect of cigarette 
smoking on medial tibial cartilage maybe he partially mediated 
via the effect of cigarette smoke reducing the capacity of the BM L 
to resolve. 

This study has a number of potential limitations. First, it exam
ined a healthy. community-based population selected on the 
criteria of no knee pain or injury and, therefore. the results are 
not generalizable to symptomatic populations or people who have 
injured their knees. However, the findings of our study can be 
generalized to populations that may he targeted for primary pre
vention. In addition, as participants were healthy volunteers. there 
is the possibility that they also engaged in a healthier lifestyle and 
may therefore he less likely to smoke and more likely to exercise. 
If this is the case. however, this would under- rather then over
estimate associations observed. Furthermore . ......,4()% of our popu
lation were current or past smokers. and that combined with the 
mean BMI being within the overweight the effect of this potential 
bias is likely to he limited. Secondly. we did not obtain radio
graphs of the knees. so subjects may have had asymptomatic. 
radiographic OA. However, we used the ACR clinical criteria of 
OA to determine status of knees and individuals with significant 
knee injury in the past. pain at baseline. knee surgery or medical 
diagnosis of any other type of arthritis were excluded [37). Due to 
the small number of persistent BM Ls, we were unable to examine 
whether smoking is associated with increases or decreases in their 
size. larger studies would he required to assess this. We also 
did not assess knee alignment, which has been shown to he 
associated with the presence of BM Ls [38); but it is possible that 
the relationship between alignment and BMLs is mediated 
through increased loading on the joint. Therefore. our adjustment 
for BMI should reduce this limitation. Our classification of ·ever 
smoked' may have introduced some misclassification bias; how
ever. this would have underestimated the associations between 
smoking and cartilage and BMLs rather than overestimated 
them. Finally. although femoral cartilage was not examined in 
this study. change in femoral cartilage volume correlates 
with tibial cartilage volume both cross-sectionally [39] and long
itudinally [40). 
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In this study of asymptomatic middle-aged adults with no 
clinical knee OA. cigarette smoking was associated with greater 
medial tibial cartilage loss and the persistence of BMLs over 
~ years. This study provides a possible mechanism for the pre
viously observed negative association of smoking with structural 
knee changes associated with development of knee OA and sug
gests that the association smoking shares with increased cartilage 
Joss may be partially mediated via smoking impairing the ability 
for BMLs to resolve. 

Rheumatology key messages 

• Cigarette smoking was associated with greater medial tibial 
cartilage loss and the persistence of BMLs. 

• The association smoking shares with cartilage loss may be 
mediated via its effect on BMLs. 
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Abstract 

Introduction Fatty acids have been implicated in osteoarthritis 
(OA), yet the mechanism by which fatty acids affect knee 
structure and consequently the risk of knee OA has not been 
fully elucidated. Higher intakes of fatty acids have been shown 
to be associated with the risk of bone marrow lesions {BMLs) in 
a healthy population. The aim of this study was to examine the 
association between fatty acid consumption and the incidence 
of BMLs in healthy middle-aged adults without clinical knee OA. 

Methods Two hundred ninety-seven middle-aged adults without 
clinical knee OA underwent magnetic resonance imaging {MRI) 
of their dominant knee at baseline. BMLs were assessed. Of the 
251 participants with no BMLs in their knee at baseline, 230 
underwent MRI of the same knee approximately 2 years later. 
Intakes of fatty acids were estimated from a food frequency 
questionnaire. 

Introduction 
Nutritional factors have been shown to be important in the 
maintenance of bone and joint health [1 ]. In particular, fatty 
acids have been implicated in osteoarthritis {OA) [2,3). Ele· 
vated levels of fat and n·6 polyunsaturated fatty acids have 
been found in QA bone [2], whereas n-3 polyunsaturated fatty 
acids have been shown to alleviate progression of OA through 

Results Increased consumption of saturated fatty acids was 
associated with an increased incidence of BMLs over 2 years 
after adjusting for energy intake, age, gender, and body mass 
index (odds ratio of 2.56 for each standard deviation increase in 
dietary intake, 950/o confidence interval 1.03 to 6.37, P= 0.04). 
Intake of monounsaturated or polyunsaturated fatty acids was 
not significantly associated with the incidence of BMLs. 

Conclusions Increased fatty acid consumption may increase 
the risk of developing BMLs. As subchondral bone is important 
in maintaining joint integrity and the development of OA, this 
study suggests that dietary modification of fatty acid intake may 
be one strategy in the prevention of knee OA which warrants 
further investigation. 

an effect on the metabolism of articular cartilage [3]. Although 
dietary supplementation with polyunsaturated fatty acids has 
been shown to decrease bone turnover and increase bone 
mineral density [4), the finding that a higher ratio of n·6 to n·3 
polyunsaturated fatty acids is associated with lower bone min· 
eral density at the hip [5] suggests the important role of rela· 

BMI: body mass index; BML: bone marrow lesion; Cl: confidence interval; MCCS: Melbourne Collaborative Cohort Study; MRI: magnetic resonance 
imaging; OA: osteoarthritis; SD: standard deviation. 
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tive amounts of these polyunsaturated fatty acids in preserving 
skeletal integrity in older age. 

However, the mechanism by which polyunsaturated fatty acids 
affect the knee structure and consequently the risk of knee QA 
has not been fully elucidated. We have recently shown that 
higher intakes of monounsaturated, total, and n-6 polyunsatu· 
rated fatty acids were· associated with an increased preva· 
lence of bone marrow lesions (BMLs) in a healthy population 
without clinical knee QA [6]. BMLs have been associated with 
structural changes of disease severity, including increased 
cartilage defects, tibial plateau area, loss of cartilage, and joint 
space narrowing, suggesting that they play a role in the patho· 
genesis of OA [7-9). However, there are no longitudinal stud· 
ies examining the role of fatty acids on incident BMLs in either 
healthy or OA populations. Therefore, the aim of this study was 
to examine the association between intakes of different types 
of fatty acids and the incidence of BMLs in healthy, commu
nity-based, middle-aged men and women with no clinical knee 
OA. 

Materials and methods 
Subjects 
This study was conducted within the Melbourne Collaborative 
Cohort Study (MCCS), a prospective cohort study of 41,528 
Melbourne, Australia residents who were 40 to 69 years old at 
recruitment (1990 to 1994) [1 OJ. Participants for the current 
study were recruited from within the MCCS between. 2003 
and 2004 as previously described [6). Briefly, participants 
were eligible if they were between 50 and 79 years old without 
any of the following exclusion criteria: a clinical diagnosis of 
knee OA as defined by American College of Rheumatology cri
teria [11], knee pain lasting for more than 24 hours in the last 
5 years, a previous knee injury requiring non-weight-bearing 
treatment for more than 24 hours or surgery (including arthros· 
copy), or a history of any form of arthritis diagnosed by a med· 
ical practitioner. A further exclusion criterion was a 
contraindication to magnetic resonance imaging (MRI), includ· 
ing pacemaker, metal sutures, presence of shrapnel or iron fil· 
ings in the eye, or claustrophobia. The study was approved by 
The Cancer Council Victoria's Human Research Ethics Com· 
mittee and the Standing Committee on Ethics in Research 
Involving Humans of Monash University. All participants gave 
written informed consent. 

Anthropometric and dietary data 
Height was measured using a stadiometer with shoes 
removed. Weight was measured using electronic scales with 
bulky clothing removed. Body mass index (BMI) (weight/ 
height2, kg/m2) was calculated. At MCCS baseline, question· 
naires covered demographic data and diet (via a 1 21-item 
food frequency questionnaire developed from a study of 
weighed food records [12)). Fatty acid intakes were calcu
lated from the food frequency questionnaire using Australian 
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food composition data and were adjusted for energy intake 
[13). 

Magnetic resonance Imaging and the measurement of 
bone marrow lesions 
Each subject had an MRI performed on the dominant knee, 
determined from kicking preference (14), at baseline and 
approximately 2 years later. Knees were imaged on a 1.5-T 
whole-body magnetic resonance unit (Philips Medical Sys
tems, Eindhoven, The Netherlands) using a commercial trans
mit-receive extremity coil, with coronal T 2-weighted fat· 
saturated acquisition as previously described [9]. BMLs were 
defined as areas of increased signal intensity adjacent to sub
cortical bone present in either the medial or lateral, distal femur 
or proximal tibia [9]. Two trained observers, blinded to patient 
characteristics and sequence of images, together assessed 
the presence of lesions for each subject. The baseline and fol
low-up images were assessed unpaired. A lesion was defined 
as present if it appeared on two or more adjacent slices and 
encompassed at least one quarter of the width of the tibial or 
femoral cartilage being examined from coronal images, equiv
alent to a 'large BML' as described by Felson and colleagues 
[9]. The reproducibility for determination of BMLs was 
assessed using 60 randomly selected knee MRls (K value 
0.88, P< 0.001). 

Statlstlcal analyses 
The descriptive statistics of the characteristics of study partic
ipants were tabulated. Participants with self-reported total 
energy intakes in the top or bottom 1 % of the gender-specific 
distributions were excluded. A BML was defined as incident if 
it was present at follow-up in the knees without BMLs at base
line. Logistic regression models were constructed to explore 
the relationship between fatty acid intakes and incident BMLs 
after adjusting for potential confounders of age, gender, BMI, 
and energy intake. Intake of fatty acids was standardised so 
that the coefficients represent the effect of an increment of 
one standard deviation (SD) in intake. P values of less than 
0.05 were considered to be statistically significant. All analy
ses were performed using the SPSS statistical package 
(standard version 15.0.0; SPSS Inc., Cary, NC, USA). 

Results 
Two hundred ninety-seven subjects entered the study, and 
four subjects were excluded due to having energy intakes in 
the top or bottom 10/o of the gender-specific distributions. Of 
the 251 participants who did not have a BML at baseline, 230 
(92%) completed the 2-year follow-up. Participants lost to fol
low-up had a higher BMI (P= 0.04) compared with those who 
completed follow-up. There were no significant differences in 
consumption of saturated (P = 0.56), monounsaturated (P = 
0.59), or polyunsaturated (P = 0. 75) fatty acids between the 
two groups. Thirty-two subjects developed BMLs at follow-up. 
Participants who developed BMLs had a higher BMI (mean 
[SD] 27.9 [5.3) versus 25.4 [3.8) kg/m2, P= 0.02) and higher 



energy intake-adjusted saturated fatty acid consumption 
(mean [standard error] 35. 7 (1.2) versus 33.0 [0.5) g/day, P = 
0.03) when compared with those who did not. There was no 
significant difference in terms of the energy intake-adjusted 
consumption of monounsaturated and polyunsaturated fatty 
acids (Table 1 ). 

Although there was no significant association between fatty 
acid consumption and the incidence of BMLs over 2 years in 
univariate analysis, higher consumption of saturated fatty acids 
was significantly associated with an increased risk of develop
ing BMls after adjusting for energy intake (Table 2, model 1). 
For each SD increase in dietary intake of saturated fatty acids, 
the risk of developing BMls over 2 years increased 2.62-fold 
(95% confidence interval [Cl] 1.11 to 6.17). This relationship 
persisted after further adjusting for age, gender, and BMI 
(odds ratio 2.56, 95%.CI 1.03 to 6.37) (Table 2, model 2). No 
significant association between consumption of monounsatu· 
rated or polyunsaturated fatty acids or n-6/n-3 ratio and inci
dent BMLs was found in multivariate analyses (Table 2). 

From MCCS baseline when dietary fatty acid intake data were 
collected during 1990 to 1994 to the inception of current 
study when baseline MRI was performed in 2003 to 2004, the 
weight of participants increased by a mean of 2.1 kg (SD 5.2 
kg). After adding weight gain to model 2, consumption of sat
urated fatty acids persisted to be positively associated with 
incident BMls (odds ratio 2.54, 95% Cl 1.01 to 6.39). 

There was no evidence that BMI modified the association 
between energy intake-adjusted dietary saturated fatty acid 
consumption and incident BMLs when an interaction term for 
BMI category x saturated fatty acid intake was included in the 
logistic model with adjustment for energy intake. The ~ value 

Table 1 
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was 0.64 when BMI was categorised as less than 25 kg/m2, 

25 to 30 kg/m2, and greater than or equal to 30 kg/m2• 

Discussion 
In a population of healthy middle-aged adults with no clinical 
knee QA, we found that higher intake of saturated, but not 
monounsaturated or polyunsaturated, fatty acids or that the n-
6/n-3 ratio was associated with an increased likelihood of 
developing BMLs over 2 years. This is the first longitudinal 
study presenting a relationship between dietary fatty acid 
intake and the incidence of BMLs. We have previously shown 
in a cross-sectional study that increased dietary intake of 
monounsaturated and n-6, but not n-3, polyunsaturated fatty 
acids were associated with an increased risk of having BMLs 
in a healthy population without clinical knee QA (6). When this 
population was followed up for 2 years, we found an associa
tion between higher saturated fatty acid intake and increased 
likelihood of developing BMls over 2 years. Although the 
mechanism for the discrepancy in terms of the type of fatty 
acid consumption observed between the previous cross-sec
tional study and the current prospective cohort study is 
unclear, the adverse effect of saturated fatty acids on the inci
dence of BMLs may be attributed to a vascular effect. Satu
rated fatty acid intake has been associated with 
atherosclerosis and cardiovascular disease [15). There are no 
previous studies identifying a relationship between saturated 
fatty acid intake and the risk of QA. Recently, it has been sug
gested that atheromatous vascular disease may be important 
in the progression of QA [16) and that subchondral ischaemia 
may be a mechanism by which vascular pathology plays a role 
in the initiation and/or progression of QA (17). The findings of 
this study therefore suggest that vascular disease in subchon
dral bone may play a role in the pathogenesis of QA via BMLs. 

Characteristics of study partldpants with no bone marrow lesions at baseline 

Incident BMLs Without incident BMLs Pvalue• 
(n-32) (n• 198) 

Age, years 57.6 (5.8) 57.7 (5.0) 0.91 

Number of females (percentage of females) 23 (72%) 120 (61%) 0.22b 

Body mass index, kg/m2 27.9 (5.3) 25.4 (3.8) 0.02 

Energy intake, kJ/d 8,822 (3,019) 9,293 (3,063) 0.42 

Saturated fatty acid, g/day 35.7 (1.2) 33.0 (0.5) 0.03C 

Monounsaturated fatty acids, g/day 29.3 (0.9) 27.9 (0.4) 0.14C 

Polyunsaturated fatty acids, g/day 12.7 (0.7) 12.5 (0.3) 0.76C 

n-3 polyunsaturated fatty acids, g/day 1.2 (0.05) 1.2 (0.02) o.aoc 

n-6 polyunsaturated fatty acids, g/day 11.3 (0.6) 11.4 (0.3) 0.92c 

n-6/n-3 ratio 9.6 (0.5) 9.7 (0.2) 0.02c 

Data are presented as mean (standard deviation) unless otherwise stated. •P value for comparisons between two groups using independent 
samples t test, bchi·square test, or cone-way analysis of covariance after adjusting for energy intake. BMLs, bone marrow lesions. 
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Table2 

Relationship between fatty add Intake and Incidence of bone marrow lesions 

Univariate analysis, OR Pvalue Model 1 Pvalue Model 2 Pvalue 
(95%CI) Multivariate analysis, OR Multivariate analysis, OR 

(95% Cl)• (95% Cl)b 

Saturated fatty acids 1.08 (0.72-1.60) 0.73 2.62 (1.11-6.17) 0.03 2.56 (1.03-6.37) 0.04 

Monounsaturated fatty 1.01 (0.66-1.52) 0.98 2.10 (0.81-5.47) 0.13 1.99 (0.75-5.31) 0.17 
acids 

Polyunsaturated fatty 0.94 (0.62-1.42) 0.77 1.10 (0.64-1.90) 0.74 1.10 (0.62-1.96) 0.74 
acids 

n-6 polyunsaturated fatty 0.88 (0.57-1.35) 0.55 0.98 (0.56-1.70) 0.93 0.98 (0.55-1.76) 0.96 
acids 

n-3 polyunsaturated fatty 0.81 (0.53-1.25) 0.34 0.85 (0.46-1.56) 0.60 0.85 (0.45-1.61) 0.62 
acids 

n-6/n-3 ratio 0.94 (0.63-1.38) 0.74 0.96 (0.65-1.41) 0.82 0.93 (0.61-1.42) 0.74 

•Model 1 : odds ratio for development of tibiofemoral bone marrow lesions for each increase of 1 standard deviation in the respective fatty acid 
intake after adjusting for energy intake. bModel 2: odds ratio for development of tibiofemoral bone marrow lesions for each increase of 1 standard 
deviation in the respective fatty acid intake after adjusting for energy intake, age, gender, and body mass index. Cl, confidence interval; OR, odds 
ratio. 

There is mounting evidence that BMLs play a role in the patho· 
genesis of OA [7·9]. It has been demonstrated that BMLs are 
associated with the presence of cartilage defects in healthy 
asymptomatic populations with no history of significant knee 
pain or injury and that risk factors for OA such as age, height, 
and BMI also affect the prevalence of BMLs [18, 19). Moreo· 
ver, the presence of BMLs predicts the progression of carti· 
lage defects and loss of cartilage volume over 2 years in 
longitudinal studies (20,21 ]. These findings suggest that 
BMLs may be associated with an increased risk of knee OA. 
This study demonstrates an increased incidence of BMLs 
associated with increased saturated fatty acid intake in a 
healthy population and suggests that modifying diet may be 
one such way to reduce the development and subsequent bur· 
den of QA. 

This study has a number of potential limitations. First, this 
study examined a healthy, community-based population 
selected on the criterion of having no knee pain or injury and 
therefore the results may not be generalisable to symptomatic 
populations or people who have injured their knees. However, 
the findings of our study can be generalised to populations 
that would be targeted by primary prevention strategies. Sec· 
ond, whilst the dietary intake of fatty acids was measured in a 
valid fashion (22), this was based on a single measure of nutri· 
ent intakes 10 years earlier. Although significant underreport· 
ing of tat intake is likely (23], absolute intake of dietary fat 
tends to remain stable [24,25]. While nutritional data collected 
1 O years earlier may have resulted in some misclassification of 
exposure, such misclassification is likely to have been non·dif· 
ferential in relation to knee structure since only subjects with 
no history of knee symptoms or injury were included, thereby 
tending to underestimate the strength of any observed associ· 
ations. In the current study, we did not measure knee align· 
ment, which has been shown to be associated with BMLs (9). 
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Conclusions 
The findings of this study suggest that increased fatty acid 
consumption may increase the risk of developing BMLs in a 
healthy population without clinical knee OA. As subchondral 
bone is important in maintaining joint integrity and the develop· 
ment of QA, this study suggests that dietary modification of 
fatty acid intake may be one strategy in the prevention of knee 
QA which warrants further investigation. 
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Abstrad 

Introduction Given the emerging evidence that osteoarthritis 
(OA) may have a vascular basis, the aim of this study was to 
determine whether serum lipids were associated with change in 
knee cartilage, presence of bone marrow lesions (BMLs) at 
baseline and the development of new BMLs over a 2-year period 
in a population of pain-free women in mid-life. 

Methods One hundred forty-eight women 40 to 67 years old 
underwent magnetic resonance imaging (MRI) of their dominant 
knee at baseline and 2.2 (standard deviation 0.12) years later. 
Cartilage volume and BMLs were determined for both time 
points. Serum lipids were measured from a single-morning 
fasting blood test approximately 1.5 years prior to the MRI. 

Results The incidence of BML at follow-up was associated with 
higher levels of total cholesterol (odds ratio [OR] 1.84, 95% 

Introduction 
The prevalence of vascular disease and cardiovascular risk 
factors is high amongst people with osteoarthritis (OA) [1,2]. 
Emerging evidence suggests that these conditions may share 
risk factors [1-5). Hypercholesterolemia and hypertriglyceri
demia, both risk factors for cardiovascular disease, have been 
related to risk of OA and the progression of OA in epidemio
logic studies [1-3). 

confidence interval [Cl] 1.01, 3.36; P= 0.048) and triglycerides 
(OR 8.4, 95% Cl 1.63, 43.43; P = O.Q1 ), but not high-density 
lipoprotein (HDL) (P = 0.93), low-density lipoprotein (LDL) (P = 
0.20) or total cholesterol/HDL ratio (P = 0.17). No association 
between total cholesterol, triglycerides, HDL, LDL or total 
cholesterol/HDL ratio and presence of BMLs at baseline or 
annual change in total tibial cartilage volume was observed. 

Conclusions In this study of asymptomatic middle-aged women 
with no clinical knee OA, serum cholesterol and triglyceride 
levels were associated with the incidence of BMLs over 2 years. 
This provides support for the hypothesis that vascular pathology 
may have a role in the pathogenesis of knee OA. Further work is 
warranted to clarify this and whether treatments aimed at 
reducing serum lipids may have a role in reducing the burden of 
knee OA. 

There are a number of mechanisms by which vascular pathol
ogy may contribute to the development of OA. The ends of 
bones are particularly susceptible to vascular insult [6]. 
Venous occlusion resulting in small-vessel stasis underlying 
the cartilage plate, joint hypertension, hypercoagulability and/ 
or microemboli may all result in subchondral bone ischemia 
[3]. The resulting disturbances to subchondral bone nutrition 
and repair may impair the supply of nutrients and oxygen to the 
overlying cartilage plate [3,7,8). Bone ischemia may also result 

BMI: body mass index; BML: bone marrow lesion; Cl: confidence interval; CV: coefficient of variation; HDL: high-density lipoprotein; HDL-C: high
density lipoprotein cholesterol; LDL: low-density lipoprotein; LDL-C: low-density lipoprotein cholesterol; In: natural logarithm; MRI: magnetic reso
nance imaging; OA: osteoarthritis; OR: odds ratio; SD: standard deviation. 
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in osteocyte death, leading to bone resorption, which may 
reduce the strength of the bony foundation of articular carti
lage (3,8). 

With the advent of magnetic resonance imaging {MRI), it is 
now possible to directly visualise joint structures, including 
cartilage and bone, in healthy subjects prior to the onset of 
QA. While cartilage loss is considered the hallmark of OA and 
is associated with symptoms (9) and risk of joint replacement 
[1 O], there is increasing evidence for a significant role of bone 
in the pathogenesis of knee OA and it has been suggested 
that bone changes may predate cartilage changes (11). 

Bone marrow lesions (BMLs) are associated with knee pain 
[12-17) and structural changes in the knee in subjects with or 
without pain or radiographic OA or both. These include 
increased joint space narrowing [18), loss of cartilage (19-21] 
and cartilage defects (13,22,23). BMLs are common in those 
with OA, are predominantly associated with malalignment and, 
once present, are unlikely to resolve (24-26). In contrast, in 
asymptomatic populations (20,23], their presence is also 
associated with systemic factors such as dietary lipids [27] 
and they are more likely to resolve (28). This is perhaps not 
surprising given that the histology of BML is heterogeneous 
and includes osteonecrosis, oedema, trabecular abnormalities 
and bony remodeling [29] and more recently evidence of 
ischemia or reperfusion injury or both (8,30). Given the emerg
ing evidence that OA may have a vascular basis, the aim of this 
study was to explore the relationship between serum lipids 
and {a) baseline prevalence of BMLs and (b) annual change in 
knee cartilage and incidence of BMLs over a 2-year period in 
a population of pain-free middle-aged women. 

Materials and methods 
One hundred seventy-six women, 40 to 67 years old, were 
recruited from an existing cross-sectional study examining 
knee structure in women [22). These women were initially 
recruited from a database established from the electoral roll in 
Victoria, Australia, between April 2002 and August 2003 (31 J. 
Women were excluded if they had OA as defined by the Amer
ican College of Rheumatology clinical criteria [32), current or 
past knee disease, a history in the past 5 years of knee pain 
lasting for more than 24 hours, a previous knee injury requiring 
non-weight-bearing treatment for more than 24 hours or sur
gery {including arthroscopy) or a history of any arthritis diag
nosed by a medical practitioner or contraindication to MRI. 
The study was approved by the Alfred Hospital Human 
Research Ethics Committee, and all participants gave written 
informed consent. 

Anthropometric data and smoking status 
The height and weight of each participant were measured at 
the time of the original study (2003 to 2005). Body mass index 
(BMI) was calculated from these data as weight (in kilograms) 
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divided by height squared {in metres squared). Smoking status 
was determined by questionnaire. 

Measurement of blood lipids 
Each participant took part in a single-morning fasting blood 
test at the time of the original study (2002 to 2003) approxi
mately 1.53 years (standard deviation [SD] 0.24 years) prior to 
their first knee MRI. Fasting bloods drawn at the time of recruit
ment were stored at -80°C until assayed. Total cholesterol was 
determined by the CHOO-PAP (cholesterol oxidase phenol 4-
aminoantipyrine peroxidase) method and triglycerides by the 
GPO-PAP (glycerol phosphate oxidase-p-aminophenazone) 
method using a Hitachi 7 4 7 analyser {Boehringer Mannheim 
Systems, now part of Roche Diagnostics, Basel, Switzerland). 
High-density lipoprotein cholesterol (HDL-C) was measured 
by an enzymatic colorimetric test on a Hitachi 7 4 7 analyser. 
The assay range is 0.1 to 20 mg/L with intra-assay coefficients 
of variation (CVs) of 1.34% at 0.55 mg/L and 0.28% at 12.36 
mg/L, interassay CVs of 5. 7% at 0.52 mg/L and 2.5% at 
10.98 mg/Land a detection limit of 0.03 mg/L [33]. Low-den
sity lipoprotein cholesterol {LDL-C) was calculated according 
to a method previously described [34]. 

Magnetic resonance Imaging and the measurement of 
cartilage volume and bone marrow lesion 
An MRI of each woman's dominant knee (defined as the lower 
limb from which the subject stepped off from when initiating 
gait) was performed between October 2003 and August 
2004 and approximately 2 years later [22). Knees were 
imaged in the sagittal plane on a 1.5-T whole-body magnetic 
resonance unit (Philips Medical Systems, Eindhoven, The 
Netherlands) using a commercial transmit-receive extremity 
coil. The following sequence and parameters were used: fat
saturated, gradient echo, three-dimensional, Tl -weighted (8 
ms/12 ms/55 degrees, repetition time/echo time/flip angle, 
slice thickness of 1.5 mm, field of view of 16 cm and matrix of 
513 x 196 pixels). In addition, a coronal, T2-weighted, fat-sat
urated acquisition {repetition time of 2,200 ms, echo time of 
20/80 ms, slice thickness of 3 mm, 0.3 interslice gap, one 
excitation, field of view of 11 to 1 2 cm and matrix of 256 x 1 28 
pixels) was obtained. 

Assessment of bone marrow lesions 
BMLs were defined as areas of increased signal intensity adja
cent to subcortical bone present in either the medial or lateral 
side of the distal femur or proximal tibia assessed from coro
nal, T2-weighted, fat-saturated images [35). Two trained 
observers, who were blinded to patient characteristics as well 
as the sequence of images, together assessed the presence 
of lesions for each subject. The presence or absence of a BML 
was determined. The reproducibility for determination of the 
BML was assessed using 60 randomly selected knee MRI 
scans {K value 0.88, P < 0.001 ). 



Cartilage volume measurement 
The volumes of the individual cartilage plates (medial and lat
eral tibial) were measured by two blinded assessors from the 
total volume by manually drawing disarticulation contours 
around the cartilage boundaries on each section on a worksta
tion, as previously described (9,36], at baseline and approxi
mately 2 years later. The CVs for the medial and lateral 
cartilage volume measures were 3.4% and 2.0%, respectively. 

Statistical methods 
Variables were assessed for normality. Age, BMI, total choles
terol, total cholesterol/HDL-C ratio and annual change in car
tilage volume were all normally distributed; baseline presence 
and developing an incident BML compared with 'not' were 
binary variables. Annual change in tibial cartilage volume was 
calculated by subtracting the follow-up volume from the base
line volume and then dividing it by the time between MRI 
scans. Serum levels of triglyceride, HDL-C and LDL-C were 
not normally distributed and therefore the natural logarithms 
(In) were used. Logistic regression was used to determine the 
odds of having a prevalent BML at baseline or an 'incident' 
BML at follow-up for each of the lipids measured. The potential 
confounders of age and BMI were included in the multivariate 
model. Linear regression was used to determine the relation
ship between lipids and annual change in cartilage volume. A 
P value of less than 0.05 (two-tailed) was regarded as statisti
cally significant. All analyses were performed using the SPSS 
statistical package (version 15.0.0; SPSS Inc., Chicago, IL, 
USA). 

Results 
One hundred and forty-eight (84%) of the 176 eligible women 
completed the 2 year follow up. Apart from being younger (P 
= 0.04) there were no significant differences in BMI (P = 
0.31), total cholesterol (P= 0.85), (ln)triglycerides (P= 0.82), 
(ln)LDL (P = 0.38), (ln)HDL (P = 0. 72) and total cholesterol/ 
HDL ratio (P= 0.45) between those who completed the follow 

Table 1 
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up and those who did not. Twenty-two ( 15%) of the population 
had a BML present in their knee at baseline. One-hundred 
twenty-six women were BML-free at baseline. Of them, 11 
(9%) developed an incident BML over the 2-year follow-up. A 
comparison of baseline characteristics of the 126 women 
( 11 5 who did not develop a BML and 11 who did) is pre
sented in Table 1 . 

Serum lipids were not found to be significantly associated with 
the presence of BMLs at baseline (Table 2). The relationships 
between serum lipids and incidence of BMLs are presented in 
Table 3. Incident BMLs were associated with higher total cho
lesterol and triglyceride concentrations but not HDL-C, LDL-C 
or total cholesterol/HDL-C ratio. Only one woman who devel
oped a BML had ever smoked, so the relationship between 
smoking and incident BML could not be examined. The odds 
of developing a BML were 1.84 (95% confidence interval [Cl) 
1.01, 3.36) for every 1 mmol/L increase in total cholesterol 
after adjusting for the potential confounders of age and BMI (P 
= 0.048). The odds of an incident BML were 8.4 (95% Cl 
1.63, 43.43) for each unit increase in (ln)triglycerides after 
adjusting for confounders (P = 0.01 ). A trend between 
increased odds of incident BMLs and total cholesterol/HDL-C 
was also observed (odds ratio [OR] 1.53, 95% Cl 0.98 to 
2.38; P= 0.06) in univariate analyses, but this relationship did 
not reach significance after adjustment for confounders (OR 
1.41, 95% Cl 0.86 to 2.32; P = 0.17). All analyses were also 
performed adjusting for weight rather than BMI, but this did 
not alter the results (data not shown). 

In addition, when all people who had a BML at either baseline 
or follow-up (n = 33) were grouped and compared with those 
who had never had a BML (n = 115), we found that the differ
ence in BMI between the two groups approached significance 
with a trend of P = 0.09 (BML group: mean 28.8 mmol/L, SD 
6.3; no BML group: mean 26.9 mmol/L, SD 5.4), but there was 
no difference in age or gender. Triglyceride levels were also 

Baseline characteristics of study subjects who did not develop an Incident bone marrow lesion compared with those who did 

No Incident BML Incident BML Pvalue 
n-115 n-11 

Age, years 52.3 (6.80)8 54.7 (4.98)8 0.31b 

Body mass index, kg/m2 26.9 {5.42)b 28.9 (5.14)8 0.23b 

Total cholesterol, mmol/L c 5.71 (3.7-8.3)b 6.45 (4.8·9.1 )b 0.04b 

Triglycerides, mmol/L d 1.0 (0.5-2.9)8 1.4 (0.8-3.8)8 0.01 1 

HDL, mmoVLc 1.5 (0.5-2.6)8 1.3 (0.9-2.6)8 0.521 

LDL, mmol/L c 3.6 (1.8-5.8)8 3.87 (3.2-6.3) 8 0.191 

T otal/HDL ratio 3.8 (2.0-7.4)8 5.3 (2.5-8.3)8 0.13b 

8Mean (standard deviation or range). blndependent samples t test. cTo convert from mmol/L to mg/dl, divide by 0.0259. d"fo convert from mmol/L 
t_o mg/dl, divide by 0.0113. 0Median (range). 'Mann-Whitney U test. BML, bone marrow lesion; HDL, h1gh·dens1ty hpoprote1n; LDL, low-density 
hpoprotein. 
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Table2 

AssOCiation between bone marrow lesions at baseline and lipids 

Univariate analysis., odds ratio Pvalue Multivariate analysis,. odds ratio Pvalue 
(95% Cl) (95% Cl)a 

Total cholesterol 0.91 (0.62, 1.33) 0.63 0.9 (0.6, 1.35) 0.61 

Ln triglycerides 1.99 (0.77, 5.16) 0.15 1.81 (0.63, 5.20) 0.27 

Ln HDL 0.45 (0.09, 2.12) 0.31 0.63 (0.11, 3.50) 0.6 

Ln LDL 0.65 (0.15, 2.90) 0.58 0.58 (0.12, 2.80) 0.50 

T otal/HDL ratio 1.10 (0.81, 1.50) 0.54 1.03 (0. 73, 1.43) 0.88 

a()dds ratio of having a bone marrow lesion present at baseline for each unit increase in total cholesterol, natural logarithm (Ln) of triglycerides, 
natural logarithm of high-density lipoprotein (HDL) or low-density lipoprotein (LDL) or for the total/HDL ration after adjusting for age and body 
mass index. Cl, confidence interval. 

significantly higher in those with a BML compared with those 
who did not have a BML at either time point (median 1 .3 mmol/ 
L, range 0.7 to 3.8, compared with median 1.0 mmol/L, range 
0.5 to 2.9; P= 0.02). This persisted after adjusting for age and 
BMI (OR 3.28, 95% Cl 1.16 to 9.21; P = 0.024). 

No association between total cholesterol, triglycerides, HDL
C, LDL-C, total cholesterol/HDL-C ratio and smoking status 
and annual change in total tibial cartilage volume was 
observed (Table 4). Similarly, when the medial and lateral com
partments were analysed separately, no association was seen 
(data not shown). 

Discussion 
In this cohort study of asymptomatic middle-aged women, 
serum lipids were not associated with the presence of BMLs 
at baseline or change in knee cartilage over 2 years. However, 
greater levels of total cholesterol and triglycerides, even within 
the normal ranges, were associated with the incidence of 
BMLs in knees free of BMLs at baseline. 

No previous study has examined the relationship between 
serum lipids and longitudinal change in knee structures or inci
dent OA. There is, however, some evidence suggesting a rela-

Table 3 

Association between incident bone marrow lesions and llplds 

Univariate analysis, odds ratio 
(95% Cl) 

Total cholesterol 1.82 (1.04, 3.2) 

Ln triglycerides 9.23 (2.06, 41.46) 

LnHDL 0.60 (0.06, 5.99) 

ln LDL 7 .10 (0.56, 89.39) 

Total/HDL ratio 1.53 (0.98, 2.38) 

tionship between increasing cholesterol and knee QA from 
cross-sectional studies [37 ,38). Among patients selected 
based on hospitalisation for joint replacement due to 
advanced OA, approximately 38% had hypercholesterolemia 
(serum cholesterol of at least 6.2 mmol/L or on antihyperlipi
demic medications) [37). Among women from the Chingford 
study, moderately raised serum cholesterol levels (6.0 to 7.1 
mmol/L) were associated with the presence of radiological 
and bilateral knee OA [38]. In our population of asymptomatic 
subjects with no clinically knee OA, we found no significant 
relationship between serum lipids and change in cartilage over 
2 years. 

In contrast, we found a significant relationship between serum 
lipids and the development of new BMLs. This finding is sup
ported by the recent findings in a different asymptomatic pop
ulation that found that dietary lipids were associated with the 
risk of BMLs [27). Whilst total cholesterol and triglycerides 
were associated with the incidence of BMLs, no relationship 
was seen with the traditional vascular risk factors of total cho
lesterol/H DL ratio and LDL. An increased ratio indicates a 
higher concentration of the more atherogenic LDL compared 
with the HDL cholesterol and confers an increased cardiovas
cular risk [39). This may be due in part to the small number of 

Pvalue Multivariate analysis, odds ratio Pvalue 
(95% Cl)a 

0.037 1.84 (1.01, 3.36) 0.048 

0.004 8.4 (1.63, 43.43) 0.01 

0.67 1.12 (0.008, 14. 79) 0.93 

0.13 5. 79 (0.39,86.46) 0.20 

0.06 1.41 (0.86, 2.32) 0.17 

"Odds ratio of having an incident bone marrow lesion for each unit increase in total cholesterol, natural logarithm (Ln) of triglycerides, natural 
logarithm of high-density lipoprotein (HDL) or low-density lipoprotein (LDL) or for the total/HDL ration after adjusting for age and body mass index. 
Cl, confidence interval. 
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Table4 

AssOdation between lipids and annual change in total tibial cartilage volume 

Univariate analysis, regression coefficient Pvalue Multivariate analysis. regression coefflclent Pvalue 
(95%CI) (95% Cl)I 

Total cholesterol -0.24 (-12.77, 12.28) 0.97 -1.77 (-11.35, 14.88) 0.79 

Ln triglycerides 0. 70 (-32.48, 33.88) 0.97 12.6 (-24.12, 49.32) 0.49 

Ln HDL -4. 78 (-56.43, 46.88) 0.85 -15.96 (-72.28, 40.37) 0.58 

Ln LDL 3.16 (-48.06, 54.39) 0.90 13.12 (-41.2, 67.45) 0.63 

T otal/HDL ratio -0.67 (-11.57, 10.24) 0.90 2.58 (-9.5, 14.68) 0.67 

8Annual change in total tibial cartilage volume (in microlitres) for each unit increase in total cholesterol, natural logarithm (Ln) of triglycerides, 
natural logarithm of high-density lipoprotein (HDL) or low-density lipoprotein (LDL) or for the total/HDL ratio after adjusting for age and body mass 
index. Cl, confidence interval. 

incident BMLs reducing the power of the study to detect 
weaker associations, as was seen in the demonstrated rela
tionships between incident BML and total cholesterol/HDL 
ratio, in which a significant univariate trend that was not per
sistently significant in the multivariate analyses was shown. 
Although we did not detect any significant associations 
between lipid levels and prevalent BMLs at baseline, this may 
be explained by the mixed nature of BMLs. To date, a number 
of risk factors have been identified for BMLs; one predominant 
risk factor is malalignment (18). Prevalent BMLs are likely to be 
a diverse group and the result of a number of risk factors, 
including altered joint biomechanics and trauma as well as 
other known and unknown factors. Therefore, the ability to 
identify a risk factor such as serum lipids, independent of other 
risk factors, may be reduced among those with prevalent 
BMLs. In contrast, by examining those free of BMLs at base
line in this population of asymptomatic people with no clinical 
knee disease or symptoms, we were able to detect a relation
ship between serum lipids and incident BMLs. This longitudi
nal finding provides a much stronger level of evidence for a 
relationship between serum lipids and BMLs than can be 
obtained from a cross-sectional study (40). Our data suggest 
that BMLs are not solely a consequence of biomechanical fac
tors. It is possible that the relationship between lipids and 
BMLs may be a consequence of vascular pathology. Subchon
dral bone is highly vascularised and it has been suggested that 
one origin of BMLs may be ischemia and/or reperfusion injury 
[8]. A study of human bone marrow using gadolinium demon
strated that compared with knees free of BMLs, those with 
BMLs showed perfusion abnormalities, including significantly 
reduced venous outflow [30), and BMLs detected on MRI 
have been said to be similar to those seen in avascular necro
sis [7). 

Although some previous studies have suggested that hyperli
pidemia may occur as a consequence of OA and the associ
ated treatments, the findings of our study suggest that this is 
not the case but that serum cholesterol and triglycerides are 
positively associated with structural change in the knee in the 
absence of OA. Whether elevated lipid levels cause incident 

BMLs via a vascular mechanism is not known. Alternatively, it 
may be that the relationship between serum lipids and inci
dence of BMLs is the result of inflammatory pathways or as yet 
unknown mechanisms. Given that coagulation and inflamma
tory pathways have been shown to be intimately related (41 ], 
it is possible that the results we have observed are a combina
tion of both effects. Histological studies in both animals and 
humans have demonstrated lipid, cholesterol and fibrin depos
its in cancellous bone [41-43). These lipid emboli and thrombi 
may result in reduced blood flow and lead to ischemia and ulti
mately bone necrosis. Furthermore, dogs with hip OA were 
shown to have increased serum lipid levels as well as evidence 
of hypofibrinolysis and increased platelet aggregability that 
could be reversed with treatment, resulting in a significant 
improvement in OA symptoms [41 ]. Thus, it may be that reduc
ing lipids will have a beneficial effect in reducing subsequent 
knee OA. 

Hypercholesterolemia and hypertriglyceridemia are major risk 
factors for cardiovascular disease in women [44). We have 
found that subtle perturbations in lipid metabolism are also 
associated with the development of new BMLs, which are sig
nificant predictors of OA development and progression. We 
did not find a significant association between serum lipids and 
cartilage change. However, given that BMLs are associated 
with progression of cartilage defects [45) and loss of cartilage 
[19-21), it may be that our present study did not have power 
to show a direct relationship between serum lipids and carti
lage loss. Larger studies of longer duration, especially in an 
asymptomatic population free of clinical OA, may be required. 

This study has a number of limitations. First, the power of this 
study to show an effect was limited by the low number of prev
alent ( 14%) BMLs; therefore, we were unable to examine 
change in BML size over 2 years. In addition, due to the mod
est number of subjects who developed a BML, these results 
will need to be confirmed in larger studies. In this study, we 
were not able to measure knee alignment and this may have 
attenuated our findings. However, recent work suggests that 
the relationship between BML and progression persisted after 
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accounting for alignment [18]. In addition, due to the low prev
alence of smokers in this population, we were unable to exam
ine how smoking may relate to loss of cartilage and incidence 
of BMLs. We did not obtain radiographs of the knees, so some 
subjects may have had asymptomatic radiographic QA. How
ever, we used the presence of pain to exclude any potential 
participants who may have had clinical QA since all of the 
American College of Rheumatology criteria for the classifica
tion of knee QA require pain. Individuals with significant knee 
injury in the past, pain at baseline, knee surgery or physician 
diagnosis of any type of arthritis were excluded. There is 
debate as to how to define early knee QA since it is now clear 
that there is a continuum from the normal to the QA knee, with 
more than 1 0% of knee cartilage already lost by the time radi
ological QA is present [46]. A major strength of our findings is 
that serum lipids were shown to be a risk factor for incident 
BML among those without any BML at baseline in a population 
that was asymptomatic with no knee pain, no history of treat
ment for knee disease and no history of knee injury. This pop
ulation represents an asymptomatic preclinical QA population 
within the spectrum of disease development and would be the 
population in which primary prevention measures would be 
used. Another potential limitation of our study is that lipids 
were measured 1 .5 to 3.5 years prior to the MRI assessment. 
However, baseline measurements of lipoprotein lipids and 
apoproteins have been shown to be robust predictors of car
diovascular events a number of years later [4 7). We also did 
not have information on whether women were on lipid-lower
ing drugs; however, the aim of this study was to examine the 
relationship between serum lipid levels and BMLs and carti
lage. Any woman on treatment would have been classified 
based on her cholesterol level; therefore, those with a ten
dency to hypercholesterolemia but whose cholesterol was 
normal on assessment would have been analysed as having a 
normal cholesterol level. This is likely to have underestimated 
the effect we observed. 

Conduslons 
In this study of asymptomatic middle-aged women with no clin
ical knee QA, cholesterol and triglyceride levels were associ
ated with the incidence of BMLs over 2 years. This provides 

support for the hypothesis that vascular pathology may have a 
role in the pathogenesis of knee QA and warrants further work 
to clarify this and whether treatments aimed at reducing serum 
lipids may have a role in reducing the burden of knee QA. 
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Chapter 8: General Discussion 

There is no known treatment for knee OA that either prevents the development or 

stops the progression of the disease once it is present. Current strategies are aimed 

only at relieving symptoms. Ultimately costly joint replacement is the only outcome 

for end stage disease, identifying modifiable factors is therefore imperative. 

There is evidence to suggest that the incidence and progression of knee OA may 

involve different mechanisms and hence preventive strategies for OA should be 

focused on identifying modifiable risk factors for both these processes. Therefore the 

aim of this thesis was to address this by examining risk factors for structural changes 

in the knee that are associated with either disease development or the progression of 

disease in both healthy/asymptomatic populations as well as in a population with knee 

OA. This provided the opportunity to examine these across the spectrum of disease 

from the normal joint through to one with OA. The findings of this thesis have the 

potential to further our understanding of the pathogenesis of knee OA and to identify 

factors that have the potential to be targets of preventative and therapeutic strategies. 

8.1 Main Findings 

This thesis examined the effect of biomechanical and systemic risk factors on knee 

cartilage and bone and their change over time in both asymptomatic/healthy subjects 

and in those with knee OA. Factors that affect the progression of disease, as well as 

those that have adverse effects on cartilage and bone in asymptomatic clinically 

healthy individuals were identified. Structural changes in the knee associated with the 

development of OA such as loss of articular cartilage, development and progression of 

cartilage defects, bone expansion, meniscal tears and bone marrow lesions were 

explored and potentially modifiable risk factors (both biomechanical and systemic) for 

these changes were identified. Finally, the foundations for a relationship between 

systemic vascular factors and knee joint structure changes have been laid, suggesting 

other novel preventive strategies require investigation. The results of this thesis 

provide a better understanding of the pathogenesis of knee OA with implications for 

both the prevention and early treatment of disease. 
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8.1.1 The Natural History of Cartilage Defects 

Defects in articular cartilage are found in healthy subjects as well as in those with OA 

[233, 234] and have been implicated in the pathogenesis of disease [161, 163, 175, 

237, 239]. While it is important to identify the factors associated with the presence of 

cartilage defects and their progression, there is little data on the natural history of 

cartilage defects in those with OA. The first paper presented within this thesis 

described the natural history of cartilage defects and factors associated with the 

progression in those with knee OA [335]. 

In this study, cartilage defects were found to tend to progress over 2 years in people 

with symptomatic knee OA. Factors associated with progression of cartilage defects 

were increasing age and baseline tibial bone area. Bone size has been previously 

identified as a risk factor for both the prevalence and severity of cartilage defects in 

healthy [161, 233] and OA populations [336] and more recently for the progression of 

cartilage defects in healthy individuals [235]. Increased bone size or expansion 

changes the stability of the foundation of the cartilage. The cartilage is weakened 

resulting in cartilage cracks and the progression of cartilage defects [233, 235, 337]. 

As cartilage defects are associated with cartilage loss and joint replacement [237], 

interventions aimed at reducing tibial bone size may have a role in reducing 

progression of cartilage defects and warrant further investigation. 

8.1.2 The Significance of Meniscal Tears 

Meniscal tears have also been identified as an important risk factor for the 

development and progression of knee OA [83, 338]. The second and third papers 

presented within this thesis described the prevalence and significance of meniscal 

tears with respect to knee structure, and also the relationship between gait 

parameters and meniscal tears in a cohort of asymptomatic women [339, 340]. 

Amongst pain free post-menopausal women, meniscal tears were common, 

. especially with advancing age. Tears were also associated with greater tibial plateau 

bone area, and trends between prevalence of meniscal tear at baseline and 

decreased lateral cartilage volume as well as with the progression of the 
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tibiofemoral cartilage defects over 2 years were also found. This study thus 

provides support to the hypothesis that tibial plateau bone changes occur before 

significant pathological changes in cartilage. The question that remains is whether 

increased tibial plateau bone area predisposes to an increased risk of degenerative 

meniscal tears or whether it is a consequence of altered biomechanical forces in 

relation to meniscal tear. 

The second paper in this section, demonstrated that gait parameters that indicate 

medial tibiofemoral joint loads are associated with medial meniscal pathology. The 

presence and severity of medial meniscal tears was positively associated with the peak 

external knee adduction moment during early stance, and tended toward a similar 

association during late stance. In addition, the presence of medial meniscal lesions 

was also positively associated with the degree of internal foot rotation when the 

external knee adduction moment peaked during late stance, independent of the 

magnitude of the adductor moment. This was the first study to describe an association 

between gait parameters and meniscal tears. The possibilities are that either meniscal 

lesions predict aberrations in gait or, alternatively, that the gait parameters contributed 

to the development of these lesions. Since meniscal tears are associated with the 

structural changes of OA, including cartilage defect scores, reduced tibial cartilage 

volume and increased tibial bone area [83, 128, 179, 182, 184, 185, 330], it is possible 

that modifying the gait parameters examined in this study ( e.g. via gait retraining or 

orthoses) may also help to reduce the incidence and burden of knee OA. 

8.1.3 Local Biomechanical Factors May Explain Compartmental Effects 

There is a general consensus that one of the leading risk factors for OA is joint 

biomechanics [76]. Although the disease can occur at any site within the knee joint, 

the medial compartment is the most common site of tibiofemoral involvement while 

the lateral patella femoral joint is most commonly affect in patella-femoral disease 

[34-38]. Is has been suggested that local biomechanical factors leading to differing 

compartmental loading may explain these differing findings. Joint mechanics however 

are not fixed and it is unclear whether changes in knee alignment are associated with 

change in knee cartilage volume within the context of disease. Correcting or · 

attenuating malalignment may potentially be a target for influencing disease 
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progression yet very little is known. The fourth and fifth papers presented within this 

thesis explore local biomechanical factors affecting the tibiofemoral and patella 

femoral compartment. 

In people with knee OA, a change in knee alignment from genu varum toward genu 

valgum over 2 years was associated with a reduction in the annual rate of medial tibial 

cartilage volume loss among people with knee OA in the subsequent 2.5 years. 

Change in alignment did not affect the rate of change in lateral tibial cartilage volume. 

These findings suggest that methods to reduce varus alignment may delay the 

progression of medial tibiofemoral OA. The current study adds to previous knowledge 

by providing the first evidence that change in alignment away from genu varum 

toward genu valgum is associated with a reduction in the subsequent rate of medial 

tibial cartilage loss, without increasing the rate of lateral tibial cartilage volume loss in 

people with knee OA. This infers that minor changes ( e.g., 1 °) away from genu 

varum, which ultimately reduces the static load exerted to the medial tibiofemoral 

compartment, can reduce the rate of cartilage loss in that compartment. 

Within the patella-femoral compartment, it was demonstrated that among people with 

knee OA, a more shallow femoral sulcus angle was associated with increased medial 

patella cartilage volume compared to a deeper femoral sulcus angle. For every 1 ° 

increase in the femoral sulcus angle (i.e., as the sulcus became more shallow), there 

was an associated 9.1 mm3 increase in medial patella cartilage volume among people 

with knee OA. Despite the cross-sectional association, the femoral sulcus angle at 

baseline was not associated with longitudinal change in patella cartilage volume over 

2 years. No previous study has examined the relationship between the femoral sulcus 

angle and patella cartilage volume. These data suggest that a shallower sulcus in the 

context of established OA may be an advantageous anatomical variant. Further 

longitudinal studies are required to elucidate the role the femoral sulcus angle plays in 

OA. 

8.1.4 The Natural History and Significance of Bone Marrow Lesions 

There is increasing interest on the role of BMLs, detected by MRI, in the pathogenesis 

of knee QA [41, 78]. While BMLs have been shown to be present in both 

symptomatic [41, 172, 174-177, 239, 270, 278] and asymptomatic populations [171, 
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173], most previous studies have focussed on symptomatic populations with 

established knee OA [41, 172, 174-177, 239, 270, 278]. There is very little 

information however, about the role of BMLs in healthy asymptomatic populations. 

The sixth and seventh papers presented within this thesis described the natural history 

and significance of bone marrow lesions in those with no clinical knee OA. 

In a population of healthy participants without clinical knee OA and free of BMLs at 

baseline, BMLs developed in 12% of people over 2 years. Increased weight and BMI 

were risk factors for incident BMLs. Incident BMLs were also associated with the 

development of knee pain in a population where all participants were free of pain at 

the beginning of the study. Approximately half of the BMLs present at baseline 

resolved over the 2 year study period. This is the first study to report the natural 

history of BMLs and risk factors associated with the incidence of BMLs in a healthy, 

pain free population. The findings of this study suggest that BMLs occur in healthy 

populations but are less common and are more likely to revolve compared to 

QA/symptomatic populations [239, 270, 271, 278]. In this current study, the incidence 

of BMLs was also associated with developing new knee pain, mirroring previous 

observations in QA/symptomatic populations. This suggests that BML play a role in 

knee pain in OA possibly as a continuum from a normal to a clinically diseased joint. 

These data suggest that in middle aged people with no clinical knee OA, BML are 

reversible and may provide a target for interventions aimed at symptoms and 

prevention of knee OA. 

In addition within this asymptomatic population, the development of new BMLs was 

associated with adverse effects on knee cartilage, while resolution of BMLs was 

associated with less deterioration of cartilage. It may be that in the observed 

relationship between BMLs and cartilage, factors contributing to the development of 

BMLs also impair the supply of nutrients and oxygen to the overlying cartilage plate 

as well as reducing the strength of the bony foundation of articular cartilage [274-276] 

Our data also suggest that the effect of BMLs may be reversible since their resolution 

was associated with less cartilage loss and likelihood of defect progression. Thus 

identifying factors that reduce the incidence of BMLs and increase their resolution 

may offer therapeutic targets in the prevention of knee OA. 
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8.1.5 Systemic Risk Factors/or Bone Marrow Lesions 

Given the significance of BMLs and their role in knee OA, understanding modifiable 

factors which may influence their development is important. Histological examination 

of BMLs in knees has shown that they may represent areas of osteonecrosis, oedema, 

trabecular abnormalities and bony remodeling [170]. While originally thought to 

predominantly be a result of joint mal-alignment [78] there is increasing evidence to 

suggest that they may also be associated with systemic or vascular factors [279, 289, 

291]. The final 3 papers within this thesis examined the relationships between 

cigarette smoking, dietary fatty acids and serum lipids and bone marrow lesions in an 

asymptomatic clinically healthy population. 

In a cohort of asymptomatic, community based adults, a history of smoking ( current 

and past) was associated with increased medial tibial, but not lateral tibial or patella 

cartilage loss over two years. In addition there was a dose-response relationship 

between 'pack-years' smoked and increased medial tibial cartilage loss. For 

individuals who had a BML at baseline, smoking was also associated with the 

persistence of the BML over two years. The persistence of the BML was found to 

partially mediate the relationship between smoking and cartilage loss. The results 

from this study provide a possible mechanism for the previously observed negative 

association of smoking with structural knee changes associated with development of 

knee OA and suggest that the association smoking shares with increased cartilage loss 

may be mediated via smoking impairing the ability for BMLs to resolve. 

In the same population a higher intake of saturated fatty acids, was found to be 

associated with an increased likelihood of developing BMLs over 2 years. This was 

the first longitudinal study presenting a relationship between dietary fatty acid intake 

and the incidence of BMLs. It has been suggested that subchondral ischaemia may be 

a mechanism by which vascular pathology plays a role in the initiation and/or 

progression of OA [274]. As subchondral bone is important in maintaining joint 

integrity and the development of OA, this study suggests that dietary modification of 

fatty acid intake may be one strategy in the prevention of knee OA that warrants 

further investigation. 
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In asymptomatic middle-aged women with no clinical knee OA, cholesterol and 

triglyceride levels were associated with the incidence of BMLs over 2 years. No 

previous study has examined the relationship between serum lipids and longitudinal 

change in knee structures. This data further suggests that BMLs are not solely a 

consequence of biomechanical factors. The results of this study provide support for 

the hypothesis that vascular pathology may have a role in the pathogenesis of knee 

OA and warrants further work to clarify this and whether treatments aimed at 

reducing serum lipids may have a role reducing the burden of knee OA. 

8.2 Potential Limitations of this work 

8.2.1 Populations Examined 

The results of this thesis are based on four different populations. The first population 

is comprised of symptomatic men and women with knee OA and therefore the results 

of these studies cannot be generalised to healthy subjects. To extend the findings and 

explore OA pathogenesis in the pre-OA stages, 3 asymptomatic populations were 

examined. One was comprised of middle-aged women who were free of radiographic 

knee OA, the second an asymptomatic clinically healthy community based adults 

selected from a cohort study and the third a second cohort of middle-aged women who 

were asymptomatic and clinically free of knee OA taking part in a different cohort 

study. Potential limitations of these populations are that they consist of people willing 

to take part in studies so may represent a more health conscious group. However it is 

unlikely that such bias will significantly affect the association between risk factors 

and knee structure. 

Gender limitation applied to two of the cohorts examined in this thesis, both of these 

studies were restricted to women only. Gender is a significant confounder and by 

restricting the results to women only we have been able to reduce the effect. The 

results from these cohorts however cannot be generalised to men. 

For all populations examined participants were aged over 40. As a result all 

populations examined were predominantly middle-aged. The ages of participants in 
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the population of symptomatic knee OA were older again. While this age restriction 

limits generalisations to these age profiles, it is also a strength as it reduced any 

effects of this significant confounder. However further work will need to be done 

across the spectrum of aged to determine whether similar relationships exist and 

whether some relationships are age dependent. 

8.2.2 Study Design 

8. 2. 2.1 Cross-sectional Studies 

Some of the results presented in this thesis were based on cross-sectional studies. The 

results from !hose studies were unable to determine a temporal relationship between 

risk factor and outcome. Longitudinal studies are required to confirm those results. 

8. 2. 2. 2 Longitudinal Studies 

Loss to follow up may have introduced selection bias to the longitudinal studies 

presented within this thesis however for the four populations examined the follow up 

rate was good (>80% ). In addition a comparison of baseline characteristics of those 

who did and those who did not complete the study was done for each of the 

populations and the characteristics of those who completed the study tended to be 

similar. 

Secondly, the two year follow up employed in 3 of the 4 populations examined in this 

thesis may not have allowed sufficient time to determine the relationships between the 

specific risk factors and changes in knee structure. Follow-ups of longer duration may 

be required. 

8.2.3 Measurement of Risk Factors 

8. 2. 3.1 Measurement of Smoking Status 

The measurement of smoking status and history, whilst determined in a valid fashion 

was based on the participants self-report and is therefore associated with recall bias. 
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Furthermore, our classification of 'ever smoked' may have introduced some 

misclassification bias, which may have underestimated the associations between 

smoking and cartilage and BMLs rather than overestimated them. 

8. 2. 3. 2 Measurement of Dietary Intake 

Whilst the dietary intake of fatty acids was measured in a valid fashion [341], this was 

based on a single measure of nutrient intakes 10 years earlier. Although significant 

underreporting of fat intake is likely [342], absolute intake of dietary fat appears to 

have remained stable [343, 344]. While nutritional data collected 10 years earlier may 

have resulted in some misclassification of exposure, such misclassification is likely to 

have been non-differential in relation to knee structure, since only subjects with no 

history of knee symptoms or injury were included thereby tending to underestimate 

the strength of any observed associations. 

8.2.3.3 Measurement of Blood Lipids 

Lipids were measured 1.5-3.5 years prior to the MRI assessment. However baseline 

measurements of lipoprotein lipids and apoproteins have been shown to be robust 

predictors of cardiovascular events a number of years later [345]. We also did not 

have information on whether women were on lipid lowering drugs. Any woman on 

treatment will have been classified based on her cholesterol level, therefore those with 

a tendency to hypercholesterolemia, but whose cholesterol was normal on assessment, 

will have been analysed as having a normal cholesterol level. This is likely to have 

underestimated the effect we observed. 

8.2.4 Measurement of Knee Structure 

8. 2. 4.1 Radiographs 

For two of the populations examined we did not obtain radiographs of the knees. It is 

possible that some subjects may have had asymptomatic radiographic OA. We used 

the American College of Rheumatology clinical criteria of OA [ 1] to determine the 

status of knees. Individuals with significant knee injury in the past, pain at baseline, 
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knee surgery or physician diagnosis of any type of arthritis were excluded. There is 

debate as to how to define early knee OA since it is now clear that there is a 

continuum from the normal to the OA knee with more than 10% of knee cartilage 

already lost by the time radiological OA is present [130]. It is likely that these 

populations represent an asymptomatic, pre clinical OA population, within the 

spectrum of disease development and would be the population in which primary 

prevention measures would be used. 

8. 2. 4. 2 Magnetic Resonance Imaging 

The methods used to measure cartilage volume, cartilage defects, meniscal tears, 

subchondral bone and bone marrow lesions from MRI have been shown to be valid 

and are associated with excellent reproducibility with; coefficients of variation of 2-

3 % for cartilage volume and bone area [142, 169]; intraclass coefficients of 0.89-0.94 

and 0.86-0.96 for cartilage defects and meniscal tears respectively [128, 217]: and a 

kappa value of 0.88 for bone marrow lesions [171, 173]. In addition, extra care was 

taken in training individual observers and all measures were performed over a short 

period time by one main observer with a second checking 1 in 5, and all results sent to 

a third independent person. Initially, the main observer was trained by an experienced 

person and actual measurements did not start until measures were within 10% of the 

trainer and also when repeated against the trained observer himself. All measures 

were then sent blindly to a third person who checked them and advised whether the 

measures should continue. Regular calibration between the trainer and the observer 

also took place weekly to ensure reproducibility and reliability. 

For longitudinal studies, all baseline and follow-up scans were re-measured at the 

same time to avoid systemic bias. 

In order to minimise information bias; outcome measures were entered in the database 

using ID numbers only and all forms of measurement were performed without the 

knowledge of personal details of the individual. 

All MRI' s were read blindly to reduce the likelihood of differential misclassification. 
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8.2.5 Data Analysis and Interpretation 

8. 2. 5.1 Sample sizes 

The study examining meniscal tears and gait was based on a small cohort of 20 

middle-aged women. While we did have sufficient power to detect a relationship 

between biomechanical parameters and the presence and severity of meniscal tears, 

we may have been unable to detect weaker relationships. 

The studies examining BMLs were limited by the low prevalence and/or incidence of 

BMLs in the respective populations and therefore we may not have been sufficiently 

powered to detect weak associations between risk factors and BMLs, nor did we have 

the power to examine changes in BML volume. Nevertheless we were able to 

demonstrate significant relationships between BML incidence and persistence or 

resolution, risk factors and pain symptoms. 

8. 2. 5. 2 Determining causation 

Further studies are required to determine the relationships between the risk factors and 

outcomes examined. In this study cartilage, bone and the menisci were examined. It is 

possible that other structural elements within the knee that can be visualised using 

MRI including synovial and ligament changes may influence the development and/or 

progression of OA. They however were not examined within this thesis. Further work 

is required to assess their role. In addition the results presented within this thesis are 

from observational studies, ideally, where possible, large randomised controlled trials 

are required to confirm the results. 

8.3 Future Directions 

OA is a significant public health problem. It is the major cause of disability and 

imposes a huge economic burden to the community. The prevalence of OA is 

expected to increase given the current obesity epidemic and ageing of the population. 
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Identifying modifiable factors that influence either the progression and/or 

development of disease is of particular importance. 

The use of MRI in knee OA has allowed a new approach to understanding the 

pathogenesis of the disease and the identification of risk factors. Not only can articular 

cartilage be assessed, but also other structural components of the knee including 

subchondral bone, meniscal pathology, ligaments and synovial changes. For the first 

time potential structural biomarkers of disease development and/or progression can be 

identified. It is also possible to assess the joint as a whole and examine the inter

relationship between the different structural components. The joint can be explored as 

a continuum from a healthy, asymptomatic joint, through to one with early changes of 

knee OA and then subsequently to the end stage joint. How a certain risk factor or 

structural element behaves in osteoarthritic populations may be different to how it 

does in healthy populations since the onset of early disease and symptoms may 

modify the effect of a given risk factor. Given that there is no cure for OA or 

treatment that slows progression future work is required to increase the understanding 

of these interactions in different population types. This will allow a better 

understanding of the pathogenesis of knee OA and provide novel approaches to the 

prevention and treatment of knee OA. 

Cartilage defects are commonly found in healthy subjects and those with knee pain or 

OA. They are associated with pain, radiographic features and severity of OA. In 

people with knee OA they tend to get worse. Given that they predict both cartilage 

loss and joint replacement, understanding factors associated with their progression 

may allow the development of strategies to slow the progression of disease. Further 

work is required to identify these modifiable factors. In addition as we found that 

subchondral bone size predicted cartilage defect progression, interventions aimed at 

reducing tibial bone size may have a role in reducing progression of cartilage defects 

and warrants further investigation. 
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Meniscal tears have also been associated with the pathogenesis of knee OA. While 

originally described in relation to trauma, tears are also a product of degenerative 

processes. Work examining meniscal tears has predominantly been performed in OA 

populations and there is very limited research in pre-OA, despite them being shown to 

be common in these populations. Further work is required examining risk factors for 

degenerative tears in asymptomatic populations, as is the relationships between 

meniscal tears and structural changes prior to disease development. The results 

presented within this thesis suggest that biomechanical factors are associated with 

both the presence and severity of tears, the findings are however based on cross

sectional data and longitudinal studies are required to further describe the direction of 

the relationship. 

To date most research has examined the tibiofemoral compartment and yet the 

symptoms of knee OA have been shown to predominantly emanate from the 

patellofemoral compartment. One of the leading risk factors for OA is the altered joint 

biomechanics which may influence joint geometry and load distribution with in the 

joint. The effect of biomechanical factors on the knee joint may have very different 

effects on each compartment and depending on whether disease is present in neither, 

either or both compartments. Further work is needed to examine these possible 

relationships. As demonstrated within this thesis joint biomechanics are not static and 

attenuating or trying to correct joint biomechanics may be yet another approach to 

preventing the development and/progression of knee OA. 

It is widely accepted that bone is integral to the pathogenesis of OA. Changes in 

subchondral bone have been well described in established OA. These changes affect 

the mechanical properties of the subchondral bone and have been proposed to play a 

role in the initiation and progression of degeneration of the overlying articular 

cartilage. While it remains unclear and controversial whether cartilage or bone acts as 

the instigating lesion of OA, there is growing evidence for the significant role of 

BMLs. We showed that in asymptomatic individuals they are reversible. Given their 

role in the pathogenesis of OA, further work identifying factors associated with their 

development, progression and improvement is needed. 
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The emerging evidence supports the notion that OA has multiple aetiologies, which 

converge to produce the recognized manifestations of joint pain and stiffness and 

degeneration of articular cartilage and the end stage joint. However, a lack of 

understanding of the underlying cause(s) for OA has meant that treatments remain 

largely palliative, with joint replacement the only option in end-stage disease. 

Exploring the possible associations' vascular pathology has with structural changes in 

the knee associated with disease development and progression has the potential to 

provide an alternative approach to understanding the pathogenesis of knee OA which 

may lead to novel preventive strategies. Given the highly vascularised nature of bone 

further work exploring the effects of systemic factors on subchondral bone, in 

particular bone marrow lesions is desirable and has implications for the prevention 

and early treatment of disease. 

This thesis has contributed to the identification of knee structural changes in both the 

pre-diseased and diseased state as well as risk factors for these changes. Further work 

will be required to better understand the role of these different structural changes in 

the early disease and their associated risk factors in order to more effectively prevent 

and treat knee OA. 
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Chapter 9: Conclusions 

This thesis examined the relationship between risk factors for knee OA and knee 

structure. It examined: 

1) Effect of biomechanical and systemic risk factors on knee cartilage, 

meniscal tears and bone and the significance of their change over time in both 

symptomatic/healthy subjects and in those with knee OA. It identified a number of 

modifiable factors that influence changes indicative of disease development as well as 

disease progression. 

2) In subjects with knee OA understanding factors that influence the 

progression of cartilage defects as well as correcting joint biomechanical features may 

be a possible target for slowing the progression of disease. 

3) In pre-disease/asymptomatic populations, the significance of meniscal tears 

was explored and the role of gait parameters was examined. The results suggested that 

meniscal tears may increase a person's risk of developing knee OA via tibial plateau 

expansion, and that modification of gait parameters may be a potential target in the 

prevention of knee OA. 

4) The natural history of BMLs in an asymptomatic community based cohort 

was examined and risk factors associated with the development, persistence and 

resolution of BMLs was explored. 

5) Finally, this thesis has laid the foundations for a relationship between 

systemic vascular factors and knee joint structure changes, suggesting other novel 

preventive strategies. 

The results of this thesis provide a better understanding of the pathogenesis of knee 

OA by examining different cohorts with implications for both the prevention and early 

treatment of disease. 
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Bone marrow lesions predict progre~ion of cartilage defects and 
loss of cartilage volume in healthy middle-aged adults without 
knee pain over 2 yrs 

A. E. Wluka192
, Y. Wang1
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4

, G. G. Giles4 and F. M. Cicuttini1 

Objective. In knee OA, the presence of bone marrow lesions (BMLs) predicts pain and progression of disease. Their occurrence has been 
described in healthy, pain-free subjects, but whether their presence affects change in cartilage is unknown. 
Methods. Two hundred and seventy-one healthy community-dwelling adults with no history of knee injury, knee pain or clinical knee OA had 
an MRI performed on their dominant knee at baseline and 2 yrs later to assess the relationship between the presence of BMLs at baseline 
and change in tibiofemoral cartilage defects and tibial cartilage volume over 2 yrs. 
Results. BMLs were present in 37 (14%) subjects. Cartilage defects were more likely to progress rather than remain stable or regress in 
subjects with BMLs compared with those without BMLs (P= 0.04). The odds of cartilage defects progressing in the tibiofemoral compartment 
of the knee where BMLs were present compared with where BMLs were absent was 2.6 (95% Cl 1.2, 5.3; P= 0.01 ). Where 'very large' BMLs 
were present, there was a trend for increased annual tibial cartilage volume loss (46.4 mm3/yr; P= 0.07). 
Conclusions. These data suggest that BMLs are associated with change in knee cartilage over 2 yrs in asymptomatic subjects. Increased 
progression of cartilage defects is seen with increasing size of BMLs. It will be important to determine in future studies whether BMLs directly 
cause change in cartilage over 2 yrs, or act as a marker of another factor that facilitates these changes. 

Kev wORos: Osteoarthritis, Cartilage, Bone marrow lesions, Cartilage defects, Cartilage volume. 

Introduction 

There is an increasing interest in the role of bone marrow lesions 
(BMLs) in the pathogenesis of knee OA [1, 2). In knee OA, the 
presence of BMLs has been related to increased cartilage loss, 
measured by biomarkers and using MRI [3, 4). Recently, the 
presence of BMLs in healthy populations without knee pain or 
a history of significant knee trauma has been described (5, 6). 
Whether the presence of BMLs in healthy, pain-free subjects is 
associated with effects on cartilage is unknown. Previous studies 
have been performed to examine this relationship only in subjects 
with OA or at high risk for OA (1, 2). 

In healthy adults without symptomatic or established radio
graphic knee OA, the early structural changes of knee OA may be 
present (7-9). In middle-aged adults without knee pain, there is a 
tendency for cartilage defects to develop and progress, as well as 
cartilage volume to be lost (10, 11]. It is likely that as these changes 
progress, the risk of knee OA increases. In established knee OA, 
these changes predict pain and joint replacement [ 12 14). Identify
ing factors that relate to change in cartilage may be important in 
preventing knee OA. 

We performed a longitudinal cohort study to assess the 
relationship between the presence of a BML at baseline and 
change in cartilage defects and cartilage volume in healthy adults, 
without knee pain or a history of significant knee trauma. 

Subjects and methods 

Subjects 

The study was conducted within the Melbourne Collaborative 
Cohort Study (MCCS), a prospective cohort study of 41 528 
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people, assembled to examine the role of lifestyle and genetic 
factors in the risk of cancer and chronic diseases in Melbourne, 
Australia [I 5). Participants for the current study were recruited 
from this cohort in 2003-04, as described (16). Briefly, participants 
were eligible if they were aged between 50 and 79 yrs without any 
of the following exclusion criteria: a clinical diagnosis of knee OA 
as defined by American College of Rheumatology criteria, which 
require the presence of pain [ 17); knee pain lasting for > 24 h in the 
last 5 yrs; a previous knee injury requiring non-weight-bearing 
treatment for > 24 h or surgery (including arthroscopy); a history 
of any form of arthritis diagnosed by a medical prnctitioner or a 
contraindication to MRI (16]. Radiographs were not obtained, 
hence it is unknown whether participants had radiographic OA. 
The study was approved by The Cancer Council Victoria's 
Human Research Ethics Committee and the Standing Committee 
on Ethics in Research Involving Humans of Monash University. 
All participants gave written informed consent. 

Anthropometric data 

Height (in centimetres) was measured using a stadiometer with 
shoes removed at MCCS baseline (1990 94). Weight (in kilo
grams) was measured with bulky clothing removed at the time of 
baseline MRI. BMI was calculated from these data (weight (kg)/ 
height2 (m2

)). 

MRI and the measurement of cartilage volume, def eels 
and BML 

1392 

MRI. An MRI of the dominant knee of each participant was 
performed between October 2003 and December 2004 and "'2 yrs 
later, as described on a 1.5-T whole body MRI unit (Phillips, 
Eindhoven, Holland) [18). The following sequence and parameters 
were used on both occasions: a T 1-weighted fat-suppressed 30 
gradient recall acquisition in the steady state; flip angle 55''; 
repetition time 58 ms; echo time 12 ms; field of view 16 cm; 60 
partitions; 512 x 512 matrix; and one acquisition time of 11 min 
56 s. Sagittal images were obtained at a partition thickness of 
1.5mm and an in-plane resolution of 0.31 x 0.31 mm2 (512 x 512 
pixels). In addition, a coronal Ti-weighted fat-saturated acquisi
tion, repetition time 2500 3000 ms, echo time 40 ms, with a slice 
thickness of 3.0 mm, a 0.3 mm inter-slice gap, I excitation, a field of 

f' The Author 2008. Published by Oxford Univcnity Pres, on behalf of the Briti,h Society for Rhcumatology. All ngh1, rc,crvcd. t'or Pcrmiuion,. plca,w: email: Journal,.pcrm11\ion\fr1 o~fordJoumal, org 
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FIG. 1. A T2-weighted image of a very large medial tibial BML. 

view of 11- 12cm and a matrix of 512 x 512 pixels was also 
obtained [18]. 

Assessment of BMLs. BMLs were defined as areas of 
increased signal intensity immediately underlying subcortical 
bone in either the medial or lateral distal femur or proximal 
tibia on T rweighted coronal images [l 9]. Two trained observers, 
who were blinded to patient characteristics, as well as image 
sequence, together assessed the presence of BMLs for each subject 
[1). The presence or absence of BMLs was determined. A BML 
was defined as 'large' if it appeared on two or more adjacent slices 
and encompassed at least one-quarter of the quadrant of the tibial 
or femoral cartilage being examined from coronal images [ 1, 20]. 
This is comparable with the previously described 'Grade 2' BML 
by Felson [I, 20). A BML was further classified as 'very large' if it 
appeared on three or more adjacent slices (Fig. 1) [1). This is 
comparable with the previously described 'Grade 3' BML by 
Felson [1, 20). The reproducibility for determination of BMLs was 
assessed using 60 randomly selected knee MRls (K-value 0.88; 
P < 0.001). 

Assessment of cartilage defects. Cartilage defects were 
graded on the T 1-weighted sagittal MR images with a classifica
tion system that has been previously described [9, 14, 21], in the 
medial and lateral tibial and femoral cartilages (Fig. 2). Intra
observer reliability (expressed as intra-class correlation coefficient, 
1cq was 0.90 for the medial tibiofemoral compartment and 0.89 
for the lateral tibiofemoral compartment [22). Change in cartilage 
defects in a compartment was classified as to whether or not they 
progressed (i.e. an increase in cartilage defect score), regressed (i.e. 
a reduction in cartilage defect score) or remained stable (i.e. no 
change in cartilage defect score). 

Cartilage volume measurement. The volumes of the indi
vidual cartilage plates (medial and lateral tibial) were measured 
from the total volume by manually drawing disarticulation 
contours around the cartilage boundaries on each section on a 
workstation as described on the T 1-weighted sagittal images [16). 
The coefficients of variation (CVs) for the medial and lateral 
cartilage volume measures were 3.4 and 2.0%, respectively [8, 23]. 
Annual change in cartilage volume was calculated as: (follow-up 
cartilage volume subtracted from initial cartilage volume) divided 
by the period of time between MRI scans, as described [23]. 

FIG. 2. T1-weighted MRI of Grade 3 femoral cartilage defect (A) and Grade 2 tibial 
cartilage defect (B). 

Statistical methods 

Baseline characteristics were compared between subjects in whom 
BMLs were pre ent and absent, u ing unpaired t-te t for 
continuous variables, chi-square for dichotomous variables and 
eta test for ordinal variables. Ordinal regre sion was u ed to 
examine the likelihood of defect progression, remaining stable or 
regressing according to whether a BML was present. hange in 
cartilage defects was described as progression or not (including 
remaining stable or regressing). Logistic regression was used to 
determine the odds of cartilage defect progression vs regression/ 
stability depending on the presence of a BM L, and to adjust for 
potential confounding. After the distribution of annual change in 
cartilage volume was examined for normality, linear regre sion 
techniques were used to examine the relationship between BM L 
and change in cartilage volume adjusting for potential confound
ing. Analysis of residuals was performed to exclude non-linearity. 
A P-value <0.05 (two-tailed) was regarded as statistically sig
nificant. AJI analyses were performed using the SPSS statistical 
package (version 15.0.0, SPSS, Cary, N , USA). 

Results 

Two hundred and ninety-seven subjects entered the study, 271 
(91 %) of whom completed the follow-up MRI. The baseline 
characteristics of the 271 subjects with and without BMLs at 
baseline are compared in Table I. There were no significant 
differences between these groups. The reason for loss to follow-up 
for 26 subjects were death (n = 3), poor health (n = 4), withdrawal 
of consent (n = 10), ineligible for follow-up (n = 4) and being 
unable to be contacted (n = 5). The characteri tics of subject who 
were lost to follow-up tended to be similar to those who completed 
the study apart from their tendency to overweight [mean BM I 
27.9 kg/m2 (s.o. 5.4)), compared with those who completed 
the tudy [mean BMI 25.7 kg/m2 (s.o. 4. J); P = 0.0J for difference], 
and to have very large BMLs (4 'very large' BMLs; P = 0.01). 

BMLs were present in 37 subjects (13.7%), comprising of 26 
large BMLs and I 1 'very large' BMLs. There were 25 large BM Ls 
in the medial compartment, of which 6 were 'very large'. In the 
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TABLE 1 . Characteristics of participants with and without BMLs at baseline 

Women(%) 
Age (yrs) 
Weight (kg) 
Height (cmJ, 
BMI (kg/m) 
Total tibial 

cartilage volume (ml) 
Total tibiofemoral 

cartilage defect scorec 

BMls at 
baseline (n = 37) 

24 (64.9) 
58.2 (5.9) 
73.5 (12.1) 

169.4 (7.5) 
25.7 (4.3) 

3.84 (1.00) 

3 (3, 10) 

NoBML 
at baseline (n=234) 

145 (62.0) 
57.8 (5.2) 
72.8 (14.1) 

167.9 (9.2) 
25.8 (4.1) 

3.74 (1.11) 

3 (2, 11) 

P-va1ue• 

0.74b 
0.60 
028 
o.n 
0.93 
0.61 

0.10C 

Values expressed as mean (s.o.), except where indicated. •unpaired t-test tor difference, 
excepl where indicated. bChi-squared test. "Expressed as medan (range), cifference examined 
using eta test. 

TABLE 2. The outcome of total tibiofemoral cartilage defects, according to baseline 
cartilage defect score and presence or not of a large BML at baseline 

large BML present No large BML present 
Baseline 
defect score Progress Stable Regress Progress Stable Regress 

2 0 0 0 12 5 0 
3 4 1 0 21 13 1 
4 5 4 0 17 37 3 
5 5 2 0 19 28 9 
6 1 3 1 7 17 2 
7 2 1 1 7 10 7 
8 2 2 1 3 6 2 
9 1 0 0 2 1 1 

10 1 0 0 0 3 0 
11 0 0 0 1 0 0 

lateral compartment, there were 14 large BMLs, of which 5 were 
·very large.' Two subjects had a BML in both the medial and 
lateral compartments. 

Whether in a knee total baseline cartilage defect progressed, 
remained stable or regressed according to whether or not a large 
or very large BML was present, and according to the initial 
severity of cartilage defects, is presented in Tables 2 and 3, 
respectively. We examined the relationship between change in 
cartilage defects (comparing those which progressed/deteriorated 
with those that remained stable and those that showed improve
ment/regressed) and the presence of a BML at baseline using 
ordinal regression (Table 4). There was a tendency for those with a 
BML to show progression/deterioration of cartilage defects rather 
than for them to remain stable or to show improvement/regress 
compared with subjects where no BML was present initially 
<P=0.04 where a large BML was present and P=0.05 where a 
very large BML was present). 

The odds of cartilage defect progressing were examined 
according to whether or not a BM L was present al baseline 
(Table 5). Where a 'large' or 'very large' BML was present in the 
knee, cartilage defects were more likely to progress in both 
univariate and multivariate analyses, compared with where no 
BML was present, adjusting for the potential confounders of age, 
gender, BMI and initial cartilage defect score (P=0.01 -0.04, 
Table 5). When these relationships were examined in the medial 
and lateral compartments individually in multivariate analysis, 
whilst the direction of effect was the same throughout, the results 
only reached statistical significance in the lateral compartment 
(large BML P=0.003, very large BML P=0.03). 

The relationship between the presence of a BML and annual 
change in total tibial cartilage volume was examined. In univariate 
analysis, the presence of a 'very large' BML trended towards 
predicting increased annual tibial cartilage loss (49.5 mm3 /yr; 
P = 0.07). After adjusting for the potential confounders of age, 
gender, BMI and initial cartilage volume, although the direction of 

TABLE 3. The outcome of total tibiofemoral cartilage defects, according to baseline 
cartilage defect score and presence or not of a very large BML at baseline 

Very large BML present No very large BML present 
Baseline 
defect score Progress Stable Regress Progress Stable Regress 

2 0 0 0 12 5 0 
3 1 0 0 24 14 1 
4 2 1 0 20 40 3 
5 3 0 0 21 30 9 
6 1 1 0 7 19 3 
7 0 0 0 9 11 8 
8 1 1 0 4 7 3 
9 0 0 0 3 1 1 

10 0 0 0 1 3 0 
11 0 0 0 1 0 0 

TABLE 4. Proportion of cartilage defects progressing (deteriorating), remaining 
stable or improving (regressing) depending on whether a large or very large BML 
was present at baseline• 

large BML 
at baseline 

Very large BML 
at baseline 

BML No BML BML No BML 
(n=37) (n=234) P-value• (n= 11) (n=260) P-value• 

Change in cartilage defects 
Progress/deteriorate 21 
Stable/no change 13 
Regress/improve 3 

'"Ordinal regression. 

89 
120 

25 0.04 

8 
3 
0 

102 
130 
28 0.05 

TABLE 5. Odds ratios of progression of cartilage defect score depending on 
whether any BML or a large BML is present 

Univariate Multivariate 
odds ratios P-value odds ratios• 95% Cl P-value 

Odds of progression of total tibiofemoral cartilage defect score 
Any BML 2.14 0.03 2.56 1.23, 5.31 0.01 
Very large BML 4.13 0.04 4.88 1.24, 19.11 0.02 

•Adjusted for age, gender. BMI and n1ial cattllage defect score. 

effect remained, the significance of this result diminished (regres
sion coefficient 39.4mm3/yr; 95% Cl -13.0, 91.7; P=0.14). When 
these relationships were examined in the medial and lateral 
compartments individually, whilst the direction of effect was 
similar in both the compartments it only reached statistical 
significance in the lateral compartment (data not shown). 

Discamion 

These data suggest that the presence of a BM L in knees of adults 
without knee pain or history of significant trauma is associated 
with cartilage changes over 2 yrs. In tibiofcmoral compartments 
in which a 'large' or a 'very large' BML was present, cartilage 
defects were more likely to progress rather than remain stable or 
regress, and the odds of cartilage defect progression were 
increased. The odds of progression increased with increasing 
BML size. Where a 'very large' BML was present, there was a 
trend towards increased annual tibial cartilage volume loss com
pared with where no BMLs were present. 

No previous studies have examined how the presence of a BM L 
relates to change in cartilage in subjects without painful knee OA. 
In healthy subjects, where a BM L was present, cartilage defects 
were also more likely to be present (6). Previous longitudinal 
studies have examined this relationship in subjects with knee 
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OA [3, 4, 20). In established OA, where a BML was present there 
was increased cartilage loss, as measured by MRI and also by using 
biomarkers [3, 4). With increased size of BM Ls, increased cartilage 
loss was seen in established OA [3). The current study suggests that 
where a BML is present in a person without knee pain or 
significant trauma, knee cartilage is also more likely to be lost and 
that with increasing size of a BML, the risk of cartilage defect 
progression is increased. These data suggest that BMLs lie on one 
of the pathways of progression of the structural changes in knee 
OA. However, we cannot determine whether BMLs directly cause 
the cartilage changes or this is an indirect effect, and their presence 
is merely a surrogate marker for another causative factor. 

In either case, it is possible that targeting factors that affect the 
presence of BMLs may also affect change in cartilage and the 
possibility of progression to knee OA. Bone may be a more 
responsive target in prevention of OA than cartilage, since known 
risk factors for knee OA such as knee adduction moment have been 
shown to affect bone before cartilage changes are present in 
healthy people [24). In contrast, previous interventions aimed to 
affect change in cartilage directly have been largely unsuccessful 
[25, 26). This approach appears promising, since use of osteopro
tective therapy has been associated with reduced prevalence of 
BMLs [27). In OA, use of bisphosphonates has been shown to 
reduce cartilage metabolism as measured by biomarkers, as well as 
to diminish the trabecular changes of OA in subchondral bone 
whilst reducing progression of cartilage loss over 2 yrs [28, 29]. 
Thus, it may be important to further characterize whether the 
relationship between BMLs and cartilage change is direct or 
indirect, with a view to disease prevention. 

This study has a number of limitations. There were few BM Ls at 
baseline in this healthy population. Nevertheless, we have 
demonstrated that even in this population the relationship between 
the presence of a BM L and change in cartilage exists. Al though the 
relationship between the presence of a BM Land change in cartilage 
volume did not attain statistical significance, the direction was 
consistent with change in defects. This relationship may require a 
larger sample size or a longer duration of follow-up as we may not 
have had enough power to show this relationship. Since the number 
of participants with BMLs was low, our ability to demonstrate 
compartmental changes was also limited. However, the direction of 
effect seen in the total tibiofemoral compartment was also present 
in both medial and lateral compartments, although these results 
were not always statistically significant. Our study is unable to 
address whether in subjects with asymptomatic radiographic knee 
OA, the same relationship exists. However, since cartilage defects 
and volume have both been shown to correlate strongly with 
radiographic disease and to be more sensitive to early disease than 
radiographic changes, we hypothesize that it is likely a continuum 
that exists in these changes (7, 14]. Because we did not obtain 
measures of knee alignment (radiographic or clinical) we are unable 
to examine how this affects the relationships described, which has 
been shown to be important in cross-sectional studies. However, 
the absence of these measures is likely to result in non-differential 
misclassification, which is likely to diminish the magnitude of the 
results obtained, rather than to result in spuriously positive 
associations. 

These data suggest that BMLs, present in healthy asymptom
atic individuals with no history of significant knee pain or trauma, 
arc associated with increased risk of cartilage defect progression 
and loss of cartilage volume. This suggests that either BM Ls or a 
factor associated with their presence may be important as a target 
for preventive measures for knee OA. 

• In pain-free knees, a BML increases the tendency of cartilage 
defects to progress. 

• Defects are more likely to progress with increasing size of the BML. 
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Objective: Bone marrow lesions (BML) have been implicated in the pathogenesis of osteoarthritis, 
yet their exact role, etiology, and natural history remain unclear. The aim of this study was to 
examine the natural history of BML in a healthy population and identify risk factors associated 
with their persistence and incidence. 

Methods: One hundred forty-eight healthy middle-aged women had magnetic resonance imaging 
performed on their dominant knee at baseline and 2 years later to assess the presence, natural 
history, and risk factors for persistence and incidence of BML. 
Results: Approximately 46% ofBML present at baseline completely resolved over 2 years. "Large" 
BML had the potential to improve, while the majority of "very large" remained stable. In those 
women with no BML at baseline, approximately 9% developed a BML over 2 years, the majority 
in the medial companment. There was a trend toward weight being a risk factor for the develop
ment of"very large" BML (P = 0.08). 
Conclusions: The natural history of BML may be different in healthy persons compared with 
diseased states. The trend for weight as a risk factor for development of a "very-large" BML 
suggests there is potential to identify modifiable risk factors for BML in asymptomatic people and 
warrants funher investigation. 
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Bone marrow lesions (BML) have been implicated 
in the pathogenesis of osteoanhritis (OA) (1-3), 
yet their exact role and etiology remain unclear. 

They are present in both symptomatic (2-5) and healthy 

populations without knee pain or any history of signifi
cant knee injury (6-8). 

*Department of f.pidemiology and Preventive Medicine, Monash University Medical 
School. Alfred Hospital, Pnahran, Victoria, Australia. 

tBaker Heart RC3C8rCh Institute. Comrnereial Road, Melbourne, Victoria, AUllralia. 
tThe Women's Health Program, Department of Medicine, Monash University 

Medical School, Alfred Hospital, Prahran, Victoria, Australia. 
§Associate Professor. 

Vrofessor. 
Addrcu reprint requests to: Patricia Berry, 8810MedSci (Hons), Department of 

Epidemiology and Preventive Medicine, Monash University Medical School, Alfred 

lfospttal, Prahran. Victoria. Australia 3181. E-mail: Patricia.Berry(a/rned.mona.\h. 

edu.au. 

0049..0172/09/S-see front matter O 2009 Elsevier Inc. All righl'i reserved. 
doi: IO. IO 16/j.semarthrit.2008.05.()()3 

Previous studies on the natural history of BML have ex
amined symptomatic populations with established radio
graphic knee OA (4,5,9-11 ). In established knee OA, they 
are associated with pain (2), changes in cartilage metabolism 
as measured by type II collagen degradation marker CfX-11 
(4), and in~ likelihood of cartilage I~ (5, 12). There is 
a paucity of studies examining the natural history ofBML in 
asymptomatic, healthy populations. Moreover, factors asso
ciated with the devdopment of incident BML in healthy 
populations have yet to be examined. 

The aim of this study was to examine the natural his
tory of BML in asymptomatic women with no clinical 
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knee OA and to identify factors associated with persis
tence and incidence of BML over 2 years. 

METHODS 

Participants 

Eligible participants were part of a previous cross-sec
tional study, having been recruited from a database estab
lished from the Victorian state electoral roll (Australia) 
between April 2002 and August 2003 (13). Women were 
eligible if they were aged 40 to 67 years, had not had a 
hysterectomy, and ha~ agreed to be recontacted regarding 
further research studies. Women who had experienced 
significant knee pain or injury in the last 5 years that 
necessitated treatment by health professionals, or had re
quire~. res~ for more than 1 day or a history of any 
arthnt1s diagnosed by a medical practitioner, were ex
cluded. Subjects with a contraindication to having a mag
netic resonance imaging (MRI) scan, such as the presence 
of a pacemaker, metal sutures, iron filings in the eye, or 
claustrophobia were also excluded. Of the initial 355 
women contacted, 176 were eligible to participate. The 
study was approved by the Alfred Hospital and Monash 
University Human Research Ethics Committees, and all 
panicipants gave written informed consent. 

Data Collection 

Weight was measured to the nearest 0.1 kg using a single 
pair of electronic scales with shoes, socks, and bulky cloth
ing removed. Height was measured to the nearest 0.1 cm 
using a stadiometer with shoes and socks removed. Body 
mass index (BMI) ( weight/height2 kg/ m2) was calculated. 
At follow-up, we assessed pain using the Western Ontario 
and McMaster Universities Osteoanhritis Index pain di
mension (5 items using visual analog scores, where higher 
scores indicate worse status) (14), with a possible range of 
scores O to 500. A score of~ 100 of 500 (20%) was con
sidered representing development of incident knee pain. 

MRI and the Measurement of BML 

An MRI of the dominant knee of each subject (defined as 
the lower limb from which the subject stepped off from 
when initiating gait) was performed between October 
2003 and August 2004 and approximately 2 years later. 
Knees were imaged in the sagittal plane on a 1.5-T whole
body magnetic resonance unit (Philips) using a com
mercial transmit-receive extremity coil. The following 
sequence and parameters were used: a Tl-weighted fat
suppressed 30 gradient recall acquisition in the steady 
state; flip angle 55°; rep tition time 58 milliseconds; echo 
time 12 milliseconds; field of view 16 cm; 60 partitions; 
512 X 196 matrix; 1 acquisition time 11 minutes 56 
seconds. Sagittal images were obtained at a panition 
thickness of 1.5 mm and an in-plane resolution of 0.31 X 
0.83 mm (512 X 196 pixels). In addition, coronal images 
were obtained using a T2-weighted fat-saturated fast 
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spin-echo acquisition, repetition time 2200 mi11is onds, 
echo time 20/80 ms, with a slice thickn of 3 mm a 0.3 
interslice gap, 1 excitation, a field of view of 11 to 12 cm, 
and a matrix of 256 X 128 pixels was also obtained. 

Assessment of BML 

B~L were defined as areas of increased signal intensity 
adJacent to subcortical bone present in either the medial 
or latera1 distal femur or the proximal tibia (2). These 
were differentiated from cysts. Two trained observers, 
who were blinded to patient characteristics, as well as 
sequence of images, together assessed the presence of le
sions for each subject. The presence or absence of a BML 
was determined. A lesion was defined as "large" if it ap
peared on 2 or more adjacent slices and encompassed at 
least one-quaner of the width of the tibial or femoral 
cartilage being examined from coronal images (2) (Fig. 1). 
This is comparable to the previously described "grade 2" 
BM~ ?Y Felson (2). Lesions were further classified as "very 
large if they appeared on 3 or more slices (2) (Fig. 2). This is 
comparable to the previously described "grade 3" by Fel
son (2). Characterization of"large" and "very-large" BML 
was mutually exclusive. If a person had more than I BML 
underlying a cartilage plate, the BML of the high t grade 
~as us~d ~or analysis .. Subjects were classified as develop
mg an mc1dent BML 1f they had no BML in any compart
ment at baseline but developed BML during the course of 
observation. The reproducibility for determination of the 
BML was assessed using 60 randomly selected kne MRI 
(K value 0.88; P < 0.001). 

Statistical Analysis 

The site of prevalent and incident BML, as well as persis
tent BML, was tabulated. The relationship betwe n po-

Figure 1 Medial femoral "large" BML. 
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Figure 2 Medial tibial "very-large" BML. 

tential risk factors for persistent and incident BML was 
assessed using binary logistic regression. Potential con
founders including age and BMI were included in the 
multiple regression equation. The relationship between 
subjects who had BML increase in size with the develop
ment of incident knee pain, and the relationship between 
subjects who developed incident BML with development 
of incident knee pain was assessed using the x1 test for 
comparison of proportions. A P value of less than 0.05 
(2-tailed) was regarded as statistically significant. Analy: 
were performed using the SPSS statistical package (stan
dard version 14.0, SPSS, Chicago, IL). 

RESULTS 

One hundred forty-eight women of the 176 (84%) com
pleted follow-up. Twenty-eight women did not undergo a 
second MRI because of death (n = 1 ), migration (n = 1), 
knee injury (n = 4), surgery (n = 1), withdrawal of con
sent (n = 3), and being unable to be contact d (n = 18). 
Apart from being younger (mean age (± SD) was 49.5 
(±6.3) years, P = 0.02 for differ nee), the baseline char
acteristics of these women were not significantly different 
to those who completed the longitudinal component of 
the study and are presented in Table 1. Over the 2-year 
study period, only 5 of 148 subjects (3%) developed in
cident knee pain {Western Ontario and McMaster Uni
versities Osteoarthriti Index score of 2! 100 of 500) . 

Natural History of Prevalent BML 

The natural history of subjects with prevalent BML i 
presented in Table 2. Twenty-two of the 148 (15%) sub
jects had a BML at baseline; 10 (46%) subjects had BML 
that completely resolved. In the 11 subjec with a BML 
in the medial compartment, 6 BML resolved. In the 11 
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subject with BML in the lateral compartm nt 4 r; -

olved. 
At baseline, 14 subjects had a "larg ' BML and 8 ub

jects had a "very-large" BML. Of the 14 ubj ts with 
"large" BML, 2 remained stabl , 3 increased in size, and 9 
completely r olved. Seven of the 8 subjects who had a 
"very-large" BML at baseline remained stable. Using lo
gistic and multiple logistic r gression models, no signifi
cant relationship between age, weight, or BMI on p rsi -
tence ofBML of any size was ob erved (data not hown). 
Of the 3 subjects who had a "large" BML increase in size, 
none developed incident knee pain, and there was no 
significant difference in the development of incident knee 
pain between those subjects who had a "large" BML in
crease in size and those subjects who had a "large" BML 
remain stable/completely resolve (P = 0.59). 

Incidence of BML 

The number of subjects who develop d an incident BML 
is pr ented in Table 3. One hundred twenty- ix partici
pants had no BML at baseline. Over 2 years, 11 (9%) of 
these 126 subj cts develop d a new BML. Eight subjects 
developed a BML in them dial compartment, of which 6 
were characterized as "larg " and 2 were charact rized as 
"very large" (1 subject with a "v ry-larg ,, incident BML 
al o develop d a "large" BML). Thr e ubj cts dev loped 
a BML in the lateral compartment, of which 2 wer har
acterized as "large" and 1 was characterized as "very large.,, 

Using logistic and multiple logi tic r gr ion m d ls, 
no significant relationship between age, weight, or BMI 
on development of any incident or "large" BML was ob
served (data not hown). However, there was a sugg cion 
that w ight is as ociat d with development of "v ry-larg " 
BML after adjustment for potential confounders includ
ing ag and height [OR: 1.5 (95% I 0.96, 2.2)] (P = 
0.08). f the 11 ubj cts who developed an incid nt 
BML, non develop d incident knee pain, and th r was 

Table 1 Characteristics of Study Population at Bas line 
Comparing Those Who Completed 2-year Follow-Up 
and Those Lost to Follow-Up 

Completers Lost to Study 
(n = 148) (n = 28) P Value 

Age (years) 52.8 (6.6) 49.5 (6.3) 0.02 
Height (cm) 163.7 (6.5) 165.8 (6.3) 0.11 
Weight (kg) 72.9 (14.4) 71 .6 (12.3) 0.65 
BMI (kg/m2) 27.3 (5.7) 26.0 (4.2) 0.26 
Presence of any 22 (15%) 5 (18%) 0.69 

knee BML3 

Presence of 14 (10%) 4 (14%) 0.52 
"large" BML3 

Presence of "very 8(5%) 1 (4%) 0.69 
large" BML3 

Values are reported as m an (SD) at baseline unless otherwise 
stated. t-tests w re used for comparison of m ans. 

"x2 tests were used for comparison of proportJons. 
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Table 2 Natural History of the 22 Subjects with Prevalent BMl at Baseline 

Number(%) of Subjects in Whom BMl 
Number of Subjects with BMl at Baseline Had Resolved at Follow-Up 

Any medial BMl 11 
Any lateral BMl 11 
large BMl 14 
Very large BMl 8 

no significant difference in the development of incident 
knee pain between those subjects who developed an inci
dent BML and those who did not (P = 0.53). 

DISCUSSION 

In this study of asymptomatic women without clinical 
knee OA, we found that approximately 46% of BML 
present at baseline completely resolved over 2 years and 
approximately 9% of women who were free of a BML 
developed a BML. Of the 14 subjects with a "large" BML 
present at baseline, 2 remained stable, 3 increased in size, 
and 9 completely resolved. However, the majority (88%) 
of "very-large" BML at baseline remained stable over 2 
years. The majority of subjects developed their new BML 
in the medial compartment and there was a trend toward 
weight being a risk factor for development of an incident 
"very-large" BML. 

The natural history of BML has been reported previ
ously in populations mixed in regards to radiographic 
knee OA and the presence of pain (5,10). In predomi
nantly obese subjects with symptomatic radiographic OA, 
BML were unlikely to resolve with 99% of BML either 
persisting or increasing in size over 15 or 30 months (5). 
In a population mixed in regards to radiographic OA and 
pain, only 10% of BML disappeared over 2 years (10). 
Moreover, in a population with chronic knee pain mixed 
in regards to radiographic OA, 37% ofBML increased in 
size, 19% decreased in size, and 22% disappeared over 2 
years (1 I}. Data also suggest that BML incidence in those 
with symptomatic radiographic OA was approximately 
20% over approximately 2 years (5). 

We have shown that in asymptomatic women without 
clinical knee OA, the likelihood of complete resolution of 
BML is higher than previously reported in symptomatic 

Table 3 The Number of Subjects Who Developed an 
Incident BMl Over 2 Years in Subjects Who Were Free of 
BML at Baseline (n = 126) 

Number(%) of Subjects in Whom an 
Incident BML Developed at Follow-Up 

Medial 
Large 6 (5) 
Very large 2 (2) 

lateral 
Large 2 (2) 
Very large 1 (1) 

6(55) 
4 (36) 
9 (64) 
1 (13) 

and OA populations (5, 10, 11). "Large" BML had the 
potential to resolve, while the majority of "very large" 
remained stable and did not improve. Previous studies 
have suggested that persistence or worsening of BML may 
be explained by a combination of increased loading com
pounded by obesity and systemic (15) or dietary factors 
(16). We were unable to identify risk factors for persis
tence or worsening of BML, likely due to insufficient 
power. Nevertheless, the results of this study suggest that 
in asymptomatic populations there is potential for im
provement and that the natural history of BM L may be a 
function of the size of the initial BML. Moreover "large" 
BML may represent a more useful target for future inter
vention studies. 

Our finding that BML developed in approximately 9% 
of people over 2 years is lower than in symptomatic pop
ulations and suggests that not only arc BML more com
mon in OA, but the rate of BML development in healthy 
populations may also be less than those with knee pain or 
radiographic OA (5). There was a trend for increasing 
weight to be associated with the development of a "very
large" BML, and the majority of these incident BML 
developed within the medial compartment. This may be 
related to increased loading and is consistent with previ
ous research that suggests the natural history ofBML may 
be mediated by biomechanical factors such as static knee 
alignment (5). These results suggest that development of 
BML may be attenuated by modifiable risk factors such as 
obesity and warrants further investigation. 

A limitation of our study is that we examined only 
asymptomatic women; these resulcs may not be general
izable to men or to symptomatic populations. In addition, 
radiographs were not available; thus, it is possible that 
some subjects may have early signs of subclinical OA. 
Nevertheless, we excluded those subjects who had experi
enced significant knee pain or injury in the last 5 years or 
a history of any arthritis diagnosed by a medical practitio
ner. Given the small number of persistent and incident 
BML, our power to detect associations with potential risk 
factors was limited. In addition, given that only 5 subjects 
developed incident knee pain over the study period, our 
power to detect a relationship between subjects who had 
BML increase in size, and subjects who developed inci
dent BML with development of knee pain was low, and 
larger studies of longer duration will be required. More
over, future studies may benefit from examination of 
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other biomechanical risk factors for BML, such as static 
knee alignment. 

In asymptomatic women with no clinical knee OA, the 
incidence of BML is lower than previously reponecl in 
symptomatic subjects and prevalent BML were more 
likely to resolve. This suggests that BML may represent a 
potential therapeutic target in the prevention of OA and 
requires funher investigation. 
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New imaging modalities are broadening the possibilities in osteoarthritis (OA) research, and are 
offering new insights to help better understand the pathogenesis c:J this disease. Although knee radio
graphs are widely empl<J1ed in epidemiological and dinical studies to assess structural pathology, joint 
radiographs provide limited out.come measures in knee 0A. and other more vud. reliable and 
sensitive imaging modalities are now availabk!. In particular, magnedc resonance imaging can directly 
visualize articular cartilage and other joint structures, such as bone and soft tissue, that are now 
recognized as part d the disease process. This chapter will examine imaging modalities in the assess
ment c:J knee 0A. and the impact c:J these on our understanding d the pathogenesis c:J this dissse. 

Key words: osteoarthritis; radiology; magnetic resonance imaging; radiograph. 

Osteoarthritis (OA), the most common form of arthritis. is the third leading cause of dis
ease burden. measured as disability-adjusted life years. in the developed world. This is pre
dicted to increase over the coming decades. 1 The disease commonly affects weight-
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E-mail address: flavia.cicuttini@med.monash.edu.au (F.M. Cicuttini). 

I 521-69'42/$ • see front matter © 2008 Elsevier Ltd. All rights reserved. 



I 062 A J. Teichtahl et al 

bearing joints, such as the knee, and the major clinical features of OA are pain and stiffness, 
leading to a decline in physical functioning. Radiological OA is estimated to be prevalent in 
30% of people over 65 years of age. 2 The disease is radiographically characterized by joint 
space narrowing OSN), osteophytes, subchondral cysts and subchondral sclerosis. Despite 
these recognized structural changes, the aetiology of this condition remains unclear. In 
part, this may be due to the lack of a sensitive tool to assess OA severity and progression. 

Although the current gold standard for assessing OA in clinical and epidemiological 
settings is the radiograph, there are significant limitations associated with this 
approach. Expert consensus has suggested that in trials of disease-modifying therapy 
in knee OA, a measure of cartilage should be used. 3 Ideally, this should be a valid 
(i.e. actually measures cartilage) and reliable (i.e. gives the same result when repeated 
under identical circumstances) measure of cartilage that is also sensitive to change (i.e. 
has the ability to show clinically important anatomical change). The joint radiograph 
does not satisfy all these criteria: it provides an indirect. surrogate measure of articular 
cartilage via an assessment of the radiological joint space width. Moreover, joint radio
graphs are limited by their two-dimensional assessment of bony features, and cannot 
identify three-dimensional changes in intra- and extra-articular structures, such as 
bone size and cartilage defects. that are now recognized as part of the disease process. 

More modem imaging modalities, particularly magnetic resonance imaging (MRI) which 
enables a three-dimensional assessment of the entire joint. haw offered a quantitative 
alternative to radiographs for examining the pathogenesis of OA. ~ In epidemiological 
studies that have utilized MRI to examine joint morphology, there is emerging evidence 
that there may be a continuum from the normal knee, throu~ to the preclinical, asymp
tomatic state, and finally the development of clinical knee OA.7

-
10 However, the utility of 

MRI and other imaging modalities in the outcome assessment of knee OA has been 
restricted to research settings alone. The future challenge remains in the clinical applica
bility of novel imaging modalities to provide early identification of people with or at risk of 
knee OA. so that appropriate interventions can be identified and instituted to reduce 
disease incidence. This chapter will examine the use d different imaging modalities in 
the assessment d knee 0A, and the subsequent advances related to the pathogenesis 
of the disease that have been made from such novel modalities (figure I). 

RADIOGRAPHIC ASSESSMENT OF KNEE OSTEOARTHRITIS 

Radiological grading of knee osteoarthritis 

Radiographs have been widely used as an outcome measure in the disease. Kellgren 
and Lawrence first described a grading system in 1957 that was later adopted by 
the World Health Organization in 1961 as the standard measure for assessing radio
graphic OA. 11 Subsequently, methods which grade the individual features of OA. such 
as osteophytes, JSN and subchondral sclerosis, have been used. 12 However, there are 
several limitations associated with both of these grading systems. 

Firsdy, these grading systems predominantly employ ordinal measures, with only 
a limited number of categories. These yield relatively crude and insensitive measures 
of disease progression. Moreover, the role of osteophytes, which are central to 

grading systems, is unclear. For instance, although related to the presence of pain, 
osteophytes are not related to the severity of pain. 13 Thus, grading systems may 
lack complete content validity. 14 Furthermore, osteophytes have not been shown to 

be associated with disease progression. 15 KeUgren and Lawrence's grading system 
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Figure I. Comparison of the Information obtained from (a) kn X-ray and (b) Tl ·we ghted magnetic 
resonance Imaging (sagittal). 

relies heavily on the presence of osteophytes for the identification of knee OA. Studies 
examining individual radiographic features of OA have also tended to predominandy 
report results related to the assessment of osteophytes since measurements of 
osteophytes tend to yield better reproducibility than measurements of JSN.16 This 
focus on the presence of osteophytes in e~idemiological studies may therefore have 
underemphasized findings related to JSN. 7

-
19 For instance, it was concluded that 

variables such as physical activity may be detrimental to the knee joint given that 
a higher prevalence of osteophytes was identified in the knees of persons exercising 
more vigorously. 16 In the same study, however, the severity of JSN was lower among 
people exercising more vigorously compared with less active controls. Taken together, 
these findings may actually infer that physical activity benefits the knee joint by r tard
ing JSN, and the osteophytes may be the result of musculoskeletal traction forces. 

Measurement of joint pace width/narrowing 

JSN, a continuous measure, has been employed as the outcome in studies of disease 
progression in OA 20 Underlying use of JSN is the assumption that longitudinal reduc
tion in joint space is a valid measure of a reduction in articular cartilage volume. This is 
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not necessarily true, since the radiographic joint space is comprised of structures 
other than articular cartilage.21

·
22 For instance, menskal extrusion has been shown 

to account for much early joint space loss. 18 Reliability issues related to JSN are 
also problematic, primarily because of measurement error related to positioning of 
the knee. For example, the conventional anteroposterior knee radiograph is highly ob
server dependent when determining JSN,23 and measurement error may relate to 
both the positioning of the knee, and its alignment with respect to the radiograph 
and source of radiation. J,l'4,2S Various methods to improve reproducibility have been 
proposed and validated over the short term. 26

•
27 However, when one of these, the 

metatarsophalangeal view, was tested for sensitivity to change, the results were not 
biologically plausible. 28 Moreover, JSN is relatively insensitive to cha~ and few stud
ies have demonstrated significant change over short-term periods. 2 

· 
0 For instance, 

radiological assessment at 6-month intervals for a total period of 2 years was unable 
to distinguish significant changes in JSN among people with knee OA. although a signif
icant loss of articular cartilage volume was detected. 29 Although use of the more tech
nically challenging Lyon schuss position, which employs a semi-flexed anteroposterior 
radiograph with fluoroscopy to align the tibial plateaux, demonstrated sensitivity to 
change, this has not been validated against a direct measure of cartilage. 30 

IDEAL IMAGING MODALITY FOR STRUCTURAL SEVERITY OF 
OSTEOARTHRITIS 

The ideal imaging modality for the progression and assessment of OA would provide 
data pertaining to all joint structures, including a direct measure of both cartilage and 
bone, as well as other intra- and extra-articular structures in three dimensions. The 
ideal measure would be non-invasive, readily available, cheap, valid, reliable, relate 
to dinical outcomes and be sensitive to change without exposing a subiect to unnec
essary ionizing radiation. MRI promises to fulfil many of these criteria. 

MAGNETIC RESONANCE IMAGING 

In the setting of knee OA. MRI studies initially focused on the assessment of articular 
cartilage as the main outcome measure, as an extension of the previous approach using 
radiological grading, particularfy JSN, in dinical and epidemiological studies. MRI has 
been seen as a potentially major advance since it enables the direct assessment of car
tilage, rather than the indirect approach allowed by use of radiology. Subsequent 
methods have been developed to assess many properties of articular cartilage using 
MRI, including thickness and volume, as well as detecting and classifying surface irregu
larities, known as cartilage defects, and identifying other structural changes in the knee. 

Measures of cartilage 

Semiquantitative measurement of artkular cartilage in knee osteoarthritis 

There have been attempts to develop sensitive grading systems to assess cartilage signal 
and morphology. 5·

31 These methods have divided the articular cartilage into regions and 
graded the surface according to depth and area of lesions. as an extension from arthro
scopic measures of cartilage defect se'lerity. Although some of these methods have been 
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shown to be sensitive to change, 32 these outcomes have not been validated against 
clinical endpoints (e.g. symptoms, function, joint replacement).31 

Measurement of articular cartilage thickness in knee osteoarthritis 

Measuring articular cartilage thickness via MRI has been examined as a quantitative 
alternative to the radiological assessment of the severity of OA as well as to identify 
risk for disease onset and progression.33

·
3

.,. Previous work has generally emplo~ 
TI -weighted fat suppression images to assess articular cartilage properties. 6• •

35 

However, several limitations have been identified when adopting cartilage thickness 
as a means of assessing knee OA. In particular, diurnal variability in articular cartilage 
thickness, but not volume, has been demonstrated. H Additionally, longitudinal studies 
examining change in cartilage thickness may be limited by the difficulty in reselecting 
identical section locations at follow-up assessment. 36 

Articular cartilage volume 

Validity. reliability and sensitivity to change. MRI direcdy images articular cartilage and 
therefore demonstrates face validity. Content validity (i.e. the degree to which the 
instrument represents a specified universe) has also been shown, with a correlation of 
0.98 observed between cartilage volume obtained from MRI assessment and cartilage 
volume measured from surgical and post-mortem specimens.6

•
35

·
37

·
38 Moreover, the 

assessment of articular cartilage volume appears to be a valid indicator of particular clin
ical outcomes, includin~ change in symptoms and the likelihood of progression to knee 
replacement surgery.35

• 9-4
2 In particular, individuals who were in the top tertile of rate 

of cartilage loss over 2 years were shown to have a seven-fold increased risk of progress
ing to a knee replacement within 4 years compared with those in the lowest tertile. 39 

Assessing knee articular cartilage volume from MRI is reliable,'43 with low coeffi
cients of variation, as a measure of intra-observer variability, reported for healthy 
(2.4--2.6%) and arthritic (2.9-3.2%) subjects in both the medial and lateral tibiofemoral 
compartment, as well as the patellofemoral compartment. 4-4 High interobserver 
reliability has also been demonstrated, with coefficients ranging from 0.97 to 0.99 
for both healthy and arthritic joints. 4-4 

MRI is also a sensitive measure of change in cartilage volume. The finding that 
I 1-13% of cartilage volume is lost before the first changes of radiographic JSN can 
be detected9 provides the strongest evidence yet that measurement of MRI-derived 
cartilage volume is a far more sensitive measure of early cartilage loss (i.e. preclinical 
disease) than radiographic JSN. This is supported by a report of significant loss in 
cartilage volume documented at 6-monthly intervals for a period of 2 years in people 
with knee OA despite no correlation seen between cartilage volume loss and radio
graphic changes. 29 Sensitivity to change has also been demonstrated in people without 
established knee OA '45 Other studies have demonstrated sensitivity to change in 
different contexts, such as in spinal cord injury patients ,.6 and even after 7 weeks of 
partial immobilization for ankle fracture . .,.7 

Measurement of articular cartilage defects 

While a reduction in cartilage volume is a recognized feature of degenerative change, 
other earlier cartilage lesions, often referred to as cartilage defects, are also apparent 
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prior to radiographic change .... 8 Cartilage defects are irregularities on the surface of 
the usually smooth articular cartilage that can be detected and assessed via MRI. His
tologically, these are highly correlated with the Mankin scale for grading cartilage .... 9 

Although the natural history of cartilage defects is speculative, they appear to be pres
ent in people without pain and radiol~ical OA, as well as in people with well-estab
lished, painful radiological OA.7·,..

8
•
5
0-

53 

Among asymptomatic individuals, there is growing evidence that the presence of car
tilage defects may represent early OA 5,..·

55 The presence of cartilage defects in asymptom
atic subjects has been associated with a reduction in cartilage volume.7•

50 Over 2 years in 
an asymptomatic population, an increase in knee cartilage defect score ( change of 2:: I) was 
associated with higher rates of knee cartilage volume loss, whereas a decrease in the knee 
cartilage defect score (change of~ I) was associated with a relative increase in knee car
tilage volume.5,..·

55 In another healthy population, the presence of asymptomatic, non-full
thickness medial tibiofemoral cartilage defects identified healthy individuals most likely to 
lose knee cartilage over 2 years in the absence of radiographic knee OA. -4B Whether 
asymptomatic individuals with knee cartilage defects are at increased risk of developing 
clinical knee OA has not yet been examined. Nevertheless, in people with knee OA, car
tilage defects predict more rapid cartilage loss and disease progression. 7 Moreover, the 
severity of cartilage defects is also associated with markers of disease progression, includ
ing the risk of total knee joint replacement,56 as well as pain and disability scores.51

-
53 

In both healthy and osteoarthritic states, more severe cartilage defects exhibit 
a 'dose-response' association with cartila~e volume and its loss, and are associated 
with radiographic severity of knee OA.7·,..

8
• 4-

56 These data, derived from MRI exam
ination of cartilage defects, therefore demonstrate the potential for a continuum to 
exist which extends from the presence of asymptomatic cartilage defects to the end
point of clinical knee OA where knee joint replacement is indicated. Nevertheless, it 
must be recognized that the presence of cartilage defects does not mandate the onset 
or progression of knee OA in all subjects. Which factors instigate and cause progres
sion of cartilage defects has yet to be fully characterized. 

Measurement of glycosaminoglycan content of articular cartilage 

While MRI can readily identify morphological abnormalities, recent developments have 
enabled the extension of standard MRI techniques to provide a measure of the bio
chemical composition and functional properties of joint structures. Delayed gadoli
nium-enhanced MRI of cartilage (dGEMRIC) is based on the principle that both 
gadolinium, an MRI contrast agent, and glycosaminoglycan (GAG), the major proteo
glycan of cartilage, are negatively charged. When allowed to penetrate cartilage, gado
linium is subsequently excluded from regions that are rich in GAG, and an index of the 
GAG concentration is made. Several studies that have utilized dGEMRIC have ob
served differences in the GAG index between knee compartments57

·
58 and can identify 

GAG loss in patients with early OA,58
•
59 suggesting a potential role for dGEMRIC in 

helping to better understand the natural history of OA and the effects of interven
tions. For instance, one study demonstrated differences in GAG concentrations be
tween exercising and sedentary volunteers based on dGEMRIC assessment, 60 which 
supports recent findings obtained from standard MRI studies demonstrating a beneficial 
effect conferred by physical activity on knee cartilage.61 In addition to enabling map
ping of the biochemical composition of cartilage, dGEMRIC may also offer a non-inva
sive assessment of mechanical cartilage properties since high correlations between 
dGEMRIC and site-matched measures of cartilage stiffness are seen. 62 
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Structures other than articular cartilage are affected in osteoarthritis 

While cartilage has been the predominant focus of studies examining knee OA, other 
joint structures are also involved in the pathogenesis of the disease. MRI examines 
other intra- and extra-articular structures. The assessment of articular cartilage vol
ume in isolation, even after adjustment for bone size, is unlikely to be the best available 
means of determining the severity of OA: use of a combination of measures of multiple 
joint structures associated with disease (e.g. bone, meniscus, etc.) may help to better 
assess the severity of knee OA 

Bone marrow lesions 

The role of bone marrow lesions (BMls) in the pathogenesis of knee OA has gener- ' 
ated interest recently. BMls are correlated with increased bony uptake on bone scin
tigraphy63·64 and histologically demonstrate features consistent with ongoing bone 
trauma, including abnormal bone formation with excessive fibrosis, extensive bony re
modelling with reversal lines and areas of osteonecrosis. 65 

BMLs have been shown to be prevalent in approximately 13% of healthy middle-aged 
subjects with no clinical knee OA 66 In these healthy subjects, BMls were positively asso
ciated with tibial bone area and were associated with an increased risk of the presence of 
cartilage defects, without being associated with a reduction in cartilage volume.66·67 In 
people with knee OA, BMls are associated with the radiographic progression of compart
ment-specific JSN, although some of this progression may have been attenuated by frontal 
plane knee alignment. 68 Similarly, knee compartments with a higher baseline BML score 
also had greater cartilage loss at follow-up. 32 However, enlarging or new BM ls mainly oc
curred in malaligned limbs, on the side of the malalignment ( e.g. new medial BM ls in 
varus-aligned knees). and the association between BML change and medial tibiofemoral 
cartilage loss was not significant after adjusting for alignment. 32 Taken together, these find
ings suggest that BMls may be detrimental to the health of the knee joint, and that bio
mechanical factors may be just one of many factors underlying their pathogenesis. 

Metaphyseal bone expansion 

MRI studies have shown that people with knee OA have a larger bone surface area at 
the tibial plateau than healthy controls, and that the rate of bone expansion is greater 
in osteoarthritis than in healthy subjects.69

•
70 Radiographically, for each increase in 

grade of JSN in a compartment, tibial plateau bone area was also shown to be in
creased. 1 It has been speculated that bone expansion may reflect the state of articular 
cartilage health at the knee.7 1 Recently, an MRI study inferred that an increased surface 
area of the tibia plateau was a major determinant in mediating reduced knee cartilage 
volume among people without clinical knee OA 72 This suggests that bone expansion 
may be important and an independent factor initiating cartilage change. Moreover, it 
was recently shown that a larger bone area at baseline was predictive of an increase 
in the severity of knee cartilage defects over 2 years.48

·
73 

Other changes observed within the joint in knee osteoarthritis 

Meniscal tears and extrusions 

Meniscal tears have been reported to be prevalent among 91 % of people with symp
tomatic knee OA, and a high percentage (76%) of asymptomatic age-matched 
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controls.74 Meniscectomy is known to increase the rates of symptomatic and radio
graphic OA, 75 and meniscal tears and partial meniscectomy lead to increased rates 
of cartilage loss.3 1.76 In a largely non-OA cohort, meniscal tears were associated 
with cartilage defect development and progression, loss of cartilage volume and alter
ation in bone size. n Moreover, the risk factors for meniscal tears were shown to share 
similar risk factors as for knee OA, including age, body mass index, female gender and 
genetics. 77 

Similarly, another study demonstrated that baseline meniscal extrusions were asso
ciated with increased knee cartilage loss over 2 years in a non-OA cohort. n This 
association appeared to be predominandy mediated by subchondral bone changes, 
suggesting that extrusion represents one pathway between bone expansion and carti
lage loss. Taken together, these data suggest that meniscal lesions may be a risk factor 
for knee cartilage damage and articular structural changes. 

Ligamentous damage 

Appreciation of the role of knee ligaments in the natural history of knee OA has largely 
been derived from studies of anterior cruciate ligament (ACL) rupture. For instance, 
5~70% of patients with complete ACL rupture and associated injuries have radio
graphic changes consistent with OA after 15--20 years.78 In painful knee OA, complete 
ACL rupture was seen in 23% vs 3% of age-matched non-painful knees without recol
lection of rupture, indicating that ACL rupture is more common in symptomatic knee 
OA79 Moreover, in another recent study, central BMLs abutting the ACL were highly 
prevalent and strongly related to ACL pathology in people with knee OA80 In another 
study examining joint laxity, greater varus-valgus laxity was demonstrable in the unin
volved knees of patients with unilateral knee OA compared with older control knees, 
supporting the concept that some portion of the increased laxity of OA may predate 
disease.81 

Synovial changes 

Chronic inflammatory changes with production of pro-inflammatory cytokines are 
a feature of synovial membranes from patients with early knee OA, with the most se
vere changes seen in patients at the time of joint replacement surgery.82 MRI studies 
have substantiated that the degree of synovial thickening in people with knee OA cor
relates with qualitative macroscopic analysis and microscopic features (synovial lining 
cells, surface fibrin deposition, fibrosis, oedema, congestion and infiltration).83

•
84 Syno

vial thickening in people with knee OA also appears to be a determinant of knee pain, 
even when the radiological grade of OA is taken into account. 85 

OTHER IMAGING MODALITIES IN KNEE OSTEOARTHRITIS 

Although MRI has the advantage of direct visualization of joint structure, other modal
ities, such as ultrasound and nuclear scans (including single photon emission computed 
tomography), have also been used to provide complementary information. Neverthe
less, the majority of the limited research studies available have examined in-vitro 
animal models and there is a paucity of studies using novel imaging modalities to 
examine human subjects in vivo, despite their use in the clinical assessment of 
arthropathies. 
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Ultrasound 

Clinically, ultrasound is widely employed to provide imaging guidance for procedures 
such as intra-articular injection and biopsy for both the investigation and treatment of 
joint arthropathies. The utility of ultrasound to provide real-time clinical information 
about the state of articular health has not been widely examined in humans. This may 
be due to the inaccessibility resulting from small acoustic windows obtained from in
vivo specimens, which therefore limits the evaluation of intra-articular structures such 
as menisci, cruciate ligaments and articular cartilage surfaces.B6 However, in-vitro stud
ies of bovine articular cartilage have shown that ultrasound may be used to detect col
lagen disruption and increased roughness in articular cartilage after specimens were 
subject to mechanical or enzymatic degradation.B7 In another study examining bovine 
cartilage, ultrasound provided a sensitive measure to differentiate samples of intact 
cartilage from early and more advanced cartilage degeneration, determined histolog
ically using the Mankin score.BB Such findings suggest that ultrasound examination 
may be helpful in detecting early OA by imaging articular and peri-articular cartilage 
and soft tissues, in the absence of clinical symptoms.B9 

Nuclear imaging 

Nuclear imaging may offer further insight into the early disease processes occurring in 
OA For instance, a study that utilized positron emission tomography demonstrated 
increased 2-deoxy-20[18F]fluoro-D-glucose uptake in joints of patients with OA.90 

However, most nuclear studies examining OA have utilized bone scintigraphy. Early 
bone scintigraphy work demonstrated that the activity of subchondral bone was 
able to predict subsequent loss of joint space in people with established knee OA. 91 

A later study comparing bone scintigraphy, MRI and radiographs in people with 
knee OA demonstrated a significant association between increased bone uptake and 
MRI-detected subchondral lesions. 63 This adds further weight to the notion that 
changes in subchondral bone may initiate cartilage degeneration. In another study, se
rum concentrations of cartilage oligomeric matrix protein and bone sialoprotein were 
signiflcandy higher in individuals with than without bone scan abnormalities,92 suggest
ing that serum markers may be important in detecting people with or at risk of degen
erative change. Despite the paucity of nuclear studies examining OA, the role of this 
imaging modality appears to offer another potential assessment tool to help better un
derstand the natural history of the disease, particularly in relation to bone changes 
which may precede articular cartilage destruction. 93 

CONCLUSION 

The use of improved non-invasive techniques to visualize the joint have demonstrated 
that OA is a disease which affects the whole joint, and it is possible to examine struc
tural changes as a continuum from the normal through to the diseased knee joint. 
Future studies that exploit this continuum are likely to improve our understanding 
of the natural history of OA, and to identify preclinical individuals at risk of developing 
knee OA. It is becoming increasingly evident that knee OA may be the clinical mani
festation of a multitude of changes in joint structure, which have their origins in the 
apparendy healthy, asymptomatic state. These early changes may provide novel targets 
for the prevention and treatment of knee OA. 
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Bone marrow lesions predict increase in knee 
cartilage defects and loss of cartilage volume in 
middle-aged women without knee pain over 2 years 
A E Wluka,1

·
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·
2

·
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ABSTRACT 
Objective: Bone marrow lesions (BML) are important in 
established knee osteoarthritis. predicting pain and 
progression of disease. Whether BML are also associated 
with longitudinal changes in knee structure in an 
asymptomatic population is unknown. 
Methods: 148 healthy pain-free women in middle age 
with no history of knee injury or clinical knee osteoarthritis 
who had a magnetic resonance imaging (MRI) scan 
performed on their dominant knee at baseline. had 
another MRI 2 years later to assess whether having a 
BML present at baseline affected change in tibiofemoral 
cartilage defects and tibial cartilage volume. 
Results: BML were present in 14.9% of women at 
baseline. The risk of progression of total tibiofemoral 
cartilage defects was significantly higher when a very 
large BML was present (odds ratio 5.55. 95% Cl 1.04 to 
29.6) compared with when no BML was present. after 
adjusting for potential confounders. In the lateral 
compartment. the rate of cartilage volume loss was 
significantly greater when a BML was present after 
adjusting for confounders (regression coefficient 
39.2 mm3

, 95% Cl 11.1 to 67.2. p = 0.007) . 
Conclusions: In healthy women without pain at baseline. 
large BML were associated with both progression of 
cartilage defects in the whole tibiofemoral joint and more 
rapid lateral tibial cartilage loss. These data suggest that 
the relationship between BML and knee cartilage in 
healthy women is similar to that described in established 
osteoarthritis. It is possible that BML may predict an 
increased risk of knee osteoarthritis and facilitate the 
identification of novel interventions to prevent disease. 

Osteoarthritis is a complex disease, involving all 
the tissues of the affected joint. Whereas the tissue 
of origin of osteoarthritis is controversial, sub
chondral bone appears important in early disease.1 

Both human and animal studies have suggested 
that bone changes may precede cartilage damage.2 3 

Once osteoarthritis is established, increased sub
chondral bone metabolism has been linked to 
disease progression.~ This relationship may be 
mediated by local cytokine release, as in established 
osteoarthritis bone explants are able to affect 
cartilage metabolism.5 

Bone marrow lesions (BML), visible using 
magnetic resonance imaging (MRI), have been 
recognised as a feature of knee osteoarthritis.6 7 In 
established knee osteoarthritis, these are associated 
with pain and an increased likelihood of cartilage 
loss.6-8 They are present in approximately 10% of 
healthy middle-aged individuals without knee pain 

or a history of significant knee injury, and have 
been attributed to biomechanical factors or sys
temic factors such as diet. 7 

g...
11 Two cross-sectional 

studies in different populations suggested that 
BML are associated with age, height and body 
mass index (BMI), all of which are risk factors for 
knee osteoarthritis. 10 11 BML have also been con
sistently associated with an increased prevalence 
and severity of cartilage defects and metaphyseal 
expansion, both characteristics of the increasing 
severity of knee osteoarthritis.10 11 Although long
itudinal studies in osteoarthritis suggest that BML 
are linked with increased cartilage loss, there are no 
similar studies in asymptomatic individuals. 
Therefore, whether BML predict structural change, 
which in tum may progress to knee osteoarthritis 
in a pain-free population, is unknown. 

The aim of this study was thus to examine, in a 
population of women in midlife, with no knee pain 
and thus no clinical knee osteoarthritis, the 
relationship between BML and changes in knee 
cartilage defects and volume over 2 years. 

METHODS 
This was a prospective cohort study in which eligible 
participants aged 40-67 years were recruited to 
examine factors affecting knee cartilage from a 
longitudinal cohort study of normative hormone 
levels in well women. 13 These women were initially 
recruited from a database established from the 
electoral roll in Victoria, Australia, between April 
2002 and August 2003. 13 Participants underwent a 
baseline MRI scan on their dominant knee between 
October 2003 and August 2004 and a follow-up MRI 
scan on the same knee approximately 2 years later. 1

~ 

Women who had experienced significant knee pain 
(ie, pain requiring any intervention by a health 
professional, medication or necessitating non-weight
bearing therapy) or a knee injury in the past 5 years 
that necessitated treatment or required rest for more 
than one day, or who had a contraindication to 
undergoing MRI, or who were unlikely to be available 
to complete the full 2-year study were excluded. 14 

Knee radiographs were not obtained. The study was 
approved by the Alfred Hospital and Monash 
University Human Research Ethics Committees. All 
participants gave written informed consent. 

Anthropometric data 
Each participant's height and weight was measured 
at the time of the original study (2002-3). BMI was 
calculated from these data (weight (kg)/height2 (m2

)) . 

Ann Rheum Dis 2009;68:850-855. doi:10.1136/ard.2008.092221 



Extended report 

Table 1 Characteristics of women with and without BML at baseline 

BML at baseline No BML at baseline 
N = 22 N = 126 p Value• 

Age, years 53.1 (6.3) 52.8 (6.7) 0.87 

Height, cm 165.4 (6.3) 163.4 (6.5) 0.17 

Weight, kg 78.4 (18.9) 71.9 (13.3) 0.14 

BMI, kg/m2 28.7 (6.9) 27.0 (5.4) 0.30 

Baseline tibial cartilage volume, mm• 
Medial 1611 (347) 1556 (291) 0.43 

Lateral 1811 (342) 1788 (351) 0.78 

Total 3422 (574) 3345 (569) 0.56 

Baseline tibial plateau area, cm2 

Medial 1902 (192) 1844 (172) 0.15 

Lateral 1246 (143) 1180 (129) 0.03 

Total 3149 (309) 3024 (250) 0.04 

Baseline tibiofemoral cartilage defect score (median (range))t 
Medial 3 (1-7) 2 (0-5) 0.001 

Lateral 3 (1-6) 2 (0-7) <0.001 

Total 6 (4-11) 4 (1-10) <0.001 

Values are expressed as means (standard deviation), except where indicated. *Unpaired t-test for difference, except where 
indicated. tExpressed as median (range) difference examined using Somer's d-test. BMI, body mass index; BML, bone marrow 
lesion. 

MRI and the measurement of cartilage volume, defects, bone 
area and BML 
MRI 
An MRI of the dominant knee (defined as the lower limb from 
which the subject stepped off when initiating gait) was 
performed between October 2003 and August 2004 and 
approximately 2 years later. 14 Knees were imaged in the sagittal 
plane on a 1.5-T whole-body magnetic resonance unit (Philips) 
using a commercial transmit- receive extremity coil as 
described. 1

~ 

Assessment of BML 
BML were defined as areas of increased signal intensity adjacent 
to subcortical bone present in either the medial or lateral distal 
femur or proximal tibia T2-weighted images. 6 Two trained 
observers, blinded to patient characteristics, together assessed 
the presence of lesions for each subject.11 The presence of BML 
was determined. A lesion was defined as "large" if it appeared 
on two or more adjacent slices and encompassed at least one 
quarter of the width of the tibial or femoral cartilage being 
examined from coronal images, comparable to the previously 
described "grade 2" BML by Felson et al.6 Lesions were further 
classified as "very large" if they appeared on three or more slices, 
comparable to the lesions described as "grade 311 by Felson et a/. 6 

The reproducibility for the determination of BML was assessed 
using 60 randomly selected knee MRI (K value 0.88, p<0.001) . If 
an individual had more than one BML underlying a cartilage 

plate or within the knee, the BML of the highest grade was used 
for analysis. 

Assessment of cartilage defects 
Cartilage defects were graded on the magnetic resonance images 
in the medial and lateral tibial and femoral cartilages using a 
validated classification system. is.., 7 The cartilage defect score for 
a cartilage plate was defined by the most severe cartilage defect 
present, graded as follows: grade 0, normal cartilage; grade 1, 
focal blistering and intracartilaginous low-signal intensity area 
with an intact surface and bottom; grade 2, irregularities on the 
surface or bottom and loss of thickness of less than 50%; grade 
3, deep ulceration with loss of thickness of more than 50%; 
grade 4, full-thickness cartilage wear with exposure of sub
chondral bone. A cartilage defect had to be present in two or 
more consecutive slices. The most severe cartilage defect present 
in the cartilage plate was used for analysis. The cartilage defect 
score for a compartment was calculated by summing the grades 
of the most severe cartilage defect in the tibial and femoral 
cartilage plates in that compartment. The medial and lateral 
scores were summed to obtain the total tibiofemoral cartilage 
defect score. Cartilage defect scores were read blind to sequence. 
Intraobserver reliability (expressed as intraclass correlation 
coefficient) was 0.90 for the medial tibiofemoral compartment 
and 0.89 for the lateral tibiofemoral compartment. 3 Change in 
cartilage defects was classified as to whether the defect score 
progressed (ie, increased score), regressed (ie, reduction in score) 
or remained stable (ie, no change in score) . 

Table 2 Number of subjects in whom cartilage defects progressed (deteriorated), remained stable, or 
improved (regressed) depending on whether a "large" or "very large" BML was present at baseline 

Large BML 
N = 22 

No of subjects in whom cartilage defects 
Progressed/deteriorated 10 

Remained stable/no change 10 

Regressed/improved 2 

*Ordinal regression. BML, bone marrow lesion. 
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No large BML 
N = 126 p Value• 

55 0.84 

57 

15 

Very large 
BML 
N = 8 

5 
2 

No very large 
BML 
N = 140 p Value• 

60 0.35 

64 

16 
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Table 3 Odds of progression of tibiofemoral cartilage defect score according to whether a " large" BML or a 
"very large" BML was present 

Univariate Multivariate 
OR p Value OR• 95% c1• p Value 

Medial tibiofemoral cartilage defect score 
Large BML 0.98 0.97 2.25 0.46 to 11.06 0.32 
Very large BML 5.44 0.17 31.4 1.60 to 607 0.02 

Lateral tibiofemoral cartilage defect score 
Large BML 0.67 0.57 1.35 0.30 to 6.20 0.70 
Very large BML 1.24 0.82 2.09 0.30 to 14.75 0.46 

Total tibiofemoral cartilage defect score 
Large BML 1.08 0.88 2.88 0.96 to 8.68 0.06 
Very large BML 2.22 0.29 5.55 1.04 to 29.6 0.045 

*Multivariate analysis adjusted for age, body mass index and initial bone area of the tibial plateau and initial cartilage defect score 
of the respective compartments. BML, bone marrow lesion; OR, odds ratio. 

Cartilage volume measurement 
The volumes of the medial and lateral tibial cartilage plates were 
measured using image processing on an independent work
station using the software program Osiris (University of 
Geneva) . A trained observer read each MRI blinded to the 
timing of images. Independent measures of volume were made 
in a blinded fashion by a second trained observer. 18 19 The 
coefficients of variation for the medial and lateral cartilage 
volume measures were 3.4% and 2.0%, respectively.18 19 Annual 
change in cartilage volume was calculated as (follow-up 
cartilage volume subtracted from initial cartilage volume) 
divided by the period of time between MRI scans. 18 

Bone area measurement 
Medial and lateral cross-sectional areas of tibial plateau were 
determined by creating an isotropic volume from the input 
images that were reformatted in the axial plane. Areas were 
directly measured from these images. Coefficients of variation 
for the medial and lateral tibial plateau areas were 2.3% and 
2.4%. '8 

Statistical methods 
Baseline characteristics were compared between subjects in 
whom BML (at least large or very large) were present and 
absent, using unpaired t-tests for continuous variables and 
Somer's d-test for ordinal variables. Ordinal logistic regression 
was used to determine whether the presence or absence of a 
BML predicted cartilage defect progression, stability or regres
sion. Multiple logistic regression was used to determine the odds 
of cartilage defect progression versus regression/stability, and of 
cartilage defect regression versus stability/progression depend
ing on whether a BML was present in the compartment being 
examined. The distribution of annual change in cartilage 
volume was examined for normality. Once confirmed, linear 
regression was used to determine whether there were differ
ences in change in cartilage volume in subjects with and 
without large or very large BML in the medial and lateral 
tibiofemoral compartments, respectively, and in the total 
tibiofemoral joint after adjusting for potential confounding. A 
p value less than 0.05 (two-tailed) was regarded as statistically 
significant. All analyses were performed using the SPSS 
statistical package (version 15.0.0). 

RESULTS 
Of 176 women recruited to this study, 148 women completed 
the follow-up (84.1 %). Twenty-eight women did not undergo a 
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second MRI because of death (n = 1), migration (n = 1), knee 
injury (n = 4), surgery (n = 1), withdrawal of consent 
(n = 3) and being unable to be contacted (n = 18) . Apart 
from being younger (mean age 49.5 years (SD 6.3), p = 0.02 for 
difference) the characteristics of these women were similar to 
those who completed the study. 

Table 1 provides the baseline characteristics of the 148 
women who completed the study. BML were present in 22 
women (14.9%), including eight "very large" BML. There were 
11 BML in the medial compartment, of which three were "very 
large". In the lateral compartment, there were 11 BML, of 
which five were "very large". Subjects with " large" BML had a 
significantly larger lateral tibial plateau area (p = 0.03), total 
tibial plateau area (p = 0.04) and higher cartilage defect scores in 
all compartments (p ~ 0.001) than those without BML. 

Are BML associated with the progression or regression of 
cartilage defects? 
The number of knees in which the total cartilage defect score 
progressed, remained stable or regressed according to whether a 
"large" or "very large" BML was present at baseline is presented 
in table 2. 

"Very large" BML were associated with an increased risk of 
progression of total tibiofemoral cartilage defects (odds ratio 
(OR) 5.55, 95% CI 1.04 to 29.6, p = 0.045) after accounting for 
age, BMI, initial defect score and bone area (table 3). Although 
large BML were associated with a tendency towards the total 
tibiofemoral cartilage defect score to progress (OR 2.89, 95% CI 
0.96 to 8.68, p = 0.06), after accounting for the same factors, the 
strength of this finding weakened. The medial and lateral 
compartments were examined separately. When a "very large" 
BML was present in the medial compartment, cartilage defects 
in that compartment were more likely to progress (OR 31.4, 
95% CI 1.60 to 607, p = 0.02; table 3) . Similar results were 
obtained when large BML were excluded from the analysis 
(results not shown) . These significant effects were independent 
of the initial cartilage defect score, which was the most 
significant determinant of the risk of progression of cartilage 
defects. 

Whether BML were associated with the risk of cartilage 
defects improving (regressing) was examined. "Large" BML 
were associated with a tendency for cartilage defects to be less 
likely to improve (regress), but rather to remain stable or 
progress in the total tibiofemoral compartment (OR 0.27, 95% 
CI 0.05 to 1.60, p = 0.15). Although the direction of all point 
estimates suggested a protective effect in which there were 
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Table 4 Annual change in tibial cartilage volume depending on whether a "large" BML or a "very large" BML 
was present 

Univariate Multivariate 
regression regression 
coefficient p Value coefficient 95% Cl* p Value 

Annual change in medial tibial cartilage volume 
Large BML 4.40 0.77 - 0.6 - 30.6 to 29.3 0.97 

Very large BML - 0.30 0.99 7.9 - 46.9 to 62.8 0.26 

Annual change in lateral tibial cartilage volume 
Large BML 35.8 0.016 39.2 11 .1 to 67.2 0.007 
Very large BML 22.5 0.30 29.1 - 12.8 to 70.9 0.17 

Annual change in total tibial cartilage volume 
Large BML 10.4 0.56 11.0 - 23.5 to 45.6 0.53 
Very large BML 22.1 0.43 31.0 - 23.2 to 85. 1 0.26 

* Adjusted for age, body mass index, initial cartilage volume and bone area for the respective tibial cartilage. BML, bone marrow 
lesion. 

sufficient BML to examine this question, these did not reach 
statistical significance (data not shown). 

Are BML associated with change in cartilage volume? 
The relationship between BML and annual change in cartilage 
volume in the medial, lateral and total tibial cartilage was 
examined (table 4). In the lateral compartment, univariate 
analysis suggested " large" BML were associated with a higher 
loss of cartilage volume (p = 0.02; table 4), such that when a 
"large" BML was present at baseline, cartilage loss occurred at a 
rate of 35.8 mm3/year higher than when no BML was present. 
After adjusting for age, BMI, initial cartilage volume and bone 
area, the significance of this difference increased (regression 
coefficient, r = 39.2 mm3/year, 95% CI 11.1 to 67.2, p = 0.007; 
table 4). This trend persisted when only "very large" BML were 
examined, although the magnitude of difference and signifi
cance was diminished (r = 29.1 mm3/year, 95% CI -12.8 to -
70.9, p = 0.17). No significant effect of BML (either "large" or 
"very large") on annual change in medial and total tibial 
cartilage was found (table 4). Similar results were obtained 
when "large" BML were excluded from the analysis (results not 
shown). 

DISCUSSION 
This study examined the relationship between BML and 
changes in knee cartilage in healthy women. In these women, 
when BML were present at baseline, tibiofemoral cartilage 
defects tended to be more likely to develop or become more 
severe. This relationship was stronger when only larger BML 
were considered. Also, when a BML was present in the lateral 
compartment, more rapid loss of lateral tibial cartilage was seen. 

This is the first longitudinal study examining whether, in 
pain-free knees, BML are associated with a change in cartilage. 
In individuals with osteoarthritis, BML have been demonstrated 
to predict increased progression of cartilage defects and loss of 
cartilage volume.7 8 Increases in BML size have been associated 
with changes in urinary markers of cartilage metabolism. 20 Our 
results related to cartilage defects were also stronger when a 
larger BML was present. In a healthy population, without knee 
pain, change in cartilage defects may be more sensitive than 
change in cartilage volume, accounting for the weaker relation
ship seen between BML and cartilage volume. These data thus 
suggest that the relationship between BML and cartilage 
changes is similar in knees with established symptomatic 
osteoarthritis as well as in knees without clinical knee 
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osteoarthritis or pain. This supports the hypothesis that the 
structural changes in knee osteoarthrit is may be viewed as a 
continuum, extending across the spectrum from the healthy 
joint to one with established knee osteoarthritis. Conversely, 
these data provide evidence against the construct that BML in 
asymptomatic women represents a different process to that 
seen in knee osteoarthritis.12 

Whether BML directly cause changes in articular cartilage or 
whether a common exposure such as microtrauma or obesity 
affects both BML and change in cartilage is unknown. 
Nevertheless, BML may act as a marker for an increased risk 
of progression of cartilage defects in a pain-free population. 
Identifying factors that affect the progression of cartilage 
defects in a healthy population is important because cartilage 
defects have been proposed as an early marker of knee 
osteoarthritis/' their presence predicts more rapid loss of 
articular cartilage in healthy individuals and predicts joint 
replacement in those with osteoarthritis. 15 17 Whereas there is a 
tendency for defects to progress in a healthy population, 
approximately one third resolve.22 23 Identifying factors that 
prevent defect progression and/or promote defect resolution 
will be important in preventing knee osteoarthritis. However, to 
date, only lower BMI has been associated with the resolution of 
cartilage defects. 22 Age and higher BMI have been associated 
with defect progression.22 23 These data suggest that BML, 
especially very large ones, are associated with an increased 
likelihood of cartilage defects progressing. It may be useful to 
identify factors that predict BML and affect their resolution, 
especially before the development of established knee osteoar
thritis. The natural history of BML in a pain-free population is 
currently unknown; it is possible that by modifying this, the 
natural history of cartilage defects will also be affected, either 
directly or indirectly. 

The association of BML with the progression of cartilage 
defects in a healthy pain-free population thus requires further 
study. In osteoarthritis, the presence and change in the size of 
BML is associated with parallel changes in serum markers of 
cartilage breakdown. 20 It is possible that BML may be a useful 
therapeutic target in the prevention of knee osteoarthritis; by 
affecting the prevalence of BML we may be able to reduce or 
delay the onset of osteoarthritis and diminish the progression of 
cartilage defects. This suggests that a systemic approach may be 
feasible, with data suggesting that the presence of BML is 
susceptible to systemic factors such as medications and 
dietary intake. For example, the use of antiresorptive therapy 
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(bisphosphonates and oestrogen therapy) in postmenopausal 
women has been shown to be protective of BML. 24 More recent 
data suggest that dietary manipulation may also be helpful, 
given the recent findings that BML are more likely to be present 
when dietary vitamin C and fruit intake is low, and 
monounsaturated fatty acid, polyunsaturated acid and n-6 
polyunsaturated acid intake is high. 9 25 

This study has a number of limitations. As only women were 
examined, these findings may not be generalisable to men. 
However, osteoarthritis is more prevalent in women and 
significant gender effects have been described in the knee 
structure. This may have improved our ability to demonstrate 
relationships. Although we cannot exclude radiographic 
osteoarthritis, none of the women had knee pain. These data 
would thus be generalisable to the population for whom the 
primary prevention of osteoarthritis would apply. The power of 
this study to show an effect was limited by the low prevalence 
of BML (14.9%). Therefore, although we were able to 
demonstrate significant relationships, albeit with wide con
fidence intervals, between BML and progression in cartilage 
defects in the medial and total tibial cartilages and change in 
lateral cartilage volume, we may have been unable to identify 
weaker relationships. It is emerging that a change in cartilage 
defects may be seen earlier than changes in cartilage volume in a 
healthy population. Therefore, an increased study duration may 
have enabled us to detect a stronger relationship between a 
change in cartilage volume and the presence of BML. Similarly, 
the low number of BML limited our power to show effects in 
both compartments. For example, we showed a significant 
relationship between BML and the progression of defects in the 
medial compartment only and between BML and lateral tibial 
cartilage loss. Although it is possible that these differences may 
be due to unmeasured differences (eg, biomechanical factors) 
between the compartments, it is also possible that with more 
cases we would have been able to demonstrate similar results 
throughout the knee. Despite this, the findings tended to be 
consistent, whether large or very large BML were examined as 
the predictor of change, and showed the same direction of effect 
in all cartilages examined. In this study we were not able to 
measure knee alignment, which may have affected our findings. 
However, recent work suggests that the relationship between 
BML and progression persisted after accounting for alignment. 7 

The main strength of this study is that it examines a healthy 
population of women longitudinally, allowing the relationship 
between BML and cartilage pathology to be examined in the 
early or prediseased state. We have also used a very conservative 
method for grading BML and cartilage defects, such that 
changes were required on at least two adjacent magnetic 
resonance images. This ensured that only large lesions were 
included, in contrast to some previous studies that required an 
abnormality to be present in one slice only. 26 27 

These data suggest that BML in pain-free knees, especially 
larger BML, are associated with the progression of cartilage 
defects and possibly cartilage volume loss in a healthy 
population. This suggests that BML have predictive validity, 
and may be useful as a target for the prevention of knee 
osteoarthritis. Given that recent data suggest that BML are 
affected by systemic factors, such as medications and diet, this 
raises the possibility that a systemic intervention, such as 
dietary manipulation, may be successful in reducing the 
prevalence of knee osteoarthritis. Even a small delay in the 
onset of clinical disease would have a substantial impact on the 
morbidity related to osteoarthritis, the most common form of 
arthritis worldwide. 
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