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 Abstract  

Joint pain and physical function limitation are highly prevalent in older adults and are key 

symptoms of osteoarthritis. Imaging joints using modern advanced imaging techniques allow 

assessment of joint abnormalities in soft tissue, which may allow prediction of pain and 

prevention of deformities and functional loss, should adequate treatment targets be identified.  

Therefore, this thesis aims to study joint structural abnormalities of the knee and hand using 

advanced imaging technologies and investigate associations with pain, physical function 

limitation and other symptoms in TASOAC, the Tasmanian older adult cohort study, a 

population-based sample of 1099 community-dwelling adults aged of 50-80 years examined 

at baseline and after 2.7 and 10.7 years. 

This thesis encompasses four studies using TASOAC data. In the first study, cross-sectional 

and longitudinal associations between knee abnormalities at the patellar tendon enthesis 

(PTE) and knee symptoms and other important knee structural abnormalities were assessed. 

The prevalence of PTE abnormalities (bone signal and/or erosion) was 20%. PTE 

abnormalities were associated with greater pain intensity while going up and down stairs, 

greater risk of femoral BMLs, worse tibial cartilage defect scores, and smaller infrapatellar 

fat pad area. The presence of baseline PTE abnormalities was associated with a deleterious 

increase in tibial BML size over 10.7 years but not symptoms, other structural changes, or 

total knee replacement.  

In the second study, associations between knee bone marrow lesions (BMLs) present on two 

different MRI sequences with clinical outcomes, cartilage changes over 2.7 years, and total 

knee replacement surgery over 13.3 years were investigated. BMLs seen on T1-weighted 

GRE and T2-weighted FSE MRI sequences were equivalently associated with clinical 

outcomes, including symptoms, worsening cartilage defects, cartilage volume loss, and total 

knee replacement surgery.  

The third study describes cross-sectional associations between abnormal joint features 

observed on ultrasound or clinical joint examination and hand symptoms. Joint abnormalities 

measured using clinical assessment and ultrasonography had moderate reliability, which may 
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have widened the confidence interval compared to a measure with high or very high 

reliability. The presence of hand joint nodules and osteophytes detected using clinical 

assessments and ultrasound was ubiquitous in older adults and was not associated with any 

symptoms. While most joint abnormalities were asymptomatic, we found several joint 

abnormalities that correlated with symptoms. A greater number of tender joints were 

associated with greater pain (target hand pain on VAS and AUSCAN pain), poorer physical 

function limitation, and poorer grip strength. Power Doppler imaging synovitis was 

associated with greater pain but not function. The greater number of joints with deformity 

was associated with poorer physical function limitation and grip strength but not pain. Grey 

scale synovitis was associated only with poorer grip strength. Despite the moderate reliability 

of clinical examinations, our study found significant associations, demonstrating that the 

examinations performed were clinically useful.  

In the fourth study, cross-sectional associations between hand abnormalities on MRI or 

radiographs and pain and function limitation were determined. Absent collateral ligaments 

and joint space narrowing were associated with painful joints and weak grip strength, 

independent of pain and other imaging features. Joint space narrowing was also associated 

with tender joints and absent collateral ligaments with stiff joints. Unexpectedly, effusions 

were associated with reduced odds of pain.  

In conclusion, this series of studies indicated that PTE abnormalities may not play a major 

role in symptom development or knee structural changes, except tibial BMLs, and that BMLs 

assessed on both T2 and T1 MRI sequences have equal clinical predictive value.  

Absent CLs and JSN were associated with painful joints and weak grip strength independent 

of pain and other imaging features. JSN was also associated with tender joints and absent 

CLs with stiff joints. Unexpectedly, effusions were associated with reduced odds of pain. 

Overall, most abnormalities seen on hand MRIs were not associated with pain and physical 

function limitation. Tender joints on palpation and ultrasound-detected PDI synovitis are 

potential treatment targets for hand pain; adequate treatment of tender joints and prevention 

of hand deformity are needed to improve hand function in older adults.  
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This thesis contributes to the discovery of new knowledge about the relationship between 

several knee and hand joint abnormalities and joint symptoms. The results described in this 

thesis will help researchers and clinicians to make important decisions about treatment targets 

for clinical trials. This thesis also showed that using advanced imaging is practical in routine 

clinical practice, especially hand joint ultrasonography and MRI. 
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1.1. The importance and prevalence of joint pain and physical 

function limitation in older adults.  

Australia’s population is ageing rapidly One in seven Australians were aged ≥65 in 2017, and 

this number is estimated to increase from 3.8 million to 8.8 million in 40 years (2). It is 

important that the older population remain healthy as they age, so they will have a good 

quality of life and can contribute to the community and economy. However, one in five 

Australian older adults have limited physical function and 30% of the elderly have poor 

health (2). The strongest musculoskeletal correlate of poor quality of life in older adults is 

joint pain (3). Joint pain is the most frequently reported type of pain in the body (4), 

especially at joints such as the knees and hands (5, 6) in older adults. Therefore, in order to 

improve the treatment of joint pain and improve quality of life in the elderly, we need a better 

understanding of sources and predictors of pain and function limitation. 

Pain is defined as “an unpleasant sensory and emotional experience associated with actual or 

potential tissue damage or described in terms of such damage” by the International 

Association for the Study of Pain (IASP) (7). Pain starts with the activation of sensory 

receptors called nociceptors that convey nociceptive (pain) signals to the central nervous 

system (8). Various factors can trigger pain, and one prominent factor in joint pain is 

structural joint (bone and soft tissue) changes (9). Joint pain and function limitation in older 

adults are extremely common (10) and are a huge burden to individuals and to society (11, 

12). Joint pain could interfere with physical joint function, causing everyday tasks to be a 

challenge. Pain is a known partial mediator of physical joint function, causing the sufferer to 

avoid using joints or restrict the movement of painful joints (13).  

There are numerous causes of chronic joint pain and functional limitation in older adults, 

such as osteoarthritis, rheumatoid arthritis, gout, Parkinson’s disease, and fibromyalgia (5, 

14). Although not all joint pain can be explained by musculoskeletal disorders, including 

osteoarthritis, pain is more prevalent in people affected by musculoskeletal disorders than in 

those without diagnosis (5). Osteoarthritis is the most common joint disease and is associated 

with pain, physical function limitation, and changes in joint structure in older adults (14). It is 
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a devastating and high burden disease, associated with ~20% of musculoskeletal pain in 

Europe (15), and about 18% of adults aged over 65 years have osteoarthritis globally (12). 

Meanwhile, one in every seven Australians (3.6 million people) has arthritis, in which a 

staggering two-thirds have osteoarthritis (2.4 million people in 2017-2018) (16). These 

prevalence estimates are expected to increase as the population ages. Although osteoarthritis 

is a debilitating and painful disease recognised around the world, presently there are no 

approved disease-modifying drugs that can stop the progression of the disease, due to its 

complex pathophysiology. Therefore, studies on the causes and important correlates of 

osteoarthritis are needed for better treatment targets.  

In 1986, the American College of Rheumatology, defined osteoarthritis as “a heterogeneous 

group of conditions that lead to joint symptoms and signs, which are associated with 

defective integrity of articular cartilage, in addition to related changes in the underlying 

bone at the joint margins” (17). The Osteoarthritis Research International Society (OARSI) 

define osteoarthritis in a layman perspective as “... a disorder that can affect any moveable 

joint of the body, for example knees, hips, and hands. It can show itself as a breakdown of 

tissues and abnormal changes to cell structures of joints, which can be initiated by injury. As 

the joint tries to repair, it can lead to other problems” (18). 

The knee and hand joints are most commonly affected by osteoarthritis. It is important to 

note, however, that not all individuals with hand and knee osteoarthritis consult a physician 

or are referred to secondary care. Therefore, there is a great need to understand the 

pathogenesis of hand and knee pain in community-based samples. In this thesis, we will be 

examining knee and hand joint pain with structural joint abnormalities, in the view of 

osteoarthritis, in a community-based sample of older adults. This introduction covers what is 

known about knee and hand pain, with most of the literature coming from osteoarthritis 

studies.     
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1.2. Knee and hand joint pain and physical function 

limitation 

Joint pain is common in older adults and is typically associated with limited physical 

function. Limited physical function refers to restricted movement while performing specific 

physical actions or tasks, for example: wearing shoes, picking up items on the floor, and 

opening a jar. It is a person’s limited joint ability when performing daily activities (19, 20). 

Most studies have examined the causes and pathways of joint pain and physical function 

limitation in osteoarthritis populations (21). This is mainly due to very limited knowledge on 

the determinants and causes of general musculoskeletal pain and function limitation in older 

adults (22, 23) and as well as the shared determinants of joint symptoms and osteoarthritis.  

1.3. Risk factors for joint pain and physical function 

limitation  

While joint pain is not synonymous with osteoarthritis, there is significant overlap, which is 

not surprising given they share similar risk factors. In a general population, risk factors for 

musculoskeletal pain include osteoarthritis and its determinants, such as age, obesity (24), 

mechanical overload, and muscle weakness (25), along with various other factors such as; 

overall health status, comorbidity, exercise practice, smoking, depression, and low education 

(26-28).  

The risk factors for knee and hand osteoarthritis are similar and include joint structural 

factors, genetics, the environment, nervous system and psychological factors, socioeconomic 

status (11), and obesity (29-32). However, there are subtle differences between the risk 

factors for knee and hand joint pain. The difference lies in the location of the joint and the 

function of the joints for daily activities. Knees are weight-bearing joints, and therefore joint 

loading and obesity are important factors. Though a previous study showed that obesity is not 

a correlate of symptoms of hand osteoarthritis in older adults (33), other studies have shown 

that obesity is an equally important correlate of hand pain (34, 35). This indicates that the 

effects of obesity must be at least somewhat independent of loading e.g., inflammation. 
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Besides, manual labour affects lower limb joints and hand joints differently. Fast speed and 

repetitive movement affect hand pain more than weight-bearing joints (35, 36). It is also 

known that thumb base osteoarthritis pathophysiology is different from interphalangeal joint 

osteoarthritis (37, 38). Nonetheless, in general, knee and hand joint pain share similar 

structural abnormalities, correlates, and pathophysiology of symptoms.  

Pain and muscle strength are major contributors to physical function limitation. Pain is a 

partial mediator of physical function (13, 39), with the risk of physical function limitation 

increasing with every additional increase in the number of painful sites in osteoarthritis (40). 

Knee pain is, in turn, predicted by muscle strength (41, 42). Other contributors to physical 

function limitation include age, BMI, muscle strength (34, 35), cognitive and visual decline, 

comorbidities, obesity, psychological factors, health behaviour, sociodemographic factors 

(43), imbalance proprioception, and joint laxity in the knee (43, 44) and hand joints (35).   

Notably, some risk factors for physical function limitation are modifiable. These include 

obesity and low levels of physical activity. Obesity is a strong risk factor for physical 

function limitation (45), producing direct effects like weight loading, and indirect effect such 

as inflammation and decline in muscle mass and strength. The association between low levels 

of physical activity and reduced physical function (46) includes low levels of aerobic activity 

such as walking (41, 43, 44), and a sedentary lifestyle in general (43, 44). Moreover, older 

adults with joint pain were less active than those without joint pain in cross-sectional studies 

(47, 48). Early interventions in physical activity are needed to reduce the functional decline 

and associated medical cost.  

1.4. Pathogenesis of joint pain 

Development of osteoarthritis joint pain is a complex process involving multiple factors 

through nociceptive innervation, inflammatory molecules, and neuropathic pathways.  

Nociceptive pain is caused by stimulation from local tissue damage. Knee and hand joints 

have local pain receptors that respond to pain innervation. Subchondral bone, periosteum, 

synovium, ligaments, and joint capsule are rich in pain nerves; damage to the tissue can 
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induce pain stimuli in joints (9). Normal articular cartilage is avascular and aneural, so it 

cannot directly generate pain and inflammation. However, abnormal cartilage may be 

innervated with P-nociceptive fibres that are involved in signalling and maintenance of pain 

(49, 50). Upregulation of prostaglandin and cyclooxygenase-2 (COX-2) mediate abnormal 

cartilage pain innervation (51). Osteoarthritis is associated with increased bone turnover, 

specifically beneath the thickened subchondral plate (osteochondral), with altered flexibility 

and increase risk of microfracture at the osteochondral area (52). The loss of bone integrity at 

the osteochondral area can expose the nerve to pain and proinflammatory mediating 

molecules from the synovial fluid, which in turn causes sensory nerves to grow into the 

articular cartilage. Other studies suggested that bone reabsorption may also cause pain 

sensitisation and activation of sensory nerves through ion channels on the peripheral terminal 

of the osteochondral junction (53, 54). Bisphosphonates are drugs which effectively target 

bone reabsorption and reduce bone fractures in osteoporosis patients (55); therefore, they are 

a potential disease-modifying class of drugs for osteoarthritis patients. A systematic review 

and meta-analysis showed that bisphosphonates were better at reducing pain compared to 

controls in ten out of 13 studies, but evidence remains limited (56).  

Both local and systemic inflammation are important correlates of joint pain. Localised 

inflammation at a joint is observed as synovitis, effusion, or both on advanced imaging. 

Synovitis (inflamed synovium) and the presence of fluid as a result of synovitis (effusion) 

within the synovium cavity may cause pain (57, 58), as the synovium is richly innervated. 

Our group reported effusion-synovitis is associated with pain, and that a change in synovitis 

is associated with a change in knee pain (59). A recent study also supported the notion that 

synovitis may cause joint pain. They showed that treatment of synovitis using prednisolone 

could significantly reduce hand pain and improve synovial thickening in patients with hand 

osteoarthritis and synovitis compared to a placebo in a randomised controlled trial (60). Local 

inflammation can be assessed during a clinic examination as swollen and tender joints and 

shown on imaging as grey scale synovitis and Power Doppler Imaging assessed on 

ultrasonography and synovial hypertrophy on the magnetic resonance imaging (MRI). 

Systemic inflammation, indicated through an increase in inflammatory markers (TNF , 

interleukin (IL) 1, IL6, reduces the pain threshold and is associated with reported increases in 

joint pain intensity. A study by our group using the Tasmanian Older Adult Cohort study 
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(TASOAC) data showed that inflammatory markers predict the development of knee pain 

over five years in older adults independent of all other structural abnormalities (61).  

Chronic joint pain can be triggered by impairment to the somatosensory nervous system, 

which is known as neuropathic pain. Neuropathic pain also includes altered pain processing 

by the central nervous system (central sensitisation) caused by increased or persistent 

peripheral neuronal activity. Central sensitisation expands the dorsal horn receptive field and 

increases brain activation and grey-matter volume (62, 63), causing normal stimulus to 

produce abnormal responses.  

1.5. Pathogenesis of physical function limitation 

Joint function limitation develops gradually over an extended period of time due to declining 

muscle strength, starting in midlife (64). It begins with a slow decline in the  physiological 

and biological properties of the joint structure, and then over time, the structural joint 

abnormalities restrict normal joint movement and function (65, 66). However, while some 

aspects of limitations in physical function come from structural changes to bone and soft 

tissue, physical function is partially mediated by pain (39, 67-69), as joint pain limits 

movement and causes older adults to be less active than the non-symptomatic adults (47, 48). 

The relationship between pain and function limitation is stronger in younger adults compared 

to older adults, but the prevalence of physical function limitation is higher in older adults 

(69).  

1.6. Treatment of knee and hand pain and management of 

function limitation 

No effective disease-modifying drugs are approved to treat or prevent joint damage in 

osteoarthritis; therefore, current therapies are mostly palliative. Effective treatments are only 

available for joint damage from other conditions, such as inflammatory arthritis. Treatment of 

‘osteoarthritis’ joint pain falls into several main categories: Conservative management, 

including both non-pharmacological and pharmacological therapies, and surgery. Ideally, 
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symptom management includes a combination of non-pharmacological and pharmacological 

interventions and is individualised to the patient’s requirements and preferences (70, 71). In 

this thesis, we are interested in treatment targets for hand pain. While the most common 

context for hand pain is osteoarthritis, hand pain is not necessarily osteoarthritic pain. 

Although, there is substantial overlap between osteoarthritic pain and from other sources.  

1.6.1. Non-pharmacological intervention 

A combination of education, aerobic, aquatic, or resistance exercises, and weight loss for 

overweight patients are strongly recommended non-pharmacological interventions for 

individuals with lower limb symptoms (72). Other widely recommended managements for 

knee pain are using walking aids and heat therapy (73). For hand pain management, 

EULAR’s systematic review recommended self-management education together with hand 

exercise, local heat therapy, and joint splinting (70). The use of assistive devices such as tools 

for opening jars is also recommended for hand osteoarthritis patients to facilitate daily 

activities and reduce pain burden (74). Most guidelines recommend use of non-

pharmacological interventions as first-line therapies (70, 72, 73, 75).  

1.6.2. Pharmacological intervention 

Pharmacological interventions such as non-steroidal anti-inflammatory drugs (NSAIDs) and 

analgesics are commonly used to manage joint pain. However, these pharmacological 

interventions have only modest effects on pain, and more than 75% of patients had persistent 

pain (76).  

1.6.3. Surgery 

If conservative interventions have failed, surgical therapy can be considered. OARSI 

recommends surgery as a last resort for debilitating joint pain and major physical function 

impairment in osteoarthritis of lower limbs (e.g., knee and hips), including high tibial 

osteotomy, uni-compartmental knee replacement surgery, and total knee replacement (71, 

77). Similar to any other surgical procedure, total knee replacement surgery has greater 

serious adverse events than non-surgical treatments (78), but in the majority of cases, surgery 

helps to elevate pain and restore physical function (77).  
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Surgery is a less common option for severe interphalangeal hand joint pain and osteoarthritis 

but is recommended for thumb base osteoarthritis (70). Several surgery options are available, 

including proximal interphalangeal joint replacement, and fusing, lengthening, or shortening 

of the bones for severe thumb base osteoarthritis (70). There is limited evidence of whether 

surgery is effective for hand pain; thus, hand pain management relies mostly on non-

pharmacological and pharmacological intervention (79).  

1.7. Observing structural joint abnormalities 

1.7.1. A note on study population and clinical and imaging 

features 

Many studies have investigated the association between clinical features and imaging features 

in hand osteoarthritis populations. We have elected not to do that in the studies in this thesis. 

Instead, we have used a population-based older adult cohort including people with and 

without symptoms, and with and without clinical or radiographic osteoarthritis. We have used 

tools designed for people with hand osteoarthritis, and the next section reflects this. However, 

the role of imaging markers in predicting pain and function remains unclear (hence the 

studies in this thesis). Furthermore, some imaging markers may appear in people who are not 

(yet) symptomatic or do not have any diagnosable pathology. 

1.7.2. Clinical assessment 

Clinical joint assessment is the first method used in a clinical setting to determine palpable 

joint structural abnormalities. European League Against Rheumatism (EULAR) recommends 

three signs on knee joint examination to diagnose knee osteoarthritis: crepitus, restricted 

movement, and bony enlargement. Crepitus is audible or palpable grating or crunching 

sensations produced by motion (80). A clinical diagnosis of knee osteoarthritis can be made 

when these three signs, plus three symptoms (knee pain, short-lived morning stiffness, and 

functional limitation) are present (81).   

Hand joint abnormalities such as hand joint soft tissue swelling, tenderness, bony 

enlargement (nodules), and deformity are routinely checked during physical hand 
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examination based on American College of Rheumatology (ACR) hand osteoarthritis criteria 

(82). Tenderness is palpated discomfort or pain when pressure is applied to the joint (80, 83). 

Bony enlargement or nodules of the hand joints is determined by the appearance of deviation 

in the joint from the sagittal plane (82). 

EULAR defined diagnosis of knee and hand joint osteoarthritis can be made confidently 

based on clinical assessment alone without the need for imaging (81, 84), thus saving cost 

and diagnosis time. However, clinical assessment can only detect advanced stages of a 

disease, and it is difficult to reliably evaluate joint changes through clinical assessment (85, 

86). It is also highly assessor dependent; reliability and repeatability of clinical or physical 

assessment are notoriously poor (87) with a wide range of sensitivity and specificity reported 

in various studies (88-92).  

1.7.3. Conventional radiography  

Imaging of joints is used for several purposes: diagnosis, disease monitoring, and 

measurement of outcome in trials. The most widely used tool in joint studies is conventional 

radiography (X-ray). It utilises radioactive rays/X-rays to show a single, two-dimensional 

(2D) bone structural image (Figure 1.1 below). It can show the presence of osteophytes, bone 

sclerosis (hardening of bone), erosions, and provide a surrogate measure of cartilage loss: 

joint space narrowing (JSN).  
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Figure 1.6. Example of a hand X-ray image of our study participant. 

Kellgren and Lawrence published the first defined radiograph atlas of knee radiographic 

osteoarthritis (ROA) in 1957 by defining ROA using a composite score of JSN and 

osteophytes (93), which is still commonly used today. Other relevant and widely used scoring 

criteria for knee and hand ROA were developed by OARSI (94). These criteria allow a 

separate score for each knee and hand joint abnormality, including a total ROA score. 

Therefore, we could study the independent correlates of pain with each of the radiographic 

abnormalities measured.  

X-ray is the simplest, cheapest, and most widely available method of joint imaging (95), but 

it requires exposure to ionising radiation. Radiographs lack sensitivity and specificity to 

detect joint abnormalities due to a reliance on a single 2D image of the bony structure. 

Radiographic assessment of osteoarthritis also has a strong emphasis on osteophytes (96). 

Previous meta-analyses show no link between the progression of radiographic changes in 

osteoarthritis and knee pain (97). Despite the limitations of conventional radiography, it is the 

first-line diagnostic tool and the gold standard for joint structural imaging assessment in 

osteoarthritis due to its long history and common use in clinical settings and many research 

studies over several decades.  
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1.7.4. Advanced imaging technologies 

 Magnetic resonance imaging  

Magnetic resonance imaging (MRI) uses a magnetic field rather than radiation to generate 

images. In a research setting, it is used to understand associations between imaging 

abnormalities and joint pain and physical function limitation pathology, development, and 

progression. MRI is also useful in the early, ‘pre-radiographic’ stages of disease when pain is 

present, and the first joint changes are occurring but are not yet detectible on a radiograph 

(98). 

 

Figure 1.7. Example of a knee joint T2-weighted fat saturation MR image of our study 

participant. 

MRI has changed the view and knowledge of osteoarthritis from a ‘wear and tear’ disease to 

a ‘whole joint’ disease (99). There are 3 whole-joint assessment semiquantitative scoring 

systems using MRI for knee osteoarthritis; the Whole-Organ Magnetic Resonance Imaging 

Score (WORMS) (100), the Knee Osteoarthritis Scoring System (KOSS) (101), and the 

Boston Leeds Osteoarthritis Knee Score (BLOKS) (102). The KOSS is similar to WORMS in 

the features included and each feature is scored individually for each subregion and based on 

the size of the lesion, but they differ in how subregional divisions are determined (101). 

Meanwhile, BLOKS focuses on weight-bearing components for the articular surfaces 

division, similar to KOSS (103). In comparison to BLOKS and WORMS, WORMS’s bone 

marrow lesion (BML)  score was better at predicting later cartilage loss, was convenient to 
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score, and did not include irrelevant measures. On the other hand, BLOKS’s meniscal score 

was favourable to WORMS in predicting cartilage loss because it includes potentially 

important pathology overlooked by WORMS, but neither method was superior for cartilage 

scoring (104). A newer and less frequently mentioned scale, the MRI Osteoarthritis Knee 

Score (MOAKS), combines the WORMS and BLOKS systems. All these scoring tools are 

valid and reliable for measuring knee conditions on MRI scans (105-107) and they can be 

used for MRI with or without administration of a contrast enhancing agent (108). For hand 

joints, the Oslo Hand Osteoarthritis (HOA) MRI scoring tool was developed by Haugen et al. 

to assess synovitis, flexor tenosynovitis, erosions, osteophytes, JSN, BMLs on scale of 0 to 3, 

and the presence/absence of cysts, malalignment, collateral ligaments, and BMLs at collateral 

ligament insertion sites (109). The Oslo HOA MRI scoring tool is reliable and valid (110, 

111). The scoring system was improved by the Outcome Measures in Rheumatology 

(OMERACT) group that created the Hand Osteoarthritis Magnetic Resonance Imaging 

Scoring System (HOAMRIS) to reduce the scoring time and remove abnormalities that were 

deemed rare and not associated with tenderness (112). The improvements made to the 

previous hand osteoarthritis scoring system were exclusion of collateral ligament pathology 

and flexor tenosynovitis, whole hand joint scoring (including thumb base), and 0.5 score 

increments for BMLs, synovitis, and erosions to increase sensitivity to abnormal changes 

(113).  

MRI provides clear tissue contrast and an anatomical view (114). It is superior to 

conventional radiography in visualising joint structure and abnormalities as it shows a wide 

range of soft tissues, not just bony changes. MRI is also a highly sensitive tool to measure 

joint changes, especially cartilage volume and defects (115). Disadvantages include the need 

for post-scan processing of images. For patients, being in the imaging unit can be 

claustrophobic (for knee joints, not hand joints), noisy, and is not suitable for people with 

some implants or who are morbidly obese (cannot fit in the machine). Concerns on the lack 

of standardisation of MRI abnormality scoring, lack of clarity on diagnostic performance, and 

high cost (116) remain; however, MRI is a reliable and responsive imaging tool to measure 

structural joint changes (117).  
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 Ultrasonography 

Ultrasound is an imaging technique which utilises high-frequency sound waves to produce 

images of internal organs. Ultrasonography is used in rheumatology clinics as a “bed-side” 

imaging tool (118), as an extension to clinical assessment. It is used in musculoskeletal 

research for objective measurement of synovitis, osteophytes, erosion, JSN (119), and tendon 

abnormalities in real-time (118), rather than radiography and MRI, which are delayed by the 

need for image processing (120). It can also detect subclinical (no or minimal clinically 

recognisable symptoms) synovitis, asymptomatic entheseal inflammation, bone erosions, and 

crystal deposits that are often overlooked in the physical examination of patients with 

inflammatory arthritis (121). Ultrasonography is ideally suited to assess small joints such as 

the fingers but can also be used for knee joints to detect synovitis and osteophytes. Muscle 

thickness has also been imaged using ultrasonography in a musculoskeletal study (122).  

 

Figure 1.8. Ultrasound image of a distal interphalangeal joint. 

Advantages of ultrasonography for imaging joint abnormalities include being inexpensive, 

portable (120), able to image soft tissue structures in multiple planes without exposure to 

radiation (120) and being suitable for those with contraindications to MRI. The use of 

musculoskeletal ultrasound imaging can reduce the time between first assessment, diagnostic 

imaging, and treatment allocation because it allows the clinician responsible for the patient to 

perform diagnostic imaging and clinically evaluate the joint disease at the point-of-care 

(123). It also gives reliable and valid assessments of structural abnormalities such as 

inflammatory and soft tissue changes in knees (124, 125), hands (126-128), and other joints 

such as the spine and foot (129). Besides, ultrasonography is superior to contrast-enhanced 

enhance MRI in visualising changes in inflammation, as it was able to show a significant 
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reduction in hand joint synovial thickening in the treatment arm group compared to the 

placebo, while contrast-enhanced MRI detected no changes in synovitis (60).  

Disadvantages of ultrasonography include being assessor dependent (120) and having low 

power to penetrate deep tissues, and it is, therefore, most suitable for superficial joints (118). 

Even with advancements in the resolution of the transducers, deeper tissue structures (e.g., 

bone structures) are often hard to visualise (130). Other problems may also arise, such as 

poor interobserver reliability for cartilage scoring and practical difficulty in scanning (e.g., 

limited flexion of interphalangeal joints due to the presence of abnormalities and blockage of 

cartilage view by osteophytes at the dorsal end of interphalangeal joints and the patellar in 

knee joints) (131). Although it is possible to assess large joint cartilage thickness using 

ultrasound (125, 132, 133), it is often difficult to measure small joint (e.g., finger) cartilage 

thickness (131, 134). While correct positioning can improve the cartilage view, some areas 

remain challenging to visualise. Therefore, the OMERACT ultrasound working group does 

not recommend cartilage pathology measurement using ultrasound, but endorse scoring 

endorsing osteophytes scoring with the atlas as a reference (131).  

Nonetheless, ultrasound remains a practical tool in joint imaging, especially in visualising 

inflammatory abnormalities and muscle tissues. Its major advantages and its excellent ability 

to visualise synovitis changes surmount the disadvantages. Further research on the 

association between the ultrasound- detected abnormalities and clinical symptoms are needed 

before ultrasound can be included in routine imaging to replace conventional imaging 

methods in research settings.  

1.8. Associations between joint structural abnormalities and 

pain and physical function limitation  

1.8.1. Joint abnormalities on palpation 

A number of joint abnormality features can be detected during physical examination or 

clinical assessment of the knee and hand. For instance, palpable effusion, warmth, tenderness, 

swelling (clinical markers of inflammation), deformity, and hand joint nodes or nodules. 
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These features are commonly used as a composite of multiple abnormalities (e.g., swelling 

and tenderness of joints) with the presence of pain to diagnose osteoarthritis (17, 82). Only a 

few previous studies assessed the associations of individual hand joint abnormalities and joint 

pain and function limitation. These studies showed mixed results and were not independent 

of other clinical features (135-137). If we could pinpoint the key independent abnormality 

feature detected with palpation, it would be a promising endpoint marker of disease 

progression or treatment target. Very few studies have assessed clinically evident 

abnormalities as independent correlates of pain and function limitation. This hinders the 

identification of markers, predictors of clinical disease progression, and suitable treatment 

targets. 

1.8.2. Joint abnormalities on imaging  

In this thesis, we focused on several finger joints and knee joint abnormalities that can be 

detected on either on MRI, X-ray, or ultrasonography. 

 Osteophytes 

Osteophytes, also known as bone spurs, osteochondral nodules, osteochondrophytes, or 

chondro-osteophytes are abnormal bony growths or deposits protruding along joint margins. 

The development of osteophytes begins with abnormal cartilage outgrowths which are 

subsequently replaced by bone tissues through endochondral bone remodelling (138).  

Triggers for osteophyte formation include both biomechanical factors (139) (e.g., joint 

instability) (140) and biochemical stimulation (141). Examples of biochemical signalling in 

osteophyte development include transforming growth factor-β, bone morphogenetic protein, 

and insulin- like growth factors (142-144). Osteophytes are often regarded as the joint 

adaptation to the altered biomechanics (145-147). This hypothesised joint adaptation may 

help to protect articular cartilage and manage joint instability (147). Although radiographic 

osteophytes are a modest correlate of knee pain (148, 149), there is conflicting evidence on 

whether osteophytes cause pain and progression in joint structure abnormalities, or are a joint 

adaptive mechanism (150). If the latter is true, osteophytes could be a confounder in the 

associations of other joint structure abnormalities and pain.  
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About 74% of radiographically normal knees have MRI detected osteophytes (151). Some 

osteophytes are visible on MR images but not radiographs (152) as MRI scans can provide 

different angle views and multiple images of the joints, which are inaccessible through 

radiographs. Data from our group showed that 85% of older adults had MRI-detected 

osteophytes compared to less than 10% with radiographic osteophytes (152), and knee MRI 

detected osteophytes are associated with structural joint changes and knee pain cross-

sectionally and longitudinally (152). While one study cited that MRI is also more sensitive to 

detect mild or early osteophytes than radiography and ultrasound (153), other two studies 

showed that ultrasonography has better sensitivity, specificity, and accuracy to measure 

osteophytes than MRI and radiography (132, 154), due to its multiple planes of view for 

better detection of osteophytes (154, 155). Overall, MRI- and ultrasound-detected 

osteophytes are comparable, and both are more sensitive than radiography (118). In hand 

joint patients, the association between osteophytes and pain are mixed; one study reported 

that osteophytes were associated with higher odds of pain (155), while the other studies 

showed no correlation between radiographic osteophytes and pain or physical hand disability 

(156, 157). The lack of evidence that MRI-detected osteophytes were an important knee pain 

predictor (158) and limited study of their association with pain and function limitation in 

hand joints warrant future study to further investigate this bone structure abnormality. 

 Joint space narrowing  

Loss in joint space width, or joint space narrowing (JSN), is a surrogate measure of articular 

cartilage volume loss. JSN is routinely assessed on X-ray images because X-ray can only 

provide information on the joint gap width between two bones and cannot image cartilage 

tissue; therefore, JSN is used as a measure of articular cartilage and all other tissues between 

the two bones such as meniscus (presence depends on joint type, e.g., knee and wrist) and 

synovial fluid. X-ray is also less sensitive in detecting changes in cartilage compared to MRI 

(95), due to differences in positioning between X-ray films at baseline and follow-up, and 

also because multiple structures (including change in meniscus as well as cartilage) affect the 

joint space (159). While radiographic JSN predicts cartilage loss detected on MRI 

longitudinally, use of JSN alone as a measure is not recommended for individuals because it 

is less sensitive than cartilage volume measurement (160). However, despite these 
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limitations, JSN remains a reliable measure as it is responsive to change (161) and valid for 

knee (162) and hand (163) joints.  

JSN is more strongly associated with severe joint radiographic progression than osteophytes 

(149). However, previous studies showed that neither JSN nor progression of osteophytes 

were associated with changes in hand pain and function limitation (156, 164). In Chapter 7, 

we will describe associations between radiographic osteophytes and JSN at the index finger 

interphalangeal joint and hand symptoms in older adults.  

 Subchondral bone marrow lesions 

Normal bone marrow is rich in fat (165) and is innervated with nociceptive pain fibres, 

especially around the subchondral area (50, 166) (the area immediately beneath the cartilage). 

Bone marrow can only be visualised on MRI, not radiographs or ultrasound (167). Bone 

marrow lesions are non-cystic ill-defined areas of high signal intensity seen on MRI images 

(168, 169) or ultrasounds.   

 

 

 

 

 

 

 

 

Figure 1.9. BML (green bordered area) detected on T1-weighted 

MRI on the left and on T2-weighted MRI on the right. 
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BMLs were first described as bone marrow oedema as it was thought to be excess fluid 

abnormalities within the bone marrow that causes severe joint pain on lower limbs (167). 

However, histology samples later showed a wide range of histological abnormalities within 

BMLs, including bone marrow necrosis (11% of the area), abnormal trabeculae (8%), bone 

marrow fibrosis (4%), and bone marrow bleeding (2%), but only rarely bone marrow oedema 

(4%) (169).  Other studies have added that the BML is more fibrous, vascularised (170, 171), 

and hardened bone (172). BMLs are critical features of osteoarthritis. Knee BMLs are 

associated with greater risk of knee pain (173), cartilage defect progression (174, 175) 

cartilage volume loss (174, 176, 177), and predict knee replacement surgery (178, 179). 

Changes in the size of BMLs predicts change in pain in older adults without radiographic 

osteoarthritis (178). Hand BMLs are associated with tender joints (180) and progression of 

Kellgren-Lawrence radiographic structural osteoarthritis score over two years (181). 

Importantly, BMLs are modifiable (178, 182), making them a suitable target for intervention 

studies on osteoarthritis pain and structural modification.  

Risk factors for BMLs include mechanical factors such as joint injury (183-186), knee 

malalignment (176, 187), increase in joint loading/weight (182, 188, 189), and systemic 

factors such as osteoprotective medications (e.g., bisphosphonates) (190). Localised 

inflammation is also a probable risk factor for BMLs. Local inflammatory reactions can 

happen due to cartilage degeneration by-products or from other factors in the synovial fluid 

leaking into the bone marrow (191). An experimental study proposed that BMLs may 

originate from a reaction to an acute inflammatory response that is then replaced by 

remodelled bone (192). Early data showed that bisphosphonates may alter BMLs and thus 

reduce pain in people with knee pain and knee osteoarthritis and stop BML progression (193, 

194), however, a definitive trial showed no effect of zoledronic acid on BMLs (and cartilage 

loss) (195). 

1.8.2.3.1. Pathogenesis of bone marrow lesions 

BMLs can develop due to microtrauma after cartilage repair surgery but are most observed in 

people with osteoarthritis (196, 197). The aetiology of BML development remains unclear 

(198), despite BMLs being well studied overall.  
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Joint trauma (e.g., contusions, stress fractures, repetitive microtrauma with physical activity, 

and subacute lesions due to joint overloading) can cause traumatic-BMLs (168). Trauma-

induced BMLs at the knee joint are often linked with ligament tears (199). For example, in 

knee anterior cruciate ligament tears, the femur is in external rotation relative to the tibia, 

which causes valgus stress on the knee and thus may initiate the development of BMLs (200). 

BMLs may present after joint surgery; BML-like signals were present in post-surgical MR 

images of 40 - 80% of patients who underwent chondral and osteochondral surgical 

procedures (201, 202). However, the causes and clinical significance of post-surgery BMLs 

remains unclear (196).   

BMLs are most studied in the context of osteoarthritis. They can occur across the spectrum 

from early to late stages of osteoarthritis. There are changes in bone mineralisation, 

remodelling, and low bone mineral density within the BML area compared to adjacent areas 

(203). These changes can be caused by microtrauma due to joint imbalance in either the 

lateral or medial knee joint compartment or weight overloading on the joint (204). BMLs can 

also occur in asymptomatic healthy individuals (96, 188, 189, 203), but develop at lower 

rates than in people with osteoarthritis (182). Half of the BMLs present at baseline resolved 

within two years (182). It can also worsen or improve in size over three years (178). 

Incidence of BMLs in healthy adults is positively associated with pain development over two 

years (182) and tibiofemoral cartilage defects (205). Future studies on this reversible 

structural damage are important as it can be a target for pain intervention and osteoarthritis 

prevention.   

1.8.2.3.2. Knee subchondral bone marrow lesion presentation on different 

MRI sequences 

BMLs are routinely assessed on T2-weighted MRI and other similar sequences such as short 

tau inversion recovery (STIR), intermediate-weighted fat saturation (IW-FS), and proton 

density fat saturation (PD-FS). These sequences are preferable as they can image fluid 

abnormalities and are thus often regarded as fluid/water-sensitive MRI sequences. However, 

BMLs can also be detected on gradient recalled echo (GRE)-type MRI sequences such as T1-

weighted GRE and spoiled gradient-recalled acquisition in steady state (SPGR), and 3D fast 
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imaging with steady state precision (FISP) MRI sequences. Previous studies used either fluid-

sensitive or GRE-type MRI sequences to assess BMLs (174, 179, 206, 207). Both MRI 

sequences are sensitive and reliable to detect BML changes (208-211). Fluid-sensitive MRI 

sequences are commonly recommended to measure BMLs because they often appear larger 

on T2-weighted MRI than GRE-type MRI (212). Although the water/fluid-sensitive MRI 

sequences are the favourable sequence to measure BMLs, there are limited studies that show 

how BMLs on different MRI sequences correlate with clinical symptoms.  

We will be investigating the association between BMLs present on two different MRI 

sequences and knee symptoms and important knee joint structural abnormalities in Chapter 

5.  

 Cartilage defects and volume loss 

Cartilage abnormalities are common in older adults (213). These include cartilage defects, 

areas of damaged or torn cartilage (214), and thinning of the cartilage, leading to reduced 

volume of articular cartilage (cartilage volume loss), which is the hallmark feature of 

osteoarthritis. Normal cartilage is aneural. However, abnormal or damaged cartilage may 

independently lead to pain, as elaborated in section 1.4.  

There is consistent evidence of links between cartilage changes and pain independent of other 

structural factors. Cartilage defects of the knee joint are an important correlate of other joint 

changes, such as cartilage volume loss and BMLs (215-217) and pain (96, 218, 219). 

Meanwhile, cartilage volume loss predicts total knee replacement (220). Longitudinally, 

cartilage volume loss is associated with changes in pain in two out of three studies (221-223).  

 Synovitis  

Synovitis is inflammation of the synovium or local inflammation of the joint. Joint effusion 

may occur due to mechanical stress from damaged cartilage and bone, thus producing excess 

hyaluronic acid that collects within the synovium. Other contributing factors to effusion 

development are low-grade inflammatory and immune reactions (224).  
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Signs of inflammation can be seen using MRI (225-228) and ultrasound (229). MRI can 

detect an increase in synovial thickness/volume, increased signal intensity (can be assessed 

using contrast-enhanced material, e.g., gadolinium), and increased fluid content (effusion) 

within the synovium. Meanwhile, on ultrasound, signs of inflammation are detected through 

grey scale synovitis, power Doppler imaging (PDI) synovitis signals (229), and tenosynovitis 

(230). Grey scale synovitis consists of abnormal enlargement of the synovial membrane and 

the presence of effusion within the synovial cavity (230). The presence of enhanced blood 

flow within the synovitis can be detected by PDI. The PDI signal shows areas of colour 

within the grey scale synovitis region in the joint capsule (127) i.e., PDI synovitis is a subset 

of grey scale synovitis. 

There is moderate evidence of an association between local inflammation and knee joint pain 

(158), but limited studies were performed on hand joints. Synovitis with and without effusion 

is associated with pain, and the change in synovitis is associated with knee pain fluctuation in 

patients with symptomatic knee osteoarthritis (58). In hand joints, associations were found 

between synovitis on MRI hand scans and pain on palpation (231), and one study also found 

an association with AUSCAN pain (232). Both studies, however, had the limitation of being 

assessed in people with symptomatic hand osteoarthritis only, as well as the small sample 

sizes of both studies. Meanwhile, grey scale synovitis and PDI synovitis on ultrasound were 

inconsistently associated with pain (229, 232, 233) and need verification in a large sample 

studies.  

 Bone erosion  

Bone erosion is bone loss at a specific site on the cortical bone surface. It is a result of a 

negative bone balance between excessive local bone resorption and poor bone formation. It is 

visible on imaging as breaks in the cortical bone surface with loss of the adjacent trabecular 

bone (234). A possible pathway of bone erosion is synovitis through proinflammatory 

cytokines and activated nuclear factor B ligand (RANKL) and autoantibodies. 

Proinflammatory cytokines and antibodies can stimulate differentiation of bone-resorbing 

osteoclasts, thus causing local bone resorption (235). Bone erosion is also enhanced through 

inhibition of osteoblast-mediated bone repair (235). 
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Bone erosions are frequent findings and important outcomes in both inflammatory arthritis 

(235) and erosive hand osteoarthritis (236), and thus are often described as a type of 

inflammatory osteoarthritis (237). However, it has been suggested that erosive hand 

osteoarthritis is not a separate subtype but a more severe form of hand osteoarthritis disease 

(238). It is more prevalent on MR images of hand joints than on radiographs (239).   

Previous studies show that bone erosion on radiographs is correlated with joint malalignment, 

MRI-detected BMLs, synovitis, JSN, and osteophytes in hand osteoarthritis patients (240). 

However, associations between bone erosion and joint pain have not been properly 

elucidated. Incidence of radiographic bone erosion in hand joint osteoarthritis was strongly 

associated with joint tenderness (241) in one study, but more studies are needed to understand 

the role of bone erosion in joint pain in older adults.  

 Ligament abnormalities  

Ligaments are tough fibrous bands that connect one bone to another. Ligament abnormalities 

and tears play roles in osteoarthritis disease development in animal models (242-244). The 

pathogenesis of the ligament abnormalities can start from disruption of the ligament 

extracellular matrix and abnormalities in the interface between bone and ligament (tidemark). 

The abnormal extracellular matrix of a ligament can be caused by proinflammatory and 

growth and cell differentiation cytokines (245). The tidemark between bone and ligament is a 

boundary that reduces tension stress and vascularisation in the ligament (246). Abnormal 

tidemark or duplicated tidemark may increase vascularisation and mechanical pressure, 

leading to ligament abnormalities (246, 247). 

An abnormal signal in ligaments on MR images is common in hand joints of both older 

adults and osteoarthritis patients (248), but the presence of ligament tears in the knee and 

hand are rare in older adults (218, 249, 250). Evidence for the association between ligament 

pathology and joint pain is limited, as only a few clinical studies have assessed ligament 

abnormalities (158). Previous studies may have limited ability to study associations of 

ligament pathologies with pain (218, 250, 251) and function (252) due to a low number of 

samples leading to underestimation of the prevalence. Recent studies have shown interest in 

ligament abnormalities at attachment sites; this is discussed further in the section below.  
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 Enthesis abnormalities and pain and function in older adults 

1.8.2.8.1. Enthesis and enthesis abnormalities 

Entheses are the attachment sites where tendons, ligaments, menisci, cartilage, or the joint 

capsule join to the bone (253). Each enthesis is slightly different. We are interested in the 

patellar tendon enthesis (PTE), which is the attachment site of the patella (kneecap) to the 

tibia (shinbone). The patellar ligament is a thick band comprised of a mix of fibrous and 

cartilaginous connective tissues (fibrocartilaginous) that connects two bones and works to 

guide and limit joint movement and assist in proprioception (254). Its enthesis sites (proximal 

and distal of the ligament) have high tensile strength to distribute mechanical stress during 

joint movement (255). However, despite this, the fibrocartilaginous entheses are more prone 

to damage than fibrous entheses due to excessive mechanical stress and overloading on the 

joint. This is due to the stronger material composition of fibrous enthesis than 

fibrocartilaginous enthesis (255, 256). Entheses are interfaces between components with two 

different properties: soft/flexible and hard tissue (bone) (257), which may also expose them 

to risk of damage (245).  

Enthesis abnormalities or enthesopathy consists of all changes at the insertion sites including 

changes due to ageing or structural and inflammatory changes. “Enthesopathy” describes 

enthesis changes in older adults and osteoarthritis disease because the features are ‘less 

inflammatory’ (258, 259) than ‘enthesitis’, which is the term used in inflammatory arthritis 

such as spondylarthritis (inflammatory disease of the back bones) (257, 260, 261). Similar 

joint tissues are involved in both osteoarthritis and spondylarthritis, but the inflammatory 

changes are less evident in osteoarthritis (259).  Histology samples from cadavers show the 

formation of new blood vessels, chondrocyte cell clustering, and collagen matrix disruption 

(262). Meanwhile, on MRI, common findings of enthesopathy are the presence of BMLs, 

cysts, osteophytes, and at the hand (248) and knee cruciate ligaments (262). On MRI, cortical 

bone disruption and effusion can also be seen on abnormal enthesis sites of knee cruciate 

ligaments (262).  
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1.8.2.8.2. Pathogenesis of enthesopathy  

Enthesopathy can result from anatomical abnormalities (i.e., abnormal growth and misshape), 

joint misalignment, muscle imbalance, flexibility, joint laxity (245), and excessive loading on 

the joint (263). 

Entheses have a high risk of cellular disruption due to the anatomical properties of enthesis 

sites (257) and are highly vascularised, making them an accessible site for antigen deposition 

and accumulation leading to inflammation (264). Inflamed ligament entheses are associated 

with cellular micro-damage at the enthesis site (265) and the presence of synovitis (248). 

Typically, micro-damage is automatically repaired by body repair systems, but failure to 

repair micro-damage can be due to inflammation and is increasingly common due to ageing 

(266).  

Formation pathways of bone spurs within the enthesis (enthesophytes) are hypothesised 

through inflammatory, mechanical, and molecular factors (267). TGF- and bone 

morphogenetic proteins may stimulate ossification processes (268). Enthesophytes could also 

develop as a repair reaction toward micro-damage caused by mechanical stress of the tendon 

or ligament (269).  

The role of adipose (fat) tissues in the pathway of pain development at enthesis sites has been 

described in previous studies (270, 271). Adipose tissue is commonly found both within and 

adjacent to enthesis sites. At the patellar tendon enthesis, several different types of fat have 

been described: epitenon fat (a layer of surface connective tissue which is clearly separated 

from the patellar tendon), endotenon fat (the connective tissue that separates adjacent tendon 

fascicles) (270), and “insertion angle fat”, which is fat at the insertion point of the patellar 

tendon to the tibia (distal PTE). These fat tissues are richly innervated, especially “insertion 

angle fat” (270), and thus may be a source of pain and play a role in the inflammatory 

response (267, 272).  

Previous studies have recognised an interrelated role of the adjacent synovial membrane, 

bursa, or adipose tissues with enthesis described by Benjamin et al. (253) as the ‘enthesis 

organ’ or ‘synovio-entheseal complex’. The tissues surrounding the enthesis have 
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inflammatory potential and are important in the pathogenesis of synovitis (261).  According 

to the theory, micro or partial damage to entheses may stimulate inflammation to the bursa 

(small fluid-filled sac) adjacent to the enthesis, (e.g., distal patellar tendon enthesis). 

Inflammatory cells such as macrophages and lymphocytes can infiltrate the enthesis via 

blood vessels and the synovium, thus releasing inflammatory cytokines. Another possible 

theory is that friction between the tendon and bone at the enthesis vicinity may cause 

tenosynovitis (inflammation of the synovium surrounding a tendon) (267).  

1.8.2.8.3. Links between enthesopathy and pain and structural joint damage.  

Enthesopathy may have a role in osteoarthritis onset. Abnormal changes at the enthesis were 

observed through MRI (e.g., BMLs, high signal intensity) and histopathology (e.g., 

duplicated tide mark, abnormal cells) in animal models (242, 244, 271, 273), early 

osteoarthritis cadavers, and people with osteoarthritis (274).  

No studies have assessed the association of enthesis abnormalities and joint pain, function 

limitation, and other structural abnormalities. This thesis will focus on enthesis sites of the 

patellar tendon and its association with symptoms and other structural abnormalities and will 

be described further in Chapter 4.  



Chapter 1. Introduction 

 

 

27 

 Infrapatellar fat pad  

 

Figure 1.10. Infrapatellar fat pad area indicated by the yellow line boundary (1). 

The normal function of the fat pad in the knee joint is to provide protective cushioning effects 

to the knee structure (275), but it can also be a source of inflammation which then causes 

pain. The infrapatellar fat pad (IPFP) is fat tissue inside the knee capsule, outside the 

synovium and under the kneecap (patella) (276), as shown in the figure above (Figure 1.11). 

The IPFP is structurally and functionally similar to other subcutaneous fat around the body 

(277) but is a source of localised inflammation, including inflammatory cells (e.g., 

macrophages, plasma cells, and eosinophils) and substance P neuropeptides in abnormal knee 

joints (276). The by-products of inflammatory cells can influence cartilage and synovium 

metabolism while substance P neuropeptides can be an important source of pain at the knee 

joint, especially in osteoarthritic joints (278). Our group has shown that the IPFP maximal 

area is associated with lower odds of knee pain, radiographic changes, and MRI structural 
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changes (1), and is longitudinally associated with knee pain and cartilage defects (279). IPFP 

has been recognised as a new emerging player in painful osteoarthritis disease (280).  

1.9. Summary  

In summary, joint pain and physical function limitation are highly prevalent in older adults 

worldwide. They are the key clinical features of osteoarthritis and are associated with poor 

quality of life. Abnormal joint features can be assessed non-invasively using conventional 

radiography and/or advanced imaging technologies such as MRI and ultrasonography. 

Although conventional radiography is the gold standard for joint imaging, advanced imaging 

techniques have become increasingly available in clinical practice and are recommended by 

authorising bodies such as OARSI for use, in research, including clinical trials, to study joint 

changes (281, 282).  

Advanced imaging technology allows us to observe bone and soft tissue in greater detail 

compared to a single, two-dimensional bony image produced by radiography. Improved 

images give us a better understanding about which abnormal joint features are associated 

with pain and physical function limitation. Yet, the majority of joint abnormality studies have 

been performed in people with moderate to severe osteoarthritis, and most commonly in 

lower limb joints with few studies on hand joints. Research into the causes of pain and 

function limitation are needed to enable the field to move forward with the best treatment 

options to reduce osteoarthritis-related joint pain and dysfunction. The following chapters 

will investigate hand and knee joint tissue abnormalities; specifically, PTE abnormalities, 

BMLs on two different MRI sequences, and hand joint abnormalities observed on imaging 

and their association with pain and physical function limitation in older adults.  
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This thesis aims to study joint structural abnormalities (both bony and soft tissue changes) of 

the knee and hand using advanced imaging technologies and examine their association with 

pain, physical function limitation, and other symptoms of osteoarthritis in a population-based 

sample of community-dwelling older adults aged 50-80 years who were examined at baseline 

and followed up at ~2.7 and 10.7 years. 

Each chapter of this thesis attempts to describe one research question, which then contributes 

towards the overall aim of the thesis.  

1) Are there associations between PTE abnormalities detected on MRI and knee pain, 

physical function limitation, stiffness, osteoarthritis structural abnormalities, and total 

knee replacement (TKR)? 

a) What is the prevalence of PTE abnormalities detected on MRI in older adults?  

b) Is there an association between PTE abnormalities and BMLs, infrapatellar fat pad 

area, and cartilage defects cross-sectionally? 

c) Is there an association between PTE abnormalities and knee pain, function, and 

stiffness longitudinally over 10.7 years? 

d) Is there an association between PTE abnormalities and incidence of TKR over 

13.3 years?  

e) Can PTE abnormalities cause knee pain and functional limitation in older adults? 

 

2) How do MRI-detected BMLs on two different MRI sequences correlate with knee 

pain, physical function limitation, cartilage defect progression, cartilage volume loss 

over 2.7 years, and incidence of TKR over 13.3 years? 

a) What is the prevalence of BMLs that present on T1-weighted and/or T2-weighted 

MRI? 

b) What is the association between BMLs present on T1-weighted, T2-weighted, and 

both T1- and T2-weighted MRI sequences, and clinical outcomes, cartilage defect 

progression, cartilage volume loss over 2.7 years, and total knee replacement 

(TKR) over 13.3 years? 

c) Should we use one or both of the MRI sequences (T1- and T2-weighted) to 

measure the presence of BMLs? 
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3) What are the cross-sectional associations of hand ultrasound-detected features 

(osteophytes, grey scale synovitis, and PDI synovitis) and clinical hand assessment 

features (swelling, tenderness, nodules, deformity) and hand pain, physical function 

limitation, stiffness, and grip strength? 

a) What are the prevalence of hand ultrasound and clinically assessed abnormal 

features detected in older adults?  

b) Is there an association between the number of joints with osteophytes, grey scale 

synovitis, and PDI synovitis detected on ultrasound and hand pain, physical 

function limitation, stiffness, and grip strength? 

c) Is there an association between the number of joints with swelling, tenderness, 

nodules, and deformity, and hand pain, physical function limitation, stiffness, and 

grip strength? 

d) Can ultrasound be used alongside clinical assessment in diagnosing hand 

osteoarthritis? 

 

4) What are the associations between MRI-detected index finger interphalangeal joint 

abnormalities (effusion-synovitis, BMLs, erosions, absence of collateral ligaments, 

and osteophytes) and radiograph-detected joint abnormalities (osteophytes and joint 

space narrowing), and joint tenderness, hand pain, physical function limitation, and 

grip strength? 

a) What is the prevalence of hand MRI abnormalities and radiograph-detected 

osteophytes and JSN in an older adult cohort? 

b) Is there a cross-sectional association between the presence of index finger 

interphalangeal joint MRI-detected abnormalities and joint tenderness, hand pain, 

physical function limitation, and grip strength?  

c) Is there a cross-sectional association between the presence of index finger 

interphalangeal joint radiograph-detected abnormalities and joint tenderness, hand 

pain, physical function limitation, and grip strength?  
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3.1. Prelude 

This thesis arose from the analyses of the Tasmanian Older Adult Cohort (TASOAC) study 

population. This chapter describes the TASOAC study population, its design, and the 

protocols for measurement that were used in the subsequent chapters in this thesis. 

Further specific details within the methodology section of Chapter 4 to 8 are provided in each 

chapter. There are some differences in the way aspects of TASOAC are described in each 

chapter, based on requirements of different journals, emphases required for different analyses 

for each of the research questions.  

3.2. TASOAC design and study population 

TASOAC is a prospective, population-based study, which aimed to identify environmental, 

genetic, and biochemical factors associated with development and progression of 

osteoarthritis at multiple sites (hand, knee, hip, and spine). Participants (n=1100) aged 

between 50 and 80 years were randomly selected from the roll of electors in southern 

Tasmania (population 229 000), a comprehensive population listing, using sex-stratified 

simple random sampling without replacement (response rate 57%). Electoral rolls represent 

the most complete population information available in Australia because federal voting and 

state elections are compulsory. The sample was stratified by sex to provide equal numbers of 

men and women, and equal distribution was drawn from urban and rural areas in southern 

Tasmania. Persons were excluded if they were institutionalised as TASOAC was designed to 

study community-dwelling older adults. Participants were also excluded if they had 

contraindications to magnetic resonance imaging (MRI), including metal sutures, presence of 

shrapnel, iron filings in the eye and claustrophobia, as tests were required to examine 

osteoarthritis progression and development.  

Figure 3.1 provides an overview of TASOAC participant recruitment and loss to follow-up 

during the study period. Initially, 2135 eligible participants were identified from which 1904 

were contactable. Of all initial eligible participants, 1100 enrolled in the study and 1099 
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attended baseline clinic between March 2002 and September 2004 and follow-up clinics at 

Phase 2 (mean=2.7 years), Phase 3 (5 years), and Phase 4 (10.7 years). This thesis utilised 

baseline, Phase 2, and Phase 4 data as these phases collected knee MR images of participants.  

Additional information of total knee replacement was available at 13.3 years through data 

linkage to the Australian Orthopaedic Association National Joint Replacement Registry 

(AOANJRR).  
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Figure 3.1. Flow chart of TASOAC participants recruitment and participation and loss to 

follow up from baseline to end of Phase 4.  
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3.2.1. Baseline 

An overview of participant recruitment and withdrawal during the baseline phase of 

TASOAC is shown in Figure 3.1. 2530 people were identified from the electoral roll, of 

which 2135 were identified as initially eligible. Of the people who did not take part in the 

study, 395 people were identified as not being eligible, with the most common reasons being 

claustrophobia, too sick, or living overseas or interstate. 231 people were not able to be 

contacted, 804 did not want to enter the study, and one participant failed to attend the clinic. 

The remaining 1099 people attended the clinic at the Menzies Institute for Medical Research, 

Tasmania from February 2002 to September 2004. The overall response rate for participation 

in Phase 1 is 57%, which is similar to response rates from studies with equivalent response 

burdens conducted around the same time period, such as the North West Adelaide Health 

Study at 58% (283), and the Australian Diabetes, Obesity and Lifestyle Study at 52% (284). 

Participants in TASOAC completed questionnaires on a wide range of demographic factors, 

as well as a number of specific questionnaires including knee pain and stiffness and quality of 

life. Participants also attended clinic at the Menzies Institute for Medical Research, Tasmania 

and supplied a fasting blood sample, and had other measures taken in person, such as blood 

pressure and leg strength. Participants also attended appointments for bone density testing 

(using dual energy X–ray absorptiometry (DXA)), radiography, and magnetic resonance 

imaging). 

Table 3.1 shows that TASOAC participants (n=1099) were representative of the 2530 people 

selected from the electoral roll with regard to sex (48.9 % male vs 50.7% male), and also 

regard to age for the middle and younger third of the cohort (born 1933 – 1945 and 1943 – 

1952). However, the older age group (born 1921 – 1933) were under–represented in the 1099 

participants who provided baseline measures (21.4% vs 39.8% and 35.9% for the younger 

groups).
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Table 3.1. Baseline demographic characteristics of those participants who completed Phase 1 

(n=1099) and those who did not (n=1431). 

  

Did not 

participated in 

Phase 1 

p-value 

Female sex (%) 49.3 51.1 0.37 

Birth year cohort    

1921 – 1933 486 (34.0) 235 (21.4) <0.001 

1933 –– 1945 473 (33.1) 437 (39.8)  

1943 –– 1952 423 (29.6) 394 (35.9)  

 

3.2.2. Phase 2 (2.7 years follow-up) 

Participants were contacted and asked to return for subsequent visits after 2– 3 years (mean ± 

SD 2.6 ± 0.4; range 1.4–4.8 years). The majority of the 1099 participants who took part in 

Phase 1 returned for Phase 2 (80%, see Figure 3.2). As TASOAC aimed to measure 

osteoarthritis progression, participants without baseline MRI were excluded from Phase 2. 

The other common reasons for patients discontinuing involvement in the study after Phase 1 

were not wanting to continue in the study. 

TASOAC participants who did not complete Phase 2 were older, more likely to be female, 

and had higher BMI than participants who completed both Phase 1 and Phase 2 (Table 3.2). 

Table 3.11. Baseline demographic characteristics of those participants who completed Phase 

2 (n=875) and those who did not (n=224). 

 Participated in 

Phase 2 (n=875) 

Did not 

participate in 

Phase 2 (n=224) 

p-value 

Age (years) 62.7 (7.3) 64.4 (8.2) <0.01 

Female sex (%) 49% 59% <0.01 

BMI (kg/m2) 27.7 (4.6) 28.5 (5.7) 0.040 
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3.2.3. Phase 4 (10.7 years follow-up) 

Participants were invited to participate for Phase 4 which occurred 10 years after Phase 1 

(mean  SD 10.72  0.7; range 9.2 to 12.5 years).  

Those completing Phase 4 were younger and slightly lower BMI at baseline than participants 

who did not complete Phase 4 (Table 3.3), but there is no difference between proportion of 

female. This includes participants who dropped out before Phase 2 and 3.  

Table 3.3. Baseline demographic characteristics of those participants who completed Phase 4 

and those who did not. 

 

Participated at Phase 4 

(n=567) 

Did not participate in Phase 4 

(n=532) p-value 

Age (years) 61.4 (6.6) 64.7(8.0) <0.001 

Female sex (%) 50% 52% 0.473 

BMI (kg/m2) 27.6 (4.4) 28.2 (5.1) 0.022 

3.2.4. Ethics  

All research conducted was in compliance with the Declaration of Helsinki and was approved 

by the Southern Tasmanian Health and Medical Human Research Ethics Committee (Ethics 

Approval Number: H6488). All subjects gave informed written consent (see Appendix 1). 

3.3. Study measures  

3.3.1. Anthropometrics  

Each participant’s body weight was measured to the nearest 0.1 kg (with shoes, socks, and 

bulky clothing removed) by using a single pair of electronic scales (Seca Delta Model 707). 

Height was measured to the nearest 0.1 cm (with shoes and socks removed) by using a 

stadiometer. Body mass index (BMI) was calculated as kilograms per square meter.  
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3.3.2. Demographic characteristics 

Participant’s general information such as date of birth, sex, self-reported osteoarthritis 

diagnosed by physician and questionnaires were reported at baseline and follow-ups. 

Prevalence of other comorbidities reported by the participants at baseline are listed in the 

table below.  

Table 3.4. Proportion of participants with other diseases reported at baseline.  

Disease Proportion at baseline 

Asthma 15% 

Bronchitis/Emphysema 17% 

Diabetes  6% 

Heart attack  9% 

Hypertension 39% 

Hyperthyroidism  3% 

Hypothyroidism 3% 

Osteoporosis 9% 

Other major illness 29% 

Rheumatoid arthritis  11% 

Thrombosis 8% 

 

3.3.3. Western Ontario and McMaster Universities 

Osteoarthritis Index (WOMAC) 

Knee pain, physical function limitation, stiffness, and total WOMAC score were assessed 

using the self-administered Western Ontario and McMaster Universities Osteoarthritis Index 

(WOMAC) (285) scale, which was scored using a 10-point numeric rating scale from 0 (no 

pain, no functional deficit) to 9 (most severe pain, most functional deficit) at baseline. The 

self-reported knee pain, physical function limitation, and stiffness were assessed for the last 

30 days using 5 components of knee pain, 17 components of knee physical function 

limitation, and 2 components of stiffness. Participants were asked to rate how much pain, 

stiffness, and functional deficits they experienced on the day of their questionnaire for their 

right knee. Knee pain was rated while walking on a flat surface, going up and down stairs, at 
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night while in bed, sitting or lying and standing upright. Each of the 5 pain subscales and 17 

physical function subscales are summed to form a score for knee pain (range 0-45), function 

limitation (range 0-153) and total WOMAC score (pain, physical function, and stiffness) 

(range 0- 216) (see Appendix 2). 

There are several versions of WOMAC knee assessment recall time, ranging from 24-hours 

to a month (286). Using shorter recall time horizons may cause misclassification of patients 

without knee pain in the last 24 hours but have knee pain in the last one month. This may 

underestimate the magnitude of association if we use shorter recall time horizons. However, 

different recall time horizons of WOMAC have been tested, and there was no significant 

difference between a shorter and longer time frame (287). This demonstrates that the 

WOMAC index is robust in tolerating the variations in the time frame between 24 hours up to 

one month (286). Therefore, we expect that the difference in time horizons would not affect 

our results. 

The WOMAC questionnaire has been validated in osteoarthritis patients (285, 288-291). It 

has also been used in multiple studies consisting of older adult populations (151, 292, 293), 

and one study has validated the questionnaire in a general population (294). Thus, the validity 

of the WOMAC knee osteoarthritis questionnaire in a general population is considered valid. 

3.3.4. Australian/Canadian hand osteoarthritis Index VA3.1 

(AUSCAN) 

At Phase 4, participants were also asked to complete Australian/Canadian hand osteoarthritis 

(AUSCAN) index questionnaire VA3.1, which is a valid, reliable, and responsive measure 

for assessing hand pain, stiffness, and difficulty performing daily activities in both hands 

(295). The questions were assessed using a 100mm VAS. AUSCAN consists of a total of 15 

questions (5 for pain, 1 for (morning) stiffness, and 9 for physical function) (see Appendix 3). 

The time horizon was the last 48 hours (as recommended) (296). AUSCAN questionnaire has 

been validated in the general population with and without a diagnosis of hand osteoarthritis 

and symptoms (136, 297, 298), and is therefore suitable for use in the TASOAC study.  
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3.3.5. Knee extension (quadriceps) strength  

Knee extension strength of the dominant leg was measured using a seated isometric 

contraction of the knee extensors (Figure 3.2) (299). A strap was positioned 10 cm above the 

lateral malleolus. The strap was attached to a 100-kg pocket balance, which was connected to 

the back of the chair. Participants were instructed to push against the strap by extending the 

lower leg from the knee joint until the maximum contraction force was achieved. The best 

score from 3 attempts was recorded.  

 

Figure 3.2. Knee extension strength test. Graphical illustration to represent knee extension 

strength test to represent the mechanism of the test. This may not represent the actual setting 

of this study. Participant were seated, and the strap was attached to 100kg weight and to the 

participant’s lateral malleolus.  

3.3.6. Hand grip strength  

Hand grip strength was measured for both hands using North CoastTM Bulb dynamometer; 

adult 0-30psi, model no. 70154 with the patients sitting with the shoulder in a neutral position 

and 90 degrees flexed elbow. Two measurements for each hand were recorded.  
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3.3.7. Clinical hand assessment  

Bilateral clinical examination of all the 15 joints in each hand was performed by one trained 

nurse (CB) with >20 years of experience in the field. Presence or absence of tenderness, soft 

tissue swelling, hard tissue enlargement (nodules) and deformity were assessed based on 

ACR criteria for osteoarthritis of the hand (82). Briefly, tenderness was assessed by the 

examiner exerting pressure onto the joint using thumb and index finger sufficient to produce 

whitening of the examiners nail bed (83). Swollen joints were assessed visually and by 

palpation. Finger nodules were assessed by manual examination of each joint and deformity 

was determined by the appearance of any deviation in the joint from the sagittal plane. Pain 

in the joints in the target hand was also determined by asking participants if they had pain 

(yes/no) in each individual joint in the preceding seven days.  Clinically defined HOA was 

diagnosed according to ACR criteria (82) based upon the results of the clinical hand 

examination. The intra-observer reliability was assessed on 10 participants with at least a 

one-week interval between the readings using kappa-statistic (300). The results were fair to 

substantial; k=0.376 (0.061,0.690) for left hand deformity, k=0.495(0.211, 0.779) for left 

hand tenderness, k=0.606 (0.467, 0.746) for left hand nodules, k=0.668 (0.537, 0.799), and 

k=0.688(0.431, 0.946) for right hand deformity, similar to other reported studies (92, 301, 

302). Swollen and tender joints in the left hand had too little variability to enable kappa to be 

calculated (100% match between the initial and the reread sample).  

3.3.8. Magnetic resonance imaging (MRI) 

 Knee MRI  

MRI of the right knee was acquired at baseline and follow-up with a 1.5-T whole-body 

magnetic resonance unit (Picker, Cleveland, OH, USA) by using a commercial 

transmit/receive extremity coil. Image sequences included the following: (a) a T1-weighted 

fat saturation three-dimensional (3D) gradient-recalled acquisition (T1-w GRE MRI) in the 

steady state; flip angle, 30 degrees; repetition time, 31 milliseconds; echo time, 6.71 ms; field 

of view, 16 cm; 60 partitions, 512 × 512-pixel matrix; acquisition time, 5 minutes 58 

seconds; one acquisition; sagittal images were obtained at a slice thickness of 1.5 mm without 

a interslice gap; and (b) a T2-weighted fat saturation two-dimensional (2D) fast spin echo 
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(T2-w FSE MRI), flip angle, 90 degrees; repetition time, 3,067 milliseconds; echo time, 112 

milliseconds; field of view, 16 cm, 15 partitions, 228 × 256-pixel matrix; sagittal images 

were obtained at a slice thickness of 4 mm with an interslice gap of 0.5 to 1.0 mm. 

3.3.8.1.1. Subchondral bone marrow lesions (BMLs)  

Subchondral BMLs were assessed on T2-w FSE and T1-w GRE fat saturation MR images by 

using OsiriX software at the medial and lateral sites of the femur and tibia, and the superior 

and inferior sites of the patella at baseline. BMLs were defined as areas of increased signal 

intensity on T2-w FSE and T1-w GRE, located immediately under the articular cartilage 

(Figure 3.3). One trained observer measured the BMLs on each sequence by measuring the 

maximum area of the lesion on a single slice where the area appeared the largest in mm2 

using software cursors. If more than one lesion was present at the same site, the BML with 

the largest size was used. Baseline and follow-up MRI images were read paired with the 

chronological order known to the observer. Intra-observer reliability was assessed in 40 

randomly selected subjects after a 2-week interval between the readings. The intra-class 

correlation coefficient (ICC) using two-way mixed-effects model (303) was 0.98 (95% CI; 

0.96, 0.99) for T2 and 0.94 (95% CI; 0.90, 0.96) for T1-weighted sequences. A deleterious 

increase in BML size was defined as any change larger than the least significant criterion 

(52mm2) (178, 304); this takes into account measurement error and the correlation between 

the BML measurements at baseline and 10.7 years of follow-up. 

 

 

 

 

Figure 3.3. A) T1-weighted fat saturation 3D gradient recalled echo (T1 MRI) and B) T2-

weighted fat saturation 2D fast spin echo (T2 MRI). BMLs indicated by the arrows. 

A B 
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3.3.8.1.2. Patellar tendon enthesis (PTE) abnormalities  

PTE abnormalities were assessed at baseline on T2-w FSE MR images of the right knee, both 

proximally and distally by one trained observer (SMM), who was trained by a radiologist 

(AH). Participants with MR imaging artefacts which prevented clear views of PTE sites, e.g., 

alternating bright and dark bands, were excluded in the evaluation. As there was no 

standardised scoring system for PTE abnormalities and adjacent structural abnormalities, we 

developed a novel scoring system based on a previous study (262).  This system was quick to 

use, and implementation was straightforward, enabling reproducible scoring for a large 

number of participants. Features were classified as abnormal signals if the abnormalities were 

present on more than one consecutive slice. Presence of any abnormality was scored as 1, 

absence of any abnormality was scored as 0. Quantification abnormality size was not feasible 

due to image quality.  We defined bone signal as an increase in signal intensity (bright 

abnormal signal) or any abnormal marks at the bone area adjacent to the enthesis site, such as 

black or white bands and irregular marking next to the cortical bone (Figure 3.4a and 3.4b). 

We defined bone erosion as a sharply bordered dark bone lesion which is visible in two 

planes with a cortical break seen in at least one plane (234) (Figure 3.4c and 3.4d); and 

tendon signal as an increase in signal intensity of the tendon adjacent to the enthesis (Figure 

3.4e). Deep infrapatellar bursae are fluid-filled sacs at the distal end of the patellar tendon, 

between the patellar tendon and the tibia; they appear as a hyperintensities on MRI (305) 

(Figure 3.4f). Intra-observer reliability was assessed in 20 randomly selected participants 

after a 2-week interval between the readings using kappa-statistic. 

The intra-rater agreement was excellent (300) for proximal tendon signal 0.88(95% CI; 0.64 

to 1.00) distal tendon signal 0.99 (0.97 to 1.00); proximal bone signal 0.72 (0.37 to 1.00) 

distal bone signal 0.82 (0.80 to 0.99); proximal, distal bone erosion, and deep infrapatellar 

bursa have small variability to calculate kappa.  
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Figure 3.4. Patellar tendon and enthesis (PTE) abnormalities measured on T2-w FSE MRI, 

indicated by white arrows. 3.4a shows bone signal (increased signal intensity) at the proximal 

end of PTE and 3.4b shows bone signal (increased signal intensity with black band) at the 

distal end of PTE. 3.4c shows bone erosion at the proximal end of PTE and 1d shows bone 
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erosion at the distal end of PTE. 3.4e shows proximal and distal tendon signal, while 1f 

shows presence of deep infrapatellar bursae between the tibia, distal PTE, and infrapatellar 

fat pad. Note: Tendon signal abnormalities and deep infrapatellar bursa were ubiquitous 

abnormalities and thus were not included in the scoring system for PTE abnormalities. 

Effusion synovitis 

3.3.8.1.3. Infrapatellar fat pad (IPFP) area  

Baseline IPFP was measured by manually drawing disarticulation contours around the IPFP 

boundaries on a section-by-section basis on T2-weighted MR images, using Osiris software 

(University of Geneva). The maximum area was selected to represent the IPFP size. One 

observer graded IPFP area on all MRI scans; both intra- and inter-observer reliability 

calculated in previous study were excellent (ICC = 0.96 for intra-observer reliability, ICC = 

0.92 for inter-observer reliability) (1). 

3.3.8.1.4. Evaluation of cartilage morphology  

Cartilage defects were graded based on previous classification systems published in 1998 and 

2003 (214, 306, 307), before the inception of the TASOAC study, as previously described 

(215). The studies were reliable and widely cited before standardised scoring systems became 

available. The cartilage defect scores in the TASOAC study were reproducible and had 

excellent reliability (majority of the ICC scores are more than 0.9) (215). We did not use the 

two commonly used KOSS (101) and WORMS (100) systems, as these scoring systems were 

developed after the inception of the TASOAC study and data analysis had already begun. 

Cartilage defects were assessed by a trained observer at baseline and 2.7 years on T1-

weighted MR images (score range, 0 – 4 where 0= normal and 4 indicating full-thickness 

chondral wear with exposure of subchondral bone. Intra-observer repeatability calculated in 

prior study was excellent (intraclass correlation coefficient (ICC) of 0.80 – 0.94) (215). 

Change in cartilage defect score from baseline to follow-up was dichotomised to 0 and 1: 0 

representing no change or a decrease in cartilage defects and 1 representing an increase of 1 

or more on scale 0 – 4.  
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Figure 3.5. Sagittal T1-weighted MR images of knee. (A) Normal lateral tibial, lateral 

femoral and patellar cartilage (grade 0). (B) Slight cartilage defects at lateral tibial and 

patellar site (grade 1) but moderate cartilage defects at lateral femoral site (grade 2). (C) 

Normal cartilage at patellar site (grade 0) but severe cartilage defects at lateral tibial and 

femoral sites (grade 3). (D) Severe cartilage defects at medial tibial (grade 4) and femoral 

(grade 3) sites (308). 

Knee tibial and patellar cartilage volume was measured by a trained observer on T1-weighted 

MR images at baseline and 10.7 years follow-up by means of image processing on an 

independent workstation using Osiris software as previously described (215). The coefficient 

of variation (CV) was 2.1% for the medial tibia, 2.2% for the lateral tibia, and 2.6% for 

patella as previously reported (215, 309). 



Chapter 3. Methodology 

 

 

48 

 

Figure 3.6. A representative T1-weighted fat saturated MR images of cartilage segmentation. 

The volumes of individual cartilage plates (tibia, femoral and patellar) were isolated from the 

total volume by manually drawing disarticulation contours around the cartilage area.  

 

 Dominant index finger interphalangeal joint MRI  

Images of the index joint were acquired with a 1.5T whole-body magnetic resonance unit 

(Siemens, Espree) using five sequences at Phase 4 (see Appendix 4). Each patient’s dominant 

hand (target hand) was examined for MRI-detected abnormalities. If the participant had 

contraindications to either MRI or High Resolution peripheral Quantitative CT (HRpQCT), 

the contralateral hand was examined instead. One reader (SNL) read the MRIs. The proximal 

(PIP) and distal interphalangeal (DIP) joints of index finger were assessed for osteophytes, 

effusion-synovitis, absent of collateral ligaments, bone marrow lesions (BMLs), and erosion 

according to the Oslo Hand Osteoarthritis MRI score (109) with some modification to suit 

our MR images.  

Effusion-synovitis was measured in this study as a surrogate measure of synovitis. We did 

not distinguish between effusion (presence of abnormal fluid within a synovial layer) and 

thickening of the synovial layer (synovitis) because no contrast-enhanced (CE) agent was 
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used during the MRI procedure. CE agents mark the thickening and enhancement of synovia 

(synovitis), but not effusion. Without the CE agent (e.g., gadolinium), we are unable to 

distinguish between synovitis and effusion, therefore, the term “effusion-synovitis” was used 

(310). We did not use CE agents to minimise safety concerns in healthy people participating 

in a research study. Presence of effusion-synovitis was scored as 1 and absence scored as 0. 

Collateral ligament absence/discontinuity (presence=0/absence=1; radial/ulnar). BMLs 

(grade 0-3; distal/proximal). Erosions (grade 0-3; distal/proximal). Osteophytes (grade 0-3; 

distal/proximal). SNL re-scored 40 randomly selected MRI scans after 2 weeks, and intra-

reader reliability assessed by kappa and weighted kappa. The intra-rater agreements were 

moderate to almost perfect (300) as shown in the supplementary Table 1. DIP effusion, DIP 

and PIP absence of collateral ligament, and PIP osteophytes have small variability to 

calculate kappa, therefore percentage of agreement is provided for DIP effusion and PIP 

osteophytes, but due to no variation (all zero) in the sample of absence of collateral ligament, 

kappa or percentage of agreement cannot be determined. 

3.3.9. Conventional radiograph  

 Knee radiograph (X-ray)  

A standing anteroposterior semi-flexed view of the right and left knee was performed with 

15°of fixed knee flexion was performed in all subjects at baseline and scored individually for 

osteophytes and JSN on a scale of 0-3 (0=normal and 3=severe) based on the Altman atlas as 

previously described (311). Medial tibiofemoral or lateral tibiofemoral JSN was scored 

separately. Osteophytes were scored at each site of medial tibia, medial femur, lateral tibia, 

and lateral femur. Each score was determined by the consensus of two readers who 

simultaneously assessed the radiograph with immediate reference to the atlas. The presence 

of ROA was defined as any JSN or osteophytes score of ≥1 (312). The presence of ROA was 

defined as any JSN or osteophytes score of ≥1 (312)  

 Hand radiograph  

200 participants underwent anteroposterior radiography of the target hand. 2 readers (KS and 

GJ) scored joint space narrowing (JSN) and osteophytes. We assessed the DIP and PIP index 

joints only to be consistent with the available MRI scans (index finger interphalangeal). The 
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severity (grade 0-3) of the osteophytes and joint space narrowing were assessed using 

Osteoarthritis Research Society International (OARSI) atlas (94). Intra-observer reliability 

was assessed for both osteophytes and JSN scores one weeks apart in X-rays from 45 

different participants using kappa statistic with an appropriate wide range of scores.  

3.3.10. Hand ultrasound  

Ultrasound assessments were completed by one experienced ultrasonographer (KS) using a 

GE LOGIQ e (GE Medical Systems (China) Co. LTD Jiangsu, P.R. China) with a L8-18i 

hockey stick transducer. Power Doppler was assessed utilising a pulse repetition frequency 

(PRF) of 0.8kHz and medium wall filter (138Hz) (127). Gain was adjusted until the 

background signal was eliminated.  Each patient’s target hand was examined with the patient 

seated at the scanning table. Fifteen hand joints were assessed: the 1st carpometacarpal joint, 

1st to 5th metacarpophalangeal joints, 1st to 5th proximal interphalangeal joints, and 2nd to 

5th distal interphalangeal joints. Following established protocols (127, 230, 313), the dorsal 

aspects of each joint were assessed by ultrasound for osteophytes, grey scale synovitis, and 

PDI synovitis. Each joint was scanned in the longitudinal and transverse planes. The 

sonographer scores the ultrasound at the time of imaging without reference to other clinical 

information of the patients. 

Imaging features were scored on a semi quantitative 0-3 scale for each joint.  Osteophytes 

were defined as cortical protrusions seen in both the longitudinal and transverse planes (127). 

Grey scale synovitis was defined as a composite of both effusion and synovial hypertrophy. 

PDI synovitis was defined as power Doppler signal identified within the synovium of the area 

of grey scale synovitis (127). For each of the grey scale synovitis and osteophytes, joints 

were classified as follows:  0 = no pathology, 1 = mild pathology, 2 = moderate pathology, 3 

= severe pathology (127, 229). Similarly, PDI synovitis was scored as 0 = no PDI signal 

within the synovium adjacent to the joint, 1 = minimal PDI signal, 2 = moderate signal, 3 = 

marked evidence of PDI signal (127). Intra-rater reliability for ultrasound measures was 

determined by reimaging a subgroup of 20 participants on the same day as their original 

assessment. Reliability was assessed using weighted kappa. Reliability for all measures was 
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substantial k(w) = 0.753 (CI; 0.730 to 0.760) for osteophytes, k(w) = 0.661 (0.586 to 0.719) for 

grey scale synovitis, k(w) = 0.689 (0.525 to 0.780) for PDI synovitis. 

3.3.11. Total knee replacement surgery  

The incidence of primary TKR between 1 March 2002 and 21 September 2016 were 

determined by data linkage to the AOANJRR. The AOANJRR started data collection in 

Tasmania in September 2000 and collects data from both public and private hospitals. Data 

validation against State and Territory Health Department data is done using a sequential 

multi-level matching process (314). Matched data were then obtained which included the 

date, side of joint replacement, primary or revision joint replacement and the reason for the 

procedure (e.g., osteoarthritis, osteonecrosis). In this study, we only considered TKRs that 

were due to osteoarthritis. Although knee MRIs were done only on the right knee, we 

analysed the TKR data on the right, left, and both knees.  

3.4. Summary of outcome factors, study factors, and 

covariates 

Table 3.5 summarises the variables used in each chapter of this thesis.  

Table 3.5. Summary of outcome factors, study factors, and covariates used in this thesis. 

Chapter Outcome factors Study factors Covariates 

4 Knee pain and physical function 

limitation on WOMAC, total 

WOMAC score, cartilage 

defects, cartilage volume, BMLs, 

IPFP area, incidence of TKR 

Presence of PTE 

abnormalities 

Age, sex, BMI, 

radiographic 

OA, 

suprapatellar 

effusions 
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5 Knee pain and physical function 

limitation on WOMAC, cartilage 

defects, cartilage volume, 

incidence of TKR 

BMLs present on T2-w 

FSE, BMLs present on 

T1-w GRE, BMLs present 

on both MRI sequences. 

Age, sex, BMI, 

radiographic 

osteoarthritis 

6 Pain in target hand on VAS, 

hand pain, physical function 

limitation, and stiffness on 

AUSCAN, total AUSCAN 

score, grip strength 

Number of joints with 

features on clinical 

assessment (tenderness, 

swollen, nodules, and 

deformity) and ultrasound 

assessment (osteophytes, 

grey scale synovitis, PDI 

synovitis) 

Age, sex, BMI 

7 Present of painful and tender 

DIP or PIP joint on clinical 

assessment, hand pain, physical 

function limitation, and stiffness 

on AUSCAN, total AUSCAN 

score, grip strength 

Presence of MRI 

abnormalities (effusion, 

absence of CLs, BMLs, 

erosion, osteophytes) and 

X-ray abnormalities 

(osteophytes, JSN) at 

either DIP or PIP joint 

Age, sex 

WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; TKR, total knee replacement; 

BMLs, bone marrow lesions; T2-w FSE, T2-weighted fast spin echo; T1-w GRE, T1-weighted gradient 

recalled echo; MRI, magnetic resonance imaging; BMI, body mass index; OA, osteoarthritis; IPFP, 

infrapatellar fat pad; PTE, patellar tendon enthesis; VAS, visual analog scale; AUSCAN, 

Australian/Canadian hand osteoarthritis; DIP, distal interphalangeal joint; PIP, proximal interphalangeal 

joint; CLs, collateral ligaments; JSN, joint space narrowing.  
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3.5. Statistical Analysis  

T-tests, Chi-squared tests, or Kruskal-Wallis tests were used to compare means or 

proportions as appropriate. Standard diagnostic checks or residuals and model fit 

comparisons were performed routinely. A p-value less than 0.05 (two-tailed) was considered 

statistically significant. All statistical analyses were performed on Stata15 SE (Stata 

Corporation, TX, USA).  

As our study population is community-dwelling older adults (a mix of people with and 

without disease (other reported joint disease at baseline; rheumatoid arthritis 9% and 

osteoporosis 11%)). Consequently there are people both with and without joint symptoms. 

Our outcome data (knee and hand pain, physical function limitation, and stiffness) is non-

normally distributed with a large number of zeros. In two of our papers (Chapter 4 and 

Chapter 6), we used Cragg hurdle regression model (hurdle model) to model the association 

between the exposure and zero bounded and non-normally distributed outcome. This model 

fits a linear or exponential hurdle model for a bounded outcome variable. The hurdle model 

combines model that determines the boundary points of the dependent variable with an 

outcome model that determines its non-bounded values. The hurdle model has two parts: one 

model for the presence / absence of outcomes (pain, function limitation, and stiffness) and a 

second, separate model for outcome severity. We report estimates from these models 

separately for each outcome as the relative risk of reporting pain and the coefficient for 

intensity of pain in Chapter 4. The interaction between baseline PTE abnormalities and time 

was used to calculate estimated change in outcomes over 10.7 years associated with PTE 

abnormalities. In Chapter 6, we reported the average marginal effects (predicted changes in 

pain) coefficients estimate for a one unit increase in number of joints with abnormalities.  

We chose hurdle models instead of the traditionally used zero-inflated models. Both hurdle 

and zero-inflated models simultaneously model zero-inflated outcome variables in two 

separate parts: the zero values and positive integer values. The difference lies in the 

modelling and interpretation of the zero values (315). Hurdle models assume that all zero 

observations are generated from same structural process (“structural zeros”) rather than 

arising from a combination of structural and sampling, i.e., chance occurrence processes 
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(“sampling zeroes”), as assumed in zero-inflated models (315). In hurdle models, if an 

individual is without the outcome, a zero value is observed because the threshold (or hurdle) 

to the truncated part of the model is not crossed (316). For example, in our study, 

asymptomatic participants will have no pain and symptomatic participants will have some 

level of pain. The zero observations can only come from one structural source: the no pain 

participants. Meanwhile, the zero-inflated model assumes that the zero values arise from a 

mixture of two sources; from structural component of the distribution and the sampling, or 

chance component (315). For example, consider people’s buying behaviour; zero buying 

behaviour may come from two sources, first, no money and second, having money but 

choosing not to buy. We believe hurdle model regression is appropriate for our zero-inflated 

outcomes. 

Loss to follow-up is inevitable in longitudinal cohort studies;  TASOAC is no exception. 

Assessing and accounting for loss to follow-up is important because it may introduce 

selection bias, thus reduce internal validity of the study results. In this thesis, we used inverse 

probability weighting (IPW) (Chapter 7) as the way to mitigate the effect of missing data due 

to loss to follow-up. IPW can be used to predict non-response or censoring by using weights 

estimated from a logistic model. Complete data from patients (complete cases) are weighted 

by the inverse of their probability of being a complete case (317). Three approaches available 

to address missing value: weighting, imputation, and maximum likelihood. IPW is used 

instead of multiple imputations as IPW is favoured when incomplete cases provide little 

information (multiple imputation is more efficient than IPW if some cases have more data) 

and it is the simplest statistical approached compared to the other two ways (318). We did not 

apply imputation or weighted analysis to the other 3 study chapters as the baseline data of 

missing participants were representative of the original cohort and applying imputation or 

weighting did not change the effect size of the associations.  

Other detailed statistical analyses descriptions are presented in each chapter.  
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Chapter 4. Patellar tendon enthesis 

abnormalities and their association with knee 

pain and structural abnormalities in older 

adults. 

This manuscript has been published (Mattap SM et al Osteoarthritis Cartilage. 2019). The 

typeset version of the manuscript as it appeared in the journal is in Appendix 5.  
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4.1. Introduction 

The signature feature of knee osteoarthritis (OA) is cartilage volume loss; however, 

osteoarthritis is a disease of the whole joint (319, 320). In theory, it can begin in any joint 

structure, including the attachment site (enthesis) of a ligament and ligaments themselves 

(243, 321, 322). 

Entheses have high tensile strength, enabling them to dissipate mechanical stress during joint 

movement at the bony interface (255). The patellar tendon enthesis (PTE) is the attachment 

site of the ligament, connecting the patella to the tibia. This provides a firm anchor point to 

keep the patella in position and allow smooth knee bending and straightening (323, 324). 

Therefore, abnormalities at the PTE may result in abnormal function and pain, particularly 

with activities that involve stress on the patellofemoral joint, e.g., knee bending and walking 

up and down stairs. Evidence from histopathological studies of cruciate ligaments in cadavers 

(262) and magnetic resonance (MR) images of collateral ligament insertions in 

interphalangeal joints in hand osteoarthritis (248, 265) demonstrate that abnormal enthesis 

changes are present in early osteoarthritis, strengthening the hypothesis that entheses may 

play a role in osteoarthritis development.  

While there is evidence for the importance of entheses from histopathology in knees, and MR 

images in hands, there is no data on associations between knee enthesis abnormalities and 

pain, physical function, and osteoarthritis structural abnormalities in vivo, using non-invasive 

methods. Therefore, we aimed to describe associations between presence of PTE 

abnormalities visible on MR images and knee pain, physical function limitations, and 

osteoarthritis structural abnormalities both cross-sectionally and longitudinally over 2.7 and 

10.7 years and incidence of total knee replacement (TKR) over 13.3 years in a cohort of 

community-dwelling older adults. We hypothesised that presence of PTE abnormalities is 

associated with knee osteoarthritis symptoms and structural abnormalities especially knee 

abnormalities at the patellofemoral compartment. 
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4.2. Method 

4.2.1. Participants 

This study uses data from the Tasmanian Older Adult Cohort (TASOAC) Study. TASOAC is 

a prospective population-based study. Participants aged between 50 and 80 years were 

randomly selected from the roll of electors in southern Tasmania (population 229 000), a 

comprehensive population listing, using sex-stratified simple random sampling without 

replacement (response rate 57%). Participants attended baseline clinic between March 2002 

and September 2004 and follow-up clinics at (Phase 2) 2.7 and (Phase 4) 10.7 years later, on 

average. Additional information was available at 13.3 years through data linkage to the 

Australian Orthopaedic Association National Joint Replacement Registry (AOANJRR). 0 

outlines the study timeline. Persons were excluded if they were institutionalised or had 

contraindications to magnetic resonance imaging (MRI), including metal sutures, presence of 

shrapnel, iron filings in the eye and claustrophobia.  

All participants gave written informed consent for the TASOAC study, and the research 

conducted was in compliance with the Declaration of Helsinki and was approved by the 

Southern Tasmanian Health and Medical Human Research Ethics Committee.  
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These analyses include 961 participants with baseline MRI (Figure 4.2), excluding 21 

patients whose MR images had artefacts at the PTE sites. Participants with and without 

baseline MR images had similar demographic profiles (Table 4.1), excepting small 

differences in baseline BMI (meanSD BMI 27.7 4.68 vs 28.9 5.13 kg/m2), which were 

unlikely to be clinically important.  

Table 4.1. The demographic differences between participants included and excluded (without 

MRI scans (n=116) and artefacts at PTE sites (n=21)) in this study analysis at baseline.   

 

Participants 

with MRI 

(n=961) 

Participant 

without MRI 

(n=137) p-value 

Age 62.9 (7.4) 64.1 (8.2) 0.086 

Female sex (%) 51 53 0.732 

BMI (kg/m2) 27.7 (4.7) 28.9 (5.1) 0.006 

Knee Extension (kg) 30.2 (11.2) 28.3 (10.9) 0.060 

Radiographic OA (%) 59 60 0.878 

Mean (SD) except for percentages 

One of the MRI scanners was decommissioned partway through the follow-up, therefore, 

MRI scans were only available for approximately half of the participants at the first follow-

up (Phase 2) (n=419/857). There were no significant differences in age, sex, BMI, WOMAC 

score, and proportion of knee pain between those who did and did not have a MRI scan at 

Phase 2.  
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Figure 4.1 Study timeline. 

Phase 1 

Baseline 

Phase 2 

2.7 years 
Phase 4 

10.7 years 

Number of knee replacements over 13.3 years 

Change in WOMAC scales 

Change in cartilage volume 

Change in BMLs size 

Change in cartilage defects 

Time 

PTE abnormalities 

WOMAC scales 

Cartilage volume 

Cartilage defects 

IPFP area 

BMLs 
Cartilage defects 

PTE abnormalities 

WOMAC scales 

Cartilage volume 

BMLs 
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Figure 4.2. Flow of study participants. n=number of participants included in the analysis. 

 

Loss to follow-up n=104 

 
 

 

Deceased =8 

Moved interstate or overseas =13 

Moved to nursing home =0 
Joint replacement =2 

Physically unable =22 

Unable to trace n=5 

Participants at Phase 4 n=557 

Participants at Phase 2 n=857 

MRI machine decommissioned n=438 

Participants included in the analysis at Phase 1 N=961 

Loss to follow-up for BMLs and tibial 

cartilage volume measures n=76 

 

No T2-weighted MRI n=2 

No MRI n=61 
No MRI at baseline n=5 

Unable to measure cartilage volume on 

MRI n=8 

Participants at Phase 3 n=752 

Loss to follow-up n=105 

 

No MRI =3 
Deceased =18 

Moved interstate or overseas =13 

Moved to nursing home =6 

Physically unable =23 

Unable to trace =3 
Refused to continue =33 

Other reasons =6 

Unable to trace n=5 

Participants eligible for Phase 3 n=857 

Loss to follow-up n=195 
 

 

No MRI =32 

Deceased =31 

Moved interstate or overseas =19 
Moved to nursing home =8 

Joint replacement =19 

Physically unable =34 

Unable to trace =9 

Refused to continue =40 
Other reasons =3 
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4.2.2. MRI 

MRI scans of the right knee were performed at baseline, 2.7 and 10.7 years. Knees were 

imaged in the sagittal plane on a 1.5-T Picker unit (Cleveland, Ohio, USA; baseline and 2.7 

years) and a Siemens unit (Espree, Pennsylvania, USA; 10.7 year). Image sequences 

included: (1) a T1-weighted fat saturation three-dimensional gradient recall acquisition in the 

steady state, flip angle 30°, repetition time 31ms, echo time 6.71ms, field of view 16cm, 60 

partitions, 512 × 512-pixel matrix, slice thickness of 1.5mm without an inter-slice gap; (2) a 

T2-weighted fat saturation  two-dimensional fast spin echo, flip angle 90°, repetition time 

3,067ms, echo time 112ms, field of view 16cm, 15 partitions, 228 × 256-pixel matrix, slice 

thickness of 4mm with a between-slice gap of 0.5 to 1.0mm.  

4.2.3. PTE abnormalities 

PTE abnormalities were assessed at baseline on T2-weighted MR images of the right knee, 

both proximally and distally by one trained observer (SMM), who was trained by a 

radiologist (AH). Participants with MR imaging artefacts which prevented clear views of 

PTE sites, e.g., alternating bright and dark bands, were excluded in the evaluation. As there 

was no standardised scoring system for PTE abnormalities and adjacent structural 

abnormalities, we developed a novel scoring system based on a previous study (262).  This 

system was quick to use, and implementation was straightforward, enabling reproducible 

scoring for a large number of participants. Features were classified as abnormal signals if the 

abnormalities were present on more than one consecutive slice. Presence of any abnormality 

was scored as 1, absence of any abnormality was scored as 0. Quantification abnormality size 

was not feasible due to image quality.  We defined bone signal as an increase in signal 

intensity (bright abnormal signal) or any abnormal marks at the bone area adjacent to the 

enthesis site, such as black or white bands and irregular marking next to the cortical bone 

(Figure 1a and 1b). We defined bone erosion as a sharply bordered dark bone lesion which is 

visible in two planes with a cortical break seen in at least one plane (234) (Figure 1c and 1d); 

and tendon signal as an increase in signal intensity of the tendon adjacent to the enthesis 

(Figure 1e). Deep infrapatellar bursae are fluid-filled sacs at the distal end of the patellar 

tendon, between the patellar tendon and the tibia; they appear as a hyperintensities on MRI 
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(305) (Figure 1f). Intra-observer reliability was assessed in 20 randomly selected participants 

after a 2-week interval between the readings using kappa-statistic. 

The intra-rater agreement was excellent (300) for proximal tendon signal 0.88(95% CI; 0.64 

to 1.00) distal tendon signal 0.99 (0.97 to 1.00); proximal bone signal 0.72 (0.37 to 1.00) 

distal bone signal 0.82 (0.80 to 0.99); proximal, distal bone erosion, and deep infrapatellar 

bursa have small variability to calculate kappa.  

We also read PTE abnormalities at 10.7 years.  There was very little change in PTE 

abnormalities between baseline and 10.7 years, and therefore we did not do any further 

analysis on predictors of change over time.  See Figure 4.4 for the prevalence of PTE 

abnormalities at baseline and 10.7 years. 
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Figure 4.3. Patellar tendon and enthesis (PTE) abnormalities measured on T2-w FSE MRI, 

indicated by white arrows. 1a shows bone signal (increased signal intensity) at the proximal 

end of PTE and 1b shows bone signal (increased signal intensity with black band) at the 

distal end of PTE. 1c shows bone erosion at the proximal end of PTE and 1d shows bone 

erosion at the distal end of PTE. 1e shows proximal and distal tendon signal, while 1f shows 

presence of deep infrapatellar bursae between the tibia, distal PTE, and infrapatellar fat pad. 
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Note: Tendon signal abnormalities and deep infrapatellar bursa were ubiquitous 

abnormalities and thus were not included in the scoring system for PTE abnormalities.
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Figure 4.4. Prevalence of abnormalities detected at the distal and proximal sites of PTE at 

baseline and at Phase 4.  
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4.2.4. Pain, physical function limitation, and total WOMAC 

score 

Knee pain, physical function limitation, and total WOMAC score were assessed using the 

self-administered Western Ontario and McMaster Universities Osteoarthritis Index 

(WOMAC) (285) scale, which was scored using a 10-point numeric rating scale from 0 (no 

pain, no functional deficit) to 9 (most severe pain, most functional deficit). The WOMAC is a 

valid knee osteoarthritis patient reported measures of pain, function limitation, and stiffness 

(285, 325, 326). This study includes 5 components of knee pain and 17 components of 

function limitation. Participants were asked to rate how much pain, stiffness, and functional 

deficits they experienced on the day of their questionnaire for their right knee. Knee pain was 

rated while walking on a flat surface, going up and down stairs, at night while in bed, sitting 

or lying and standing upright. Each of the pain subscales and physical function subscales are 

summed to form a score for knee pain (range 0-45), function limitation (range 0-153) and 

total WOMAC score (pain, physical function, and stiffness) (range 0- 216).  

4.2.5. Evaluation of cartilage morphology  

Cartilage defects were assessed by a trained observer at baseline and 2.7 years on T1-

weighted MR images (score range, 0 – 4 where 0= normal and 4 indicating full-thickness 

chondral wear with exposure of subchondral bone), as previously described (215). Intra-

observer repeatability calculated in prior study was excellent (intraclass correlation 

coefficient (ICC) of 0.80 – 0.94) (215). Change in cartilage defect score from baseline to 

follow-up was dichotomised to 0 and 1: 0 representing no change or a decrease in cartilage 

defects and 1 representing an increase of 1 or more on scale 0 – 4.  

Knee tibial and patellar cartilage volume was measured by a trained observer on T1-weighted 

MR images at baseline and 10.7 years follow-up by means of image processing on an 

independent workstation using software as previously described (215). The coefficient of 

variation (CV) was 2.1% for the medial tibia, 2.2% for the lateral tibia, and 2.6% for patella 

as previously reported (215, 309).  
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4.2.6. Bone marrow lesions  

Subchondral BMLs were assessed on T2-weighted fat saturation MRI by using OsiriX 

software at the medial and lateral sites of tibia and femur, and patella. BMLs were defined as 

areas of increased signal intensity on T2-weighted, located immediately under the articular 

cartilage. One trained observer scored the BMLs by measuring the maximum area of the 

lesion at each site in mm2 using software cursors at baseline and over 10.7 years follow-up. 

Baseline and 10.7-year images were read paired with the chronological order known to the 

reader.  Intra-observer reliability using two way mixed-effects model (303) was excellent 

(0.98 (0.96, 0.99)), at baseline and 10.7 years follow-up. A deleterious increase in BML size 

was defined as any change larger than the least significant criterion (52mm2) (178, 304); this 

takes into account measurement error and correlations between BML measurements at 

baseline and 10.7 years of follow-up. 

4.2.7. Infrapatellar fat pad (IPFP) area 

Baseline IPFP was measured by manually drawing disarticulation contours around the IPFP 

boundaries on a section-by-section basis on T2-weighted MR images, using Osiris software 

(University of Geneva). The maximum area was selected to represent the IPFP size. One 

observer graded IPFP area on all MRI scans; both intra- and inter-observer reliability 

calculated in previous study were excellent (ICC = 0.96 for intra-observer reliability, ICC = 

0.92 for inter-observer reliability) (1). 

4.2.8. TKR surgery  

The incidence of primary TKR between 1 March 2002 and 21 September 2016 were 

determined by data linkage to the AOANJRR. The AOANJRR started data collection in 

Tasmania in September 2000 and collects data from both public and private hospitals. Data 

validation against State and Territory Health Department data is done using a sequential 

multi-level matching process (314). Matched data were then obtained which included the 

date, side of joint replacement, primary or revision joint replacement and the reason for the 

procedure (e.g., osteoarthritis, osteonecrosis). In this study, we only considered TKRs that 

were due to osteoarthritis.  
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4.2.9. Additional available baseline data 

Weight was measured to the nearest 0.1 kg (with shoes, socks, and bulky clothing removed) 

by using a single pair of electronic scales (Seca Delta Model 707). Height was measured to 

the nearest 0.1 cm (with shoes and socks removed) by using a stadiometer. Body mass index 

(BMI) was calculated as kilograms per square meter. A standing anteroposterior semi-flexed 

view of right knee with 15° of fixed knee flexion was performed and scored individually for 

osteophytes and joint space narrowing (JSN) on a scale of 0 – 3 (327). Presence of 

radiographic osteoarthritis was defined as any score 1 for JSN or osteophytes. 

Knee extension strength of the dominant leg measured to the nearest kg using a seated 

isometric contraction of the knee extensors (328). Meniscal damage was assessed by a trained 

observer on T1-weighted MR images as previously described (329), and defined as presence 

of tear or extrusion on the meniscus dichotomised as 0=absent and ≤1=present. Presence of 

intra-articular fluid-equivalent signal on T2-weighted MRI at the suprapatellar pouch 

(suprapatellar effusion) was determined as previously described (59). 

4.2.10. Statistical analysis  

The primary exposure for all analyses was presence of PTE abnormalities at baseline, defined 

as presence of abnormal bone signal and/or erosion at PTE.  

As TASOAC is a community-based cohort, there is a mix of people with and without pain.  

The pain data is non-normally distributed with a large number of zeros, so exponential hurdle 

models (315, 316) were the most appropriate model to estimate associations between baseline 

PTE abnormalities and pain outcomes. The hurdle model has two parts: one model for the 

presence/absence of pain and a second, separate model for pain severity for those who 

reported pain. We report estimates from these models separately for each outcome as the 

relative risk of reporting pain and the coefficient for intensity of pain. The interaction 

between baseline PTE abnormalities and time was used to calculate estimated change in 

outcomes over 10.7 years associated with PTE abnormalities. All analyses were first adjusted 

for age, sex, and BMI (i.e., corrected univariate analyses). Those biologically plausible 

covariates that caused ≥10% reduction of the effect size in the corrected univariate models 
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were included in the multivariate model to assess the independent associations of PTE 

abnormalities. Final multivariable models were adjusted for age, sex, BMI, knee extension 

strength, and additionally adjusted for presence of medial tibiofemoral BMLs, cartilage 

defects, and suprapatellar effusions. 

Log binomial regression was used to assess associations between presence of PTE 

abnormalities at baseline and prevalence of BMLs at baseline, deleterious increases in BML 

size over 10.7 years and risk of TKR incidence over 13.3 years, as well as associations with 

baseline cartilage defects, and risk of worsening of cartilage defects over 2.7 years. All 

models were adjusted for age, sex, BMI, and baseline cartilage defects. 

Linear regression was used to estimate associations between PTE abnormalities and 

infrapatellar fat pad at baseline. The models were adjusted for age, sex, BMI, interaction 

between age and sex, cartilage defects, and BMLs. 

Multilevel mixed effects regression models were used to estimate associations between PTE 

abnormalities and cartilage volume loss over 10.7 years. Each model included fixed effect 

terms for PTE abnormalities at baseline, time (years since baseline), and an interaction term 

for PTE abnormalities with time. The interaction term estimates the additional change in the 

outcome per year associated with the presence of PTE abnormalities at baseline. A random 

intercept was specified for each participant to account for individual differences in baseline 

cartilage volume, and the correlation between the repeated measurements over time was 

modelled using an exponential residual variance-covariance structure. Point estimates of 

change in the cartilage volume loss over 10.7 years were reported for those with PTE 

abnormalities at baseline compared to those without PTE abnormalities. All models were 

adjusted for age, sex, BMI, and additionally adjusted for baseline BMLs and cartilage 

defects.  

All statistical analyses were performed using Stata 15 (Stata-Corp, College Station, Texas, 

USA). The significant p-value was set at the value of less than 0.05 (two-tailed). 
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4.3. Results 

Of the 7 abnormalities measured, presence of tendon signal and deep infrapatellar bursa was 

almost ubiquitous in this group (tendon signal (proximal 97%, distal 84%); deep infrapatellar 

bursa 93%). Bone signal was infrequent, and bone erosion was rare (bone signal (proximal 

10%, distal 10%); erosion (proximal 2%, distal 2%)). Prevalence of tendon signal, bone 

signal, and bone erosion were similar between distal and proximal sites. Therefore, PTE 

abnormalities were defined as presence of bone signal and/or erosion. At baseline, 20% of 

participants (n=192/961) had bone signal and/or erosion at the PTE. Of these, 84% had bone 

signal or erosion at 1 site only, 15% at 2 sites, and <1% at ≥3 sites. 

Participants with and without baseline PTE abnormalities had similar demographic and 

structural profiles (Table 4.2); however, participants with PTE abnormalities were older, less 

female, had greater pain, and poorer physical function. They had more osteoarthritis 

structural abnormalities (greater proportion of medial and lateral tibiofemoral BMLs, any 

BMLs, tibial and femoral cartilage defects), compared to participants without PTE 

abnormalities (Table 4.2). 
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Table 4.2. Characteristics of participants divided by presence of PTE abnormalities at 

baseline (n=961). 

 

No PTE abnormalities 

n=769 

PTE abnormalities 

n=192 

Age 62.5 (7.1) 64.4 (8.2) 

Female sex (%) 53 43 

Body Mass Index (kg/m2) 27.6 (4.6) 28.2 (4.8) 

Knee Extension (kg) 30.2 (11.1) 30.2 (11.7) 

Radiographic OA (%) 60 57 

Any meniscal tears (%) 99.5 100 

Any meniscal extrusion (%) 24 28 

Suprapatellar effusion (%) 43 39 

Any BMLs (%) 52 68 

Tibial cartilage defects (%) 18 27 

Femoral cartilage defects (%) 25 34 

Any cartilage defects (%)  52 59 

Infrapatellar fat pad area (cm2) 7.6 (1.2) 7.6 (1.2) 

Cartilage volume (cm3)   

           Medial tibial 22.8 (6.1) 23.5 (6.2) 

           Lateral tibial 27.3 (7) 28.3 (7.4) 

           Patellar  32.1 (9.6) 31.9 (9.1) 

           Medial femoral 40.5 (11.3) 40 (10.4) 

           Lateral femoral 44.7 (12.6) 45 (12.6) 

WOMAC scales   

Pain (0-45)  3.3 (5.9) 4.4 (7.0) 

Function limitation (0-153) 9.9 (19.6) 14.9 (25.1) 

Total score (0-216) 14.7 (26.8) 21.5 (34.5) 

Mean (SD) except for percentages.   

Baseline any cartilage defects score was dichotomised to normal/focal blistering (0 and 1) and any loss of 

chondral thickness (2 or more).  

Suprapatellar effusion was dichotomised to normal (0 and 1) and pathological effusion as any score of 2. 

n, number; BMI, body mass index; OA, osteoarthritis; WOMAC, Western Ontario and McMaster 

Universities Osteoarthritis Index. 
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4.3.1. Associations between PTE abnormalities and knee pain, 

physical function limitation, and total WOMAC score. 

Cross-sectionally, presence of PTE abnormalities at baseline was associated with higher 

frequency of presence (vs absence) of pain whilst walking on flat surfaces, going up and 

down stairs, pain score, function limitations score, and total WOMAC score, in the 

unadjusted model (Table 4.3). However, associations remained significant only for presence 

of pain whilst going up and down stairs and pain score after adjustment for demographic 

factors but not structural abnormalities.  

PTE abnormalities were associated with greater intensity of function limitation and total 

WOMAC score in the unadjusted model at baseline. This association persisted for physical 

function limitation after adjustment for demographic factors. Only the association between 

PTE abnormalities and pain intensity going up and down stairs remained statistically 

significant after further adjustment for structural abnormalities.   

Longitudinally, presence of baseline PTE abnormalities were not associated with change in 

risk of presence (vs absence) or intensity of knee pain subscales, pain, physical function 

limitation, and total WOMAC score over 10.7 years in unadjusted data. Presence of PTE 

abnormalities at baseline conferred a 3% increase in risk of presence of physical function 

limitation over 10.7 years, after adjustment of demographic factors and knee extension 

strength (Table 4.3) but not after further adjustment for structural abnormalities. 
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Table 4.3. Associations of PTE abnormalities and pain, function limitation, and total WOMAC score at baseline and change over 10.7 years. 

 Univariable Multivariable 1 Multivariable 2 

 

Present/absent 

RR (95% CI) 

Intensity 

 (95% CI) 

Present/absent 

RR (95% CI) 

Intensity 

 (95% CI) 

Present/absent 

RR (95% CI) 

Intensity 

 (95% CI) 

Baseline (n=961)        

Pain subscales       

     Walking on flat surface 1.24 (1.00, 1.52) 0.10 (-0.06, 0.27) 1.18 (0.96, 1.46) 0.11 (-0.06, 0.28) 1.20 (0.90, 1.61) 0.15 (-0.08, 0.38) 

     Going up and down stairs 1.26 (1.03, 1.54) 0.14 (0.00, 0.29) 1.25 (1.02, 1.54) 0.12 (-0.03, 0.26) 1.20 (0.91, 1.58) 0.22 (0.03, 0.41) 

     At night while in bed 1.09 (0.89, 1.34) -0.12 (-0.31, 0.07) 1.04 (0.84, 1.29) -0.15 (-0.34, 0.04) 0.97 (0.72, 1.32) -0.07 (-0.34, 0.20) 

     Sitting or lying 1.22 (0.99, 1.50) 0.02 (-0.16, 0.20) 1.17 (0.95, 1.46) -0.01 (-0.19, 0.18) 1.05 (0.77, 1.42) 0.03 (-0.23, 0.28) 

     Standing upright 1.17 (0.95, 1.44) 0.10 (-0.08, 0.28) 1.11 (0.90, 1.38) 0.09 (-0.09, 0.27) 0.98 (0.73, 1.33) 0.18 (-0.07, 0.43) 

Pain score 1.26 (1.03, 1.54) 0.11 (-0.10, 0.31) 1.24 (1.01, 1.53) 0.06 (-0.14, 0.26) 1.17 (0.88, 1.54) 0.14 (-0.13, 0.41) 

Function limitation score 1.25 (1.02, 1.53) 0.35 (0.08, 0.61) 1.20 (0.97, 1.48) 0.26 (0.01, 0.52) 1.21 (0.91, 1.60) 0.27 (-0.08, 0.62) 

Total WOMAC score 1.23 (1.00, 1.51) 0.29 (0.04, 0.55) 1.18 (0.95, 1.46) 0.22 (-0.02, 0.47) 1.12 (0.84, 1.49) 0.29 (-0.05, 0.63) 

Change over 10.7 years     
Pain subscales       

     Walking on flat surface 1.00 (0.97, 1.03) 0.00 (-0.03, 0.03) 1.00 (0.97, 1.03) 0.00 (-0.03, 0.03) 0.99 (0.96, 1.03) 0.01 (-0.03, 0.04) 

     Going up and down stairs 1.00 (0.97, 1.03) -0.01 (-0.03, 0.02) 1.00 (0.97, 1.03) -0.01 (-0.03, 0.02) 0.99 (0.95, 1.03) -0.01 (-0.04, 0.02) 

     At night while in bed 1.02 (0.99, 1.05) 0.01 (-0.02, 0.05) 1.02 (0.99, 1.05) 0.01 (-0.02, 0.05) 1.03 (0.99, 1.06) 0.02 (-0.02, 0.05) 

     Sitting or lying 1.00 (0.97, 1.03) 0.02 (-0.02, 0.05) 1.00 (0.97, 1.03) 0.02 (-0.01, 0.06) 1.02 (0.98, 1.05) 0.02 (-0.01, 0.06) 

     Standing upright 1.02 (0.99, 1.05) -0.01 (-0.04, 0.03) 1.02 (0.99, 1.06) 0.00 (-0.03, 0.03) 1.03 (0.99, 1.07) 0.00 (-0.03, 0.04) 

Pain score 1.01 (0.98, 1.04) -0.01 (-0.05, 0.02) 1.01 (0.98, 1.04) -0.01 (-0.05, 0.02) 1.01 (0.97, 1.04) -0.01 (-0.05, 0.03) 

Function limitation score 1.03 (1.00, 1.06) -0.03 (-0.07, 0.01) 1.03 (1.00, 1.06) -0.03 (-0.07, 0.00) 1.02 (0.98, 1.06) -0.03 (-0.07, 0.02) 

Total WOMAC score 1.02 (0.99, 1.05) -0.01 (-0.05, 0.03) 1.02 (0.99, 1.06) -0.01 (-0.05, 0.02) 1.02 (0.98, 1.06) 0.02 (-0.06, 0.02) 

Bold denotes p-value<0.05 



Chapter 4. Patellar tendon enthesis abnormalities 

 

 

74 

Multivariable 1- adjusted for age, sex, BMI, knee extension strength 

Multivariable 2 – further adjusted for presence of medial tibiofemoral BMLs, cartilage defects, and suprapatellar effusion. 

Hurdle model was used to report the association of PTE abnormalities and present/absent and intensity of the outcomes compared with participants without PTE 

abnormalities. Change over 10.7 years is the estimated change in outcomes over 10.7 years associated with PTE abnormalities. 

BMI, body mass index; ,  coefficient; CI, confidence interval; RR, relative risk; PTE, patellar tendon enthesis abnormalities; WOMAC, Western Ontario 

McMaster Universities Osteoarthritis Index.  
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4.3.2. Bone marrow lesions  

Baseline PTE abnormalities were associated with higher frequency of presence of tibial and 

femoral BMLs at baseline after adjustment for demographic confounders (Table 4.4). The 

association remained significant for presence of femoral BMLs, but associations diminished 

for tibial BMLs after further adjustment for site-specific cartilage defects (RR=1.27 (95% CI; 

0.99, 1.62)). PTE abnormalities were not associated with presence of patellar BMLs at 

baseline. Over 10.7 years, baseline PTE abnormalities conferred a doubling of risk (RR 1.94) 

of a deleterious tibial BML size increase (change >52mm2), compared with a participant with 

no PTE abnormalities; associations persisted after adjustment for demographic and structural 

factors.  PTE abnormalities were not associated with increases in femoral or patellar BML 

size.  

4.3.3. Infrapatellar fat pad area 

Cross-sectionally, PTE abnormalities at baseline were negatively associated with infrapatellar 

fat pad area, after adjustment for demographic factors (Table 4.4). This association 

strengthened after further adjustment for cartilage defects and BMLs. 
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Table 4.4. Associations of baseline PTE abnormalities and presence of baseline BMLs, 

increase in BML size >52mm2 over 10.7 years, and baseline infrapatellar fat pad area. 

 Univariable Multivariable 1 Multivariable 2 

Baseline presence of BML (n=647) (RR (95% CI)) 

   Tibial 1.58 (1.24, 2.01) 1.41 (1.10, 1.80) 1.27 (0.99, 1.62) 

   Femoral  1.79 (1.35, 2.39) 1.68 (1.25, 2.24) 1.46 (1.12, 1.90) 

   Patellar  1.21 (0.86, 1.71) 1.25 (0.88, 1.77) 1.17 (0.89, 1.55) 

Increase in BML size >52mm2 over 10.7 years (n=489) (RR (95% CI)) 

   Tibial 1.94 (1.43, 2.63) 1.94 (1.42, 2.65) 1.52 (1.12, 2.05) 

   Femoral  1.19 (0.81, 1.73) 1.14 (0.78, 1.67) 1.04 (0.74, 1.48) 

   Patellar  1.67 (0.91, 3.04) 1.64 (0.91, 2.95) 1.27 (0.73, 2.22) 

Baseline IPFP area (n=961) 

( (95% CI)) -0.03 (-0.21, 0.16) -0.20 (-0.35, -0.05) -0.27 (-0.47, -0.06) 

Bold denotes p-value<0.05 

Multivariable 1– adjusted for age, sex, and BMI. Baseline infrapatellar fat pad were also adjusted for 

interaction of age and sex.  

Multivariable 2– baseline presence of BMLs and BML size change >52mm2 over 10.7 years were further 

adjusted for baseline cartilage defects, and baseline BMLs for change in BML size. Baseline IPFP were 

further adjusted for cartilage defects and BMLs.  

Baseline BML and increase in BML size were assessed using log binomial model. Baseline IPFP were 

assessed using linear regression.  

BML, bone marrow lesion; ,  coefficient; IPFP, infrapatellar fat pad; RR, relative risk; CI, confidence 

interval.
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4.3.4. Cartilage defects and volume  

Participants with PTE abnormalities were more likely to have tibial and femoral cartilage 

defects at baseline (Table 4.5). Associations persisted after adjustment for demographic 

factors, but after adjustment for structural factors (site-specific BMLs), associations only 

persisted for tibial cartilage defects. PTE abnormalities were not associated with patellar 

cartilage defects at baseline.  

Longitudinally, presence of baseline PTE abnormalities were not associated with change of 

tibial, femoral, and patellar cartilage defect score over 2.7 years. PTE abnormalities were 

associated with medial tibial cartilage volume loss over 10.7 years after adjustment for 

demographic factors but not after adjustment of structural factors (RR=1.14 (0.84, 1.55)) 

(Table 4.5). PTE abnormalities were not associated with cartilage volume loss in other 

compartments.  

4.3.5. Total knee replacement  

Baseline PTE abnormalities were not associated with the incidence of TKR surgery over 13.3 

years (Table 4.5).  

 



Chapter 4. Patellar tendon enthesis abnormalities 

 

 

78 

Table 4.5. Association of baseline PTE abnormalities and baseline cartilage defects, 

improved/worsening of cartilage defects over 2.7 years, cartilage volume over 10.7 years and 

TKR incident over 13.3 years. 

 Univariable Multivariable 1 Multivariable 2 

Baseline cartilage defects (n=961) (RR (95% CI))  
   Tibial 1.73 (1.28, 2.34) 1.47 (1.09, 1.97) 1.70 (1.16, 2.47) 

   Femoral  1.44 (1.12, 1.85) 1.28 (1.01, 1.64) 1.14 (0.84, 1.55) 

   Patellar  1.15 (0.96, 1.38) 1.07 (0.90, 1.29) 0.97 (0.77, 1.21) 

Worsening of cartilage defects over 2.7 years (n=419) (RR (95% CI)) 

   Tibial 0.94 (0.60, 1.47) 0.90 (0.56, 1.44) 0.81 (0.51, 1.29) 

   Femoral  1.27 (0.96, 1.67) 1.20 (0.90, 1.59) 1.12 (0.83, 1.51) 

   Patellar  0.76 (0.48, 1.22) 0.78 (0.49, 1.25) 0.80 (0.50, 1.29) 

Change in cartilage volume over 10.7 years (n=481) ( (95% CI))  
   Medial tibial -42.39 (-83.71, -1.07) -42.18 (-83.50, -0.87) -39.40 (-81.79, 3.00) 

   Lateral tibial  -25.44 (-176.99, 126.12) -24.12 (-175.67, 127.42) -15.61 (-171.48, 140.25) 

   Tibial -213.27 (-466.07, 39.52) -211.10 (-463.86, 41.66) -186.22 (-446.04, 73.61) 

   Patellar  -58.49 (-198.51, 81.53) -58.33 (-198.34, 81.69) -47.53 (-192.54, 97.48) 

Total knee replacement surgery over 13.3 years (n=961) (RR (95% CI))  

Right knee (n=40) 1.55 (0.78, 3.10) 1.42 (0.71, 2.85) 1.61 (0.64, 4.05) 

Left knee (n=42) 1.42 (0.71, 2.83) 1.23 (0.63, 2.40) 0.91 (0.36, 2.29) 

Any TKR (n=65) 1.37 (0.79, 2.37) 1.22 (0.71, 2.10) 1.01 (0.49, 2.08) 

Multivariable 1– adjusted for age, sex, and BMI 

Multivariable 2– baseline cartilage defects were further adjusted for BMLs. Worsening of cartilage defect, 

change in cartilage volume loss, and TKR were further adjusted for baseline BMLs and cartilage defects.  

Baseline and worsening of cartilage defects were assessed using log binomial regression. Change in 

cartilage volume were assessed using mixed model; -coefficient represents 1mm3 change in cartilage 

volume over 2.7 years for those with PTE abnormalities compared to those without PTE abnormalities. 

Incident of TKR were assessed using log binomial regression. 

RR, relative risk; TKR, total knee replacement; BMI, body mass index, BML, bone marrow lesion; CI, 

confidence interval.  
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4.4. Discussion  

This study demonstrates that presence of PTE abnormalities (bone signal and erosion) is 

associated with greater pain going up and down stairs, presence of femoral BMLs, worse 

tibial cartilage defect score and lower infrapatellar fat pad area cross-sectionally, independent 

of structural confounders. However, these associations did not persist longitudinally, 

excepting associations with increases in tibial BML size. PTE abnormalities were not 

associated with the change in cartilage defects over 2.7 years, cartilage volume loss over 10.7 

years, or TKR over 13.3 years. This suggests that PTE abnormalities are not causally related 

to the knee osteoarthritis process. 

The prevalence of abnormal changes at the PTE site in our study was 20%, comprising bone 

signal or erosion at 1 enthesis site (17%), 2 sites (3%) or 3 sites (n=1 person only), assessed 

reproducibly and non-invasively using MR imaging.  This is the first time that such 

abnormalities have been measured in a similar population; previous studies investigated knee 

cruciate ligaments, collateral ligaments, and tendon of interphalangeal joints. The 2% 

prevalence of enthesis bone erosion in our sample is larger than 0% (0/18 participants) in 

MRI images of finger joints of 18 healthy participants (age 30-72) (248), however, this study 

had both a small sample size and a wide age range. Bone pathology was very common at the 

cruciate ligament enthesis (range 22% to 69%) assessed using MRI amongst osteoarthritic 

patients (262), which is consistent with prevalence estimates from our study, also in older 

adults (10% bone signal at one enthesis site).  

PTE abnormalities were most strongly associated with knee pain going up and down stairs, as 

expected. This association was independent of demographic and structural covariates. This is 

the activity where patients first report knee pain (330), and is responsible for the largest stress 

on hips and knees during weight bearing (331, 332). Pain while stair climbing can be 

explained through increase in patellofemoral pressure, lateral tilt, and force distribution on 

the patella (333). Our results suggest that PTE abnormalities may be associated with knee 

pain intensity (possibly anterior knee pain); and that this stress may be associated with the 

abnormal changes that we see on the enthesis site cross-sectionally. However, the effect size 

was small and may not be clinically important, as associations did not persist longitudinally. 
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This is in contrast with other studies which showed that enthesis abnormalities were related 

to pain in inflammatory arthritis (334) and heel pain (335-337).  

We are the first group to explore associations between enthesis abnormalities and joint 

function. We observed that PTE abnormalities were not associated with presence of 

functional limitation independent of demographic or structural factors cross-sectionally; 

however, the effect sizes remained similar to pain score. PTE abnormalities were associated 

with severity of functional limitation after adjustment for demographic factors cross-

sectionally but were not independent of structural covariates. Longitudinally, presence of 

PTE abnormalities was associated with a small (3%) increase in risk of worsening functional 

limitation over 10.7 years after adjustment for demographic factors, but this was also not 

independent of structural factors. 

While almost none of the associations between PTE abnormalities and pain or function were 

independent of structural factors, we did demonstrate that PTE abnormalities are associated 

with some structural factors: higher risk of the presence of femoral BMLs at baseline and 

deleterious increases in tibial BML size over 10.7 years. A weaker cross-sectional association 

was also seen for tibial BMLs (RR 1.27 (0.99, 1.62)) after full adjustment of covariates at 

baseline. Previous studies have shown that BMLs can originate from entheses (248, 265), and 

are commonly adjacent to ligament pathology (338). Our study design collected data on 

which compartment the BMLs were in, but not specifically whether the BMLs were or were 

not adjacent to cruciate ligament enthesis and PTE sites. However, we hypothesise that the 

observed association is due to the impact of joint loading on the tibia (339, 340). Ligament 

degeneration and instability changes the biomechanical joint environment and is one of the 

risk factors for knee osteoarthritis (341). The patellar tendon provides joint stability (342), so 

this association may be due to reduced stability and strength of the patellar tendon 

attachments.  

Presence of PTE abnormalities was associated with smaller infrapatellar fat pad area, and 

worse tibial cartilage defects cross-sectionally; but not change in these factors longitudinally. 

Larger infrapatellar IPFP at baseline is protective for knee pain and cartilage damage in this 

cohort (1, 279). We have no longitudinal data on infrapatellar fat pad area.  
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The lack of consistency between cross-sectional and longitudinal associations with 

osteoarthritis outcomes raises questions regarding whether PTE abnormalities are related to 

osteoarthritis or whether it simply co-occurs with other osteoarthritic structural abnormalities. 

We also hypothesised that the abnormalities would be more strongly associated with patellar 

abnormalities, but paradoxically our results showed no association with any patellar 

abnormalities. Associations between PTE abnormalities and knee pain were seen cross-

sectionally but not longitudinally, supporting an absence of longitudinal associations with 

knee osteoarthritis structural abnormalities. Tan et al. suggested that enthesopathy-related 

osteoarthritis could be a specific subcategory of osteoarthritis (254) based on images of 

interphalangeal joints; however, our study suggests that it may not be a major player in 

development of knee osteoarthritis. 

Strengths of our study include data from a randomly selected community-dwelling cohort; 

therefore, the results can be generalized to community-dwelling older adults. Data collection 

continued for 10 years, enabling us to assess longitudinal associations. The scoring system 

used in this study to assess PTE abnormalities is a novel, non-invasive, simple to use, and 

reproducible system which used T2-weighted fat saturation MRI. Limitations of our study 

include a lack of standardised scoring system to assess PTE abnormalities, requiring us to 

develop one from the literature to suit our study. We were unable to measure the size or 

volume of deep infrapatellar bursae and presence of enthesophytes due to the available image 

quality. Better image quality would improve the sensitivity of the analysis; since we are 

unable to assess volume, this may underestimate the magnitude of any associations, as bursa 

size more than 2-3mm is considered abnormal (343). The WOMAC questionnaire asked 

about pain, stiffness, and functional limitations of any knee, while our MRI assessment was 

of the right knee only. This might overestimate the size of the association if the patient had 

pain only in the knee that was not assessed on MRI.  

4.5. Conclusion  

Patellar tendon enthesis abnormalities are common in older adults. Presence of cross-

sectional but not longitudinal associations suggests they commonly co-exist with other knee 

structural abnormalities, and they may be a marker of loading manifested through BMLs.  
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However, they may not play a major role in symptom development or structural change with 

the exception of tibial BMLs. 
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Chapter 5. How do MRI-detected subchondral 

bone marrow lesions (BMLs) on two different 

MRI sequences correlate with clinically 

important outcomes?  

 

This manuscript has been published (Mattap SM et al Calcif Tissue Int. 2018). The typeset 

version of the manuscript as it appeared in the journal is in Appendix 6.  
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5.1. Introduction 

Subchondral bone marrow lesions (BMLs), visible on magnetic resonance imaging (MRI) 

have been shown to be an important feature in osteoarthritis. BMLs are associated with pain 

(96, 173, 178, 182), predict cartilage defect progression and cartilage volume loss (174, 175, 

344), and total joint replacement (TKR) surgery (178, 179, 345, 346). 

Conventionally, BMLs are assessed on fluid-sensitive MRI sequences such as T2-weighted 

fat saturation, short tau inversion recovery (STIR), intermediate weighted fat saturation (IW-

FS), and proton density fat saturation (PD-FS), although they can be detected using other 

MRI sequences (179, 206, 207). Previous reports indicate that gradient recalled echo (GRE)-

type MRI sequences such as T1-weighted gradient echo and spoiled gradient recalled 

acquisition in steady state (SPGR) are insensitive to marrow abnormalities and may 

underestimate the lesion size, compared to fluid sensitive sequences (347-349). Although 

many studies have compared the performance of different MRI sequences in regard to their 

ability to detect BMLs (prevalence), reliability, and sensitivity to change (208-211, 349, 350), 

there are limited studies on how BMLs on different MRI sequences correlate with clinical 

outcomes.  

In a recent study in a pain-free knee cohort, BMLs present on both T2- and T1-weighted fat 

saturation MRI sequences were associated with medial tibial cartilage volume loss and 

incident knee pain over 2 years (351). Furthermore, in separate studies, it’s been shown that 

BMLs identified on T2- and T1-weighted images predict joint replacement surgery among 

people with osteoarthritis (179, 346). This study aimed to determine the association of BMLs 

detected on two different MRI sequences with pain, physical function limitation, stiffness, 

cartilage defect progression, and cartilage volume loss in older adults over 2.7 years, as well 

as knee joint replacement surgery over 13.3 years. Given that BMLs generally appear larger 

on T2-weighted MRI compared to T1-weighted MRI (348, 349), we hypothesised that BMLs 

would be easier to detect on T2-weighted MRI sequences and would be more strongly 

associated with  clinical outcomes compared to BMLs present on T1-weighted MRI 

sequences.   
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5.2. Methods 

5.2.1. Participants  

This study was a part of the Tasmanian Older Adult Cohort (TASOAC) study, an ongoing 

prospective, population-based study aimed at identifying the environmental, genetic, and 

biochemical factors associated with the development and progression of osteoarthritis at 

multiple sites (hand, knee, hip, and spine). Participants between the ages of 50 and 80 years 

were randomly selected from the electoral roll in Southern Tasmania (population, 229,000), 

with an equal number of men and women. The overall response rate was 57%. Participants 

were excluded if they were institutionalised or reported a contraindication to having a right 

knee MRI scan (e.g., implanted pacemaker, metal sutures, presence of shrapnel or iron filings 

in the eye, claustrophobia, right knee replacement, knee too large for scanner). Figure 5.1 

shows the study flowchart. Of all initially eligible participants, 1,100 enrolled in the study, 

and 1,099 attended a baseline clinic between March 2002 and September 2004. Follow-up 

data were collected for 875 eligible participants at a subsequent clinic approximately 2 to 3 

years later. The MRI machine was decommissioned halfway through the follow-up period; 

therefore, MRI scans were available for approximately half of the follow-up participants.  

All research conducted was in compliance with the Declaration of Helsinki and was approved 

by the Southern Tasmanian Health and Medical Human Research Ethics Committee. All 

subjects gave informed written consent. 

 



Chapter 5. BMLs on two different MRI sequences 

 

 

86 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Flowchart of study participants 

Participants enrolled in TASOAC n=1100 

 

Attended baseline clinic n=1099 

 

Participants at first follow-up n=875 

 

Did not continue n=224 

 

Untraceable n=4 

Refused to participate n=58 

Physically unable n=15 

Institutionalised n=2 

Contraindication to MRI n=85 

Joint replacement n=14 

Moved away n=15 

Deceased n=15 

Other reasons n=16 

Participants with baseline and first follow-up T1 and T2-weighted MRI n=394 

 

No MRI scan performed 

(MRI decommissioned) 

n=470 

 

Identified from electoral roll n=2530 

Eligible at baseline n=2135 

 

Ineligible n=395 

Unable to contact n=231 

 Refused to participate n=804 

 

Participants with first follow-up MRIs n=405 

 Untraceable MRI scans or only 

one MRI sequence available n=11 

 

Did not attend clinic n=1 
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5.2.2. Anthropometrics 

Weight was measured to the nearest 0.1 kg (with shoes, socks, and bulky clothing removed) 

using a single pair of electronic scales (Seca Delta Model 707). Height was measured to the 

nearest 0.1 cm (with shoes and socks removed) using a stadiometer. Body mass index (BMI) 

was calculated as kilograms per square meter.  

5.2.3. Radiographic knee osteoarthritis   

A standing anteroposterior semi-flexed view of the right knee with 15° of fixed knee flexion 

was performed at baseline and scored individually for osteophytes and joint space narrowing 

on a scale of 0 to 3 (0=normal and 3=severe) according to the Altman atlas (94) as previously 

described (352). The presence of radiographic osteoarthritis was defined as any score ≥1 for 

joint space narrowing or osteophytes.  

5.2.4. Magnetic resonance imaging 

MRI of the right knee was acquired at baseline and follow-up with a 1.5-T whole-body 

magnetic resonance unit (Picker, Cleveland, OH, USA) by using a commercial 

transmit/receive extremity coil. Image sequences included the following: (a) a T1-weighted 

fat saturation three-dimensional (3D) gradient-recalled acquisition (T1-w GRE MRI) in the 

steady state; flip angle, 30 degrees; repetition time, 31 milliseconds; echo time, 6.71 ms; field 

of view, 16 cm; 60 partitions, 512 × 512-pixel matrix; acquisition time, 5 minutes 58 

seconds; one acquisition; sagittal images were obtained at a slice thickness of 1.5 mm without 

a interslice gap; and (b) a T2-weighted fat saturation two-dimensional (2D) fast spin echo 

(T2-w FSE MRI), flip angle, 90 degrees; repetition time, 3,067 milliseconds; echo time, 112 

milliseconds; field of view, 16 cm, 15 partitions, 228 × 256-pixel matrix; sagittal images 

were obtained at a slice thickness of 4 mm with an interslice gap of 0.5 to 1.0 mm. 

 Bone marrow lesions  

Subchondral BMLs were assessed on T2-w FSE and T1-w GRE fat saturation MR images by 

using OsiriX software at the medial and lateral sites of the femur and tibia, and the superior 

and inferior sites of the patella at baseline. BMLs were defined as areas of increased signal 
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intensity on T2-w FSE and T1-w GRE, located immediately under the articular cartilage. One 

trained observer measured the BMLs on each sequence by measuring the maximum area of 

the lesion on a single slice where the area appeared the largest in mm2 using software cursors. 

If more than one lesion was present at the same site, the BML with the largest size was used. 

T1-w FSE and T2-w GRE of the baseline and follow-up MRI images were read paired with 

the chronological order known to the observer. Intra-observer reliability was assessed in 40 

randomly selected subjects after a 2-week interval between the readings. The intra-class 

correlation coefficient (ICC) using two-way mixed-effects model (303) was 0.98 (95% CI; 

0.96, 0.99) for T2 and 0.94 (95% CI; 0.90, 0.96) for T1-weighted sequences. For analysis, 

BMLs were categorised into three groups: 1) BMLs present on T2-weighted MRI (T2-w 

FSE), 2) BMLs present on T1-weighted MRI (T1-w GRE), and 3) BMLs present on both T2-

weighted and T1-weighted MRI (T1 and T2).  

 Cartilage morphology evaluation  

Cartilage defects were assessed by a trained observer at baseline and follow-up on T1-

weighted MR images (score range, 0 – 4), as previously described : grade 0 = normal 

cartilage; grade 1 = focal blistering and intra-cartilaginous low-signal intensity area with an 

intact surface and base; grade 2 = irregularities on the surface or base and loss of thickness < 

50%; grade 3 = deep ulceration with loss of thickness > 50%; and grade 4 = full-thickness 

chondral wear with exposure of subchondral bone. A cartilage defect also had to be present 

on at least 2 consecutive slices. The cartilage was considered to be normal if the band of 

intermediate signal intensity had a uniform thickness. If more than one defect was present on 

the same site, the highest score was used. Medial tibial, lateral tibial, medial femoral, lateral 

femoral, and patellar compartments were measured. Baseline and follow-up images were read 

at different time points. The baseline scores were available to the reader when assessing the 

follow-up scores. Intra observer repeatability was assessed in 50 subjects with at least 1-week 

between the 2 measurements with ICC of 0.93, 0.92, 0.95, 0.80, and 0.94 at the medial tibia, 

medial femur, lateral tibia, lateral femur, and patellar respectively (215). Change in cartilage 

defect score from baseline to follow-up was dichotomised to 0 and 1: 0 representing no 

change or a decrease in cartilage defects and 1 representing an increase of 1 or more on the 0 

– 4 scale.  
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Knee tibial and patellar cartilage volume was measured by a trained observer on T1-weighted 

MR images at baseline and follow-up by means of image processing on an independent 

workstation using Osiris software as previously described (215, 353). The volumes of 

individual cartilage plates (medial tibia and lateral tibia) were isolated from the total volume 

by manually drawing disarticulation contours around the cartilage boundaries on a section-

by-section basis. These data were then re-sampled by means of bilinear and cubic 

interpolation (area of 312 × 312 mm and 1.5 mm thickness, continuous sections) for the final 

3D rendering. The baseline and follow-up images were read at different time points. The 

baseline cartilage volume value was available to the reader when assessing the follow-up 

scans. The coefficient of variation (CV) was 2.1% for the medial tibia, 2.2% for the lateral 

tibia, and 2.6% for patella. 

Knee femoral cartilage volume was determined at baseline and follow-up by means of image 

processing on an independent workstation using Cartiscope
TM 

(ArthroLab Inc., Montreal, 

Quebec, Canada), as previously described (223, 329, 354). The quantitative segmentation of 

the cartilage- synovial interfaces was carried out with the semi-automatic method under 

reader supervision and with corrections when needed. Cartilage volume was evaluated 

directly from a standardized view of 3D cartilage geometry as the sum of elementary 

volumes. Baseline and follow-up images were read paired with chronological order known to 

the reader. The coefficient of variation percentage (CV) was approximately 2% (223). The 

cartilage volume assessment was done for the medial and lateral condyles delineated by the 

Blumensaat’s line.  

5.2.5. WOMAC scores 

Knee pain, physical function limitation, and stiffness were assessed using the self-

administered Western Ontario and McMaster Universities OA Index (WOMAC) (285) scale, 

which was scored using a 10-point numeric rating scale from 0 (no pain, no function 

limitation, and no stiffness) to 9 (most severe pain, most severe physical function limitation, 

and most severe stiffness) (285) at baseline and follow-up. There are 5 components of pain, 

17 of function limitation and two of stiffness included.  Each of the subscales are summed to 

form a total score for pain (range 0-45), function limitation (range 0-153) and stiffness (range 
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0-18). The total WOMAC score was calculated by summing pain, function limitation and 

stiffness total scores (range 0- 216) (285). For cross-sectional analysis, we categorised the 

subscales into three levels (none, mild, moderate to severe). This categorisation was done due 

to non-normally distributed WOMAC data. These levels were based on pain cut-offs used by 

an osteoarthritis Expert Group in the Global Burden of Disease (GBD) 2010 study (355). 

Total pain score was categorised as 0 (none), 1-13 (mild), and 14-45 (moderate to severe). 

Total function limitation score was categorised as 0 (none), 1-45 (mild), and 46-153 

(moderate to severe). Total stiffness score was categorised as 0 (none), 1-4 (mild), 5-18 

(moderate to severe). Total WOMAC score was categorised as 0 (none), 1-64 (mild), 65-216 

(moderate to severe). For longitudinal analysis, change in WOMAC scales was calculated as 

follow-up minus baseline.  

5.2.6. Total knee replacement (TKR) surgery 

The incidence of TKR surgery was determined by data linkage to the Australian Orthopaedic 

Association National Joint Replacement Registry (AOANJRR) between 1 March 2002 and 

21 September 2016. AOANJRR started data collection in Tasmania in September 2000 and 

collects data from both public and private hospitals. Data validation against State and 

Territory Health Department data is done using a sequential multi-level matching process 

(314). Identifying information such as first name, last name, sex, date of birth, current and 

historical addresses were provided to AOANJRR, which were used to identify participants 

who had a TKR. Ethical approval for data linkage was obtained from the Tasmanian Health 

and Medical Human Research Ethics Committee. In this study, we examined TKR in the left, 

right, and both knees which occurred due to osteoarthritis.  

5.2.7. Comorbidities and Pain Medication Use 

Participants used a self-reported questionnaire to report whether they had any of the 

following comorbidities (yes/no); diabetes, heart attack, hypertension, thrombosis, asthma, 

bronchitis/emphysema, osteoporosis, hyperthyroidism, hypothyroidism, rheumatoid arthritis, 

and other major illness. They also used a self-reported questionnaire to list the pain 

medications they were taking (medication name, dose, and frequency).  
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5.2.8. Statistical Analysis  

The exposure for all analyses were BMLs present on T2-w FSE; BMLs present on T1-w 

GRE; and BMLs present on both MRIs. Five outcomes were analysed and fitted into a 

separate model for the three exposures; baseline WOMAC scales, change in WOMAC scales, 

worsening or stabilising of site-specific cartilage defects, change in cartilage volume, and 

incident of TKR.  

Adjacent category ordinal logistic regression was used to estimate the association of BMLs 

on T1, T2, and both MRI sequences with baseline categories of knee pain, physical function 

limitation, stiffness and total WOMAC. Multivariable models were adjusted for age, sex, 

BMI, and radiographic osteoarthritis. Standard errors were adjusted to account for any 

correlation of observations for the same individual (i.e., BMLs present on both MRI 

sequences). The proportional odds assumption was tested using “omodel,” and the results 

were not significant. This indicates that assumptions of the relationship of WOMAC 

symptoms groups are the same; thus, assumptions of equidistant categories are appropriate.  

Linear regression was used to estimate the association of BMLs present on T1-w GRE, T2-w 

FSE, and both MRI sequences with change in WOMAC scales in separate models. Standard 

errors were adjusted to account for any correlation of observations for the same individual. 

Multivariable models were adjusted for age, sex, BMI in the first instance, then additionally 

for radiographic osteoarthritis and baseline WOMAC score. The outcome variable was 

transformed using Box-Cox transformation to satisfy model assumptions.   

Site-specific associations between BMLs and cartilage defects were defined as the 

association within the same site (e.g., medial tibial BMLs predicting medial tibial cartilage 

defect worsening). Log binomial regression was used to estimate the risk of worsening site-

specific cartilage defects over 2.7 years for baseline BMLs, adjusted for age, sex, and BMI 

and baseline cartilage defect score.  

Multilevel mixed-effects linear regression was used to estimate the longitudinal association 

of baseline BMLs with cartilage volume loss over 2.7 years. Point estimates of change in 
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cartilage volume over 2.7 years for those with BMLs at baseline compared to those without 

BMLs at baseline were reported. Multivariable models were adjusted for age, sex, and BMI.  

Due to perfect prediction of BMLs with TKR (i.e., all those participants who underwent TKR 

surgery had a BML at baseline) we were unable to model this data and present it 

descriptively.   

We conducted several sensitivity analyses to include or exclude probable confounders that 

work independently toward pain and not as part of the proposed BML-symptom outcomes 

pathway. For example, other structural abnormalities, use of pain medication, and 

comorbidities. We included radiographic osteoarthritis as it caused a 10% change in the 

association between BMLs assessed and WOMAC outcomes. However, the use of pain 

medication and the presence of comorbidities did not change the effect sizes by more than 

10%, therefore, they were not retained in the analysis.   

All statistical analyses were performed using Stata 14 (Stata-Corp, College Station, Texas, 

USA). The significant p-value was set at the value of less than 0.05 (two-tailed). 
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5.3. Results 

5.3.1. Characteristic of participants  

The study sample contained 394 participants who had MRI measures at baseline and the 2-

year follow-up. There were no significant differences in participant characteristics, including 

age, sex, BMI, baseline cartilage defects, and cartilage volume, between the study sample 

(n=394) and the remainder of the cohort (n=705) who did not have MRI scans at follow-up. 

The characteristics of the participants stratified by BMLs on any of the MRI sequences at 

baseline, are shown in Table 5.1. There were no significant differences in terms of age, sex, 

BMI, radiographic osteoarthritis, WOMAC scales, total cartilage volume at baseline, and 

absolute change in total cartilage volume between those with and without baseline BMLs. 

Prevalence of any cartilage defects at baseline, an increase in cartilage defect score and 

incident TKR was higher in those with baseline BMLs.  
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Table 5.1. Characteristics of participants split by the absence and presence of BMLs on any 

of the MRI sequences. 

 BMLs absent BMLs present p-value 

 n=163 n=231  

Age (year) 62.8 (7.2) 63.5 (7.3) 0.345 

Male sex (%) 46.6 50.6 0.433 

BMI (kg/m2) 27.4 (4.2) 27.8 (4.7) 0.297 

Radiographic OA (%) 54.4 59.6 0.312 

WOMAC scales    

    Pain (0-45) 0 (0, 3) 1 (0, 5) 0.547 

    Physical function (0-153) 0 (0, 9) 1 (0, 13) 0.223 

    Stiffness (0-18) 0 (0, 1) 0 0, 2) 0.670 

    Total WOMAC (0-216) 1 (0, 14) 3 (0, 20) 0.287 

Prevalent cartilage defects, 

baseline‡ (%) 30 61 <0.001 

Cartilage defect score increase (%) 55 73 <0.001 

Total cartilage volume, baseline 

(mm3) 17007 (4217) 16486 (3624) 0.219 

Absolute change in total cartilage 

volume (mm3) -774 (867) -926 (867) 0.145 

Incident TKR (%) 0 9.9 <0.001 

Values expressed in mean (standard deviation) or percentages. WOMAC scales are expressed as median 

(25th, 75th percentile). 

Bold font denotes significant p-value. 

n, number of people; BMI, body mass index; OA, osteoarthritis. ‡ Defined as grade 2 or higher.
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5.3.2. BML prevalence and size 

231 (59%) participants had BMLs on at least one sequence. There were 388 BMLs detected 

on T2-w FSE and 378 BMLs detected on T1-w GRE. 354 (86%) of BMLs were detected on 

both MRI sequences and very few BMLs were detected on only one of the sequence types 

(i.e., 34 (8%) BMLs only on T2-w FSE and 24 (6%) only on T1-w GRE) as shown in Figure 

5.2. An example of this is presented in Figure 5.3. For those BMLs present on both 

sequences, while the size differences were not statistically significant, overall, mean area for 

total BMLs on T2-w FSE were slightly larger (Figure 5.4).  

 

 

 

Figure 5.2. Venn diagram of BML distribution. Yellow circle represents the BMLs on T2-w 

FSE, blue circle represents the BMLs on T1-w GRE, and the green overlapping area 

represents the BMLs present on both sequences. 
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Figure 5.3. BMLs are indicated by white arrows. 1a and 1b: BMLs present on T2-w FSE but 

not on T1-w GRE. 2a and 2B: BMLs present on T1-w GRE but not on T2-w FSE. 3a and 3b: 

BMLs present on both MRIs sequences.   
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Figure 5.4. Mean BML size (mm2) at each knee site on T2-w FSE and T1-w GRE.  

5.3.3. Knee pain, functional limitation, stiffness, and overall 

disability (total WOMAC score) 

Table 5.2 shows cross-sectional associations between BMLs present on T2-w FSE, T1-w 

GRE, and both MRI sequences and baseline category of knee pain, physical function 

limitation, stiffness, and total WOMAC score. Presence of BMLs on T2-w FSE, T1, and both 

MRI sequences at baseline were associated with increased odds of moving to a higher 

category of knee pain, physical function limitation, and total WOMAC score compared to the 

reference group with no BMLs. The effect sizes were similar for each sequence and remained 

unchanged and significant after adjustment for age, sex, BMI, and further adjustment for 

radiographic osteoarthritis. Participants with a BML present on T2-w FSE, T1 and both MRI 

sequences were consistently estimated to have increased odds of moving to a higher category 

of stiffness but evidence for the association was weaker. 
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Table 5.2. Adjacent category logistic regression of baseline knee pain, physical function 

limitation, stiffness and total WOMAC on BMLs present on T2-w FSE, T1-w GRE, and both 

MRI sequences. 

 
Univariable 

 
Multivariable 1 

 
Multivariable 2  

OR (95% CI)  OR (95% CI)  OR (95% CI) 

Pain 
     

   T1 and T2 1.68 (1.13, 2.48) 
 

1.72 (1.15, 2.58) 
 

1.70 (1.13, 2.56) 

   T2-w FSE 1.65 (1.15, 2.37) 
 

1.69 (1.16, 2.45) 
 

1.66 (1.14, 2.43) 

   T1-w GRE 1.58 (1.11, 2.25) 
 

1.62 (1.13, 2.32) 
 

1.60 (1.11, 2.31)       

Physical function limitation 
    

   T1 and T2 1.57 (1.08, 2.27) 
 

1.54 (1.05, 2.27) 
 

1.57 (1.06, 2.32) 

   T2-w FSE 1.65 (1.15, 2.37) 
 

1.47 (1.04, 2.09) 
 

1.49 (1.05, 2.14) 

   T1-w GRE 1.53 (1.07, 2.18) 
 

1.50 (1.04, 2.16) 
 

1.52 (1.05, 2.21)       

Stiffness  
    

   T1 and T2 1.39 (0.99, 1.96) 
 

1.36 (0.96, 1.93) 
 

1.36 (0.95, 1.93) 

   T2-w FSE 1.38 (1.01, 1.90) 
 

1.36 (0.99, 1.89) 
 

1.34 (0.96, 1.87) 

   T1-w GRE 1.36 (0.99, 1.85) 
 

1.33 (0.97, 1.83) 
 

1.32 (0.96, 1.83)       

Total WOMAC score  
    

   T1 and T2 1.64 (1.12, 2.39) 
 

1.63 (1.10, 2.40) 
 

1.63 (1.10, 2.43) 

   T2-w FSE 1.57 (1.09, 2.24) 
 

1.56 (1.09, 2.24) 
 

1.56 (1.08, 2.25) 

   T1-w GRE 1.56 (1.11, 2.20) 
 

1.54 (1.08, 2.19) 
 

1.55 (1.08, 2.22) 

ORs represent the odds of moving to a higher category of pain, function, stiffness and total WOMAC for 

those with a BML on each sequence type compared to no BML on that sequence type.   

Multivariable 1 – adjusted for age, sex, BMI 

Multivariable 2 – further adjusted for presence of radiographic osteoarthritis 

Bold denotes significant p-value 

OR, odds ratio; CI, confidence interval. 

We next examined whether the presence of BMLs T2-w FSE, T1, and both MRI sequences 

compared to the reference group with no BMLs was associated with changes in knee pain, 

physical function limitation, stiffness, and total WOMAC score over 2.7 years (Table 5.3). 

BMLs present on T2-w FSE, T1, and both MRI sequences were associated with the 

worsening of pain and stiffness over 2.7 years, with similar effect sizes, after adjustment for 

age, sex, BMI, radiographic osteoarthritis, and baseline WOMAC score. There was no 

evidence for an association between BMLs present on T2-w FSE, T1, or both MRI sequences 
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with changes in physical function limitation and total WOMAC score in unadjusted or 

adjusted analyses. 
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Table 5.3. Linear regression estimates of change in knee pain, physical function limitation, 

stiffness and total WOMAC after 2.7 years on presence of BMLs on T2-w FSE, T1-w GRE, 

and both MRI sequences at baseline. 

 
Univariable 

β coefficient (95% 

CI) 

Multivariable 1 

β coefficient (95% CI) 

Multivariable 2 

β coefficient (95% CI) 

Change in pain  
  

   T1 and T2 1.14 (-0.16, 2.44) 1.10 (-0.19, 2.40) 1.34 (0.18, 2.50) 

   T2-w FSE 0.96 (-0.31, 2.23) 0.91 (-0.36, 2.17) 1.12 (0.06, 2.18) 

   T1-w GRE 1.12 (-0.15, 2.39) 1.07 (-0.18, 2.33) 1.37 (0.36, 2.39)     

Change in physical function limitation 
 

   T1 and T2 1.53 (-1.77, 4.82) 1.37 (-1.83, 4.57) 2.42 (-0.47, 5.32) 

   T2-w FSE 1.12 (-1.87, 4.11) 1.00 (-1.91, 3.92) 2.09 (-0.58, 4.75) 

   T1-w GRE 1.57 (-1.40, 4.55) 1.40 (-1.47, 4.26) 2.25 (-0.34, 4.84)     

Change in stiffness  
  

   T1 and T2 0.45 (-0.11, 1.02) 0.42 (-0.12, 0.97) 0.52 (0.05, 1.00) 

   T2-w FSE 0.36 (-0.16, 0.87) 0.37 (-0.11, 0.86) 0.45 (0.01, 0.89) 

   T1-w GRE 0.41 (-0.10, 0.91) 0.43 (-0.10, 0.97) 0.45 (0.03, 0.87)     

Change in total WOMAC  
 

   T1 and T2 3.07 (-1.70, 7.84) 2.82 (-1.82, 7.46) 4.13 (-0.13, 8.39) 

   T2-w FSE 2.30 (-2.02, 6.62) 2.11 (-2.12, 6.34) 3.51 (-0.41, 7.42) 

   T1-w GRE 3.19 (-1.53, 7.48) 2.90 (-1.71, 7.03) 3.93 (0.14, 7.72) 

β coefficient represent a 1-unit change of outcome score over 2.7 years for a BML present on each 

sequence type compared to no BML on that sequence type.   

Multivariable 1 – adjusted for age, sex, and BMI 

Multivariable 2 – further adjusted for presence of radiographic osteoarthritis and baseline WOMAC score  

Bold denotes a statistically significant result 

CI, confidence interval  

5.3.4. Cartilage defects 

Table 5.4 shows the relative risks of worsening site-specific cartilage defects over 2.7 years 

for BMLs present on T2-w FSE, T1, and both MRI sequences. Presence of BMLs on T2 T2-

w FSE T1, and both MRI sequences were associated with a higher risk of site-specific 

cartilage defect worsening over 2.7 years in adjusted analysis at all sites, except medial tibial 
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and inferior patellar. The relative risk estimates for each site were of a similar magnitude for 

the three sequence types, with the largest effect observed for the lateral femoral site. 
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Table 5.4. Log-binomial regression of worsening between site-specific cartilage defect score 

over 2.7 years on site-specific presence of BMLs on T2-w FSE, T1-w GRE, and both MRI. 

 
Multivariable 

RR (95% CI) 
 

T1 and T2 T2-w FSE T1-w GRE 

    

Medial Tibial  1.66 (0.91, 3.00) 1.40 (0.78, 2.50) 1.59 (0.88, 2.88) 

Medial Femoral 2.51 (1.66, 3.79) 2.38 (1.58, 3.59) 2.50 (1.65, 3.78) 

Lateral Tibial 2.40 (1.52, 3.79) 2.49 (1.59, 3.89) 2.27 (1.44, 3.58) 

Lateral Femoral  4.63 (3.14, 6.84) 4.46 (3.02, 6.6) 4.37 (2.96, 6.46) 

Superior patellar 2.28 (1.52, 3.41) 2.13 (1.42, 3.21) 2.25 (1.53, 3.30) 

Inferior patellar  1.37 (0.82, 2.29) 1.46 (0.91, 2.34) 1.26 (0.79, 2.01) 

Medial Tibiofemoral 1.67 (1.26, 2.22) 1.51 (1.14, 2.00) 1.60 (1.21, 2.13) 

Lateral Tibiofemoral  1.79 (1.35, 2.39) 1.79 (1.35, 2.39) 1.73 (1.30, 2.31) 

Total Tibiofemoral  1.32 (1.08, 1.62) 1.26 (1.03, 1.54) 1.32 (1.08, 1.62) 

Total † 1.29 (1.08, 1.54) 1.25 (1.05, 1.48) 1.22 (1.04, 1.44) 

RR represents the risk of having a site-specific cartilage defect increase in those with a BML on each 

sequence type compared to no BML on that sequence type.  

Multivariable – adjusted for age, sex, BMI, and baseline cartilage defects score. 

†total of all site-specific cartilage defects. 

Bold denotes a statistically significant result. 

RR, relative risk; CI, confidence interval. 

5.3.5. Cartilage volume loss  

Table 5.5 shows estimated changes in site-specific cartilage volume over 2.7 years for site-

specific BMLs present on T2-w FSE, T1, and both MRIs, compared to the reference group 

with no BMLs.  The presence of BMLs was associated with significantly greater cartilage 

volume loss at the lateral tibial and superior patellar for all MRI sequences. Increased 

cartilage volume loss was also associated with the presence of medial femoral BMLs 

identified on T2-w FSE, and with lateral tibiofemoral BMLs identified on both MRI 

sequences and on T2-w FSE, but not for BMLs on T1-w GRE. While there was no evidence 

for an association between BMLs and site-specific cartilage volume loss at the medial tibial, 

lateral femoral, inferior patellar, medial tibiofemoral, total tibiofemoral and overall sites, the 

effect size estimates were consistently negative.
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Table 5.5. Mixed-effects model regression point estimates of mean change in site-specific 

cartilage volume loss over 2.7 years for site-specific BMLs present on T2-w FSE, T1-w 

GRE, and both T1 and T2, compared to the reference group with no BMLs. 

β coefficient represents 1mm3 change in cartilage volume over 2.7 years for a BML present on each 

sequence type compared to no BML on that sequence type.  

Multivariable 1 – adjusted for age, sex, and BMI. 

† total of all site-specific cartilage volume loss. 

Bold denotes a statistically significant result. 

CI, confidence interval. 

5.3.6. Total knee replacement (TKR) 

6% of our study population had a TKR on either knee (19 cases). All knees (100%) with a 

TKR had a BML on both MRI sequences and on T1-w GRE of the right knee. 95% of TKR 

participants had a BML on T2-w FSE. This indicates BMLs was a very strong predictor of 

TKR on each sequence type. We were not able to model this data due to the perfect 

prediction.  

Further adjustment of all our presented models for number of comorbidities and use of pain 

medication did not change effect sizes by more than 10%, data not shown.   

 
Multivariable  

β coefficient (95% CI) 
 

T1 & T2 T2-w FSE T1-w GRE 

    

Medial tibial  -28.35 (-134.43, 77.73) 11.44 (-87.32, 110.19) -38.55 (-142.61, 65.51) 

Medial femoral -95.90 (-192.67, 0.86) -106.21 (-197.34, -15.08) -89.58 (-186.69, 7.53) 

Lateral tibial -148.30 (-229.72, -66.89) -149.23 (-229.99, -68.47) -140.67 (-221.41, -59.92) 

Lateral femoral -23.91 (-96.98, 49.17) -30.54 (-102.07, 40.98) -19.97 (-91.86, 51.92) 

Superior patellar -174.77 (-314.79, -34.75) -169.69 (-306.42, -32.96) -144.39 (-278.99, -9.80) 

Inferior patellar -55.41 (-216.47, 105.65) -42.76 (-196.66, 111.14) -32.22 (-177.42, 112.98) 

Medial 

tibiofemoral -35.10 (-161.52, 91.31) -37.33 (-156.59, 81.93) -29.49 (-152.52, 93.54) 

Lateral 

tibiofemoral  -103.96 (-197.31, -10.60) -110.81 (-202.86, -18.77) -91.19 (-183.57, 1.20) 

Total tibiofemoral -78.40 (-227.35, 70.56) -106.93 (-251.49, 37.63) -26.99 (-169.58, 115.59) 

Total † -131.01 (-303.72, 41.69) -115.74 (-277.84, 46.37) -76.22 (-236.48, 84.05) 



Chapter 5. BMLs on two different MRI sequences 

 

 

104 

5.4. Discussion 

This study describes associations between BMLs detected on two different MRI sequences 

with clinical outcomes in osteoarthritis including pain, function, stiffness, cartilage damage 

and loss, and TKR surgery. We found that subchondral BMLs were commonly seen on both 

T2-w FSE and T1-w GRE sequences in an older adult population. While the difference in 

BML size on each sequence was not statistically significant, BML area was slightly larger on 

the T2-w FSE sequences compared to T1-w GRE sequences. Despite this, contrary to our 

hypothesis, associations with clinical outcomes including symptoms, cartilage damage and 

loss, and TKR were similar. This suggests that either T2-w FSE or T1-w GRE MRI 

sequences could be used separately to assess BMLs.  

Our study found that 86% of BMLs were seen on both MRI sequences in our sample of 

community-dwelling older adults.  Prevalence assessments for BMLs in previous studies vary 

widely. One study reported 74% in community-dwelling adults without knee pain (351); 

whereas, another study reported 75% in knees with and without medial joint space narrowing 

(356). Our rate of BMLs detected on both MRI sequences is higher than the previous studies. 

A number of factors may contribute to this inconsistency including the use of different 

sequence types, study populations, study sizes, and different BML scoring systems and 

readers. 

There have been limited studies evaluating how BMLs on different MRI sequences correlate 

with clinically important outcomes. Recently Wluka et al. (351) reported that BMLs present 

on both T1- and T2-weighted MRI sequences were associated with increased cartilage loss 

and incident knee pain compared to BMLs seen only on T2-weighted sequences. These 

findings support recommendations suggesting a combination of both fluid-sensitive and 

GRE-type MRI sequences should be used. However, our study did not find this.  We found 

that BMLs were typically seen on both MRI sequences, and were equivalently associated 

with symptoms, cartilage damage and loss, and TKR surgery. This suggests that there is no 

meaningful difference in prediction of clinically important outcomes using either sequence. 

Furthermore, in studies where both fluid-sensitive and GRE-type MRI sequences are not 

available, either sequence could be used for clinical research. 
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There is great debate about the ideal sequence to assess BMLs. Several previous studies have 

been conducted comparing the performance of different MRI sequences in regard to BML 

detection, reliability and sensitivity to change over time (208-211, 349, 350). This has led to 

mixed recommendations about what is the optimal MRI sequence to measure BMLs. As 

BMLs often appear larger on fluid-sensitive sequences compared to T1-weighted sequences 

(207, 211, 350), authors often suggest measuring them using water-sensitive sequences (207, 

357). Our study also found that BMLs appeared slightly larger on the T2-weighted sequences 

compared to the T1-weighted sequences. However, mixed findings from other studies (208, 

210) has led to the hypothesis that a combination of both fluid-sensitive and GRE-type MRI 

sequences would result in superior accuracy in assessing BMLs. One other study has assessed 

this in addition to ours; they observed no difference between a fluid sensitive sequence (IW-

TSE) compared to a DESS sequence in detecting the overall prevalence or sensitivity to 

change over time (356). This led the authors to conclude that either sequence could be used 

for assessment of BML change in a clinical trial, which is consistent with our study findings.  

Studies which have used histology to characterise BMLs have offered great insight into the 

compositional characteristics of BMLs. Zanetti et al were one of the first to examine the 

histology of BMLs and found they consisted of oedema, fibrosis, trabecular bone changes, 

and necrosis (358). Combining different MRI sequences may offer new insights into the 

different cellular changes occurring in BMLs (169, 359). A study using a combination of 

fluid-sensitive and GRE-type MRI sequences showed significantly greater oedema, fibrosis, 

and necrosis in BMLs present on both MRI sequences compared to BMLs present on only 

fluid-sensitive sequences (360). 

This study has several potential limitations. First, this study consisted of 394 participants who 

had MRI scans at both time points, therefore excluding 705 from our larger cohort. However, 

the two groups were similar in terms of age, sex, BMI, baseline cartilage defects and volume 

so our findings should be generalisable. Second, in our study, the initial response rate is lower 

than desirable (57%), but it is similar to other Australian cohort studies (361). The 

relationship between outcomes and exposures is not necessarily biased due to a lower 

response rate (362). The study quality and validity should be judged with other criteria and 

not the response rate alone (363). Third, the BMLs assessed in this study were read by one 
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reader who measured the BMLs on both sequences simultaneously, in chronological order. 

Therefore, the reader may have been more likely to pick up BMLs on each sequence because 

they were comparing the images from each sequence to each other. This may have led to an 

overestimate of BML presence on each sequence. However, this method does provide 

assurance because the reader was able to confidently document whether a BML was present 

on each sequence, meaning that BMLs were less likely to be missed by the reader. Fourth, 

baseline WOMAC scales were categorised into tertiles as the data was not normally 

distributed and had a large number of zeroes. While there is no consensus on the exact cut 

points to be used, we adopted cut-offs based on expert consensus from an osteoarthritis 

Expert Group from the GBD 2010 study. Fifth, in this study, we have reported results from 

multiple tests, and did not adjust for multiple comparisons. While it is possible that we may 

therefore introduce estimation errors (364), we focused on effect sizes and presented these 

along with the confidence intervals for the readers’ self-interpretation. Lastly, the WOMAC 

questionnaire asked about pain, stiffness, and functional limitation of any knee, while our 

MRI assessment was of the right knee only. This may overestimate the size of the association 

if the patient had pain only in the knee that was not assessed on MRI.  

5.5. Conclusion 

BMLs were commonly seen on both T1-w GRE and T2-w FSE MRI sequences. They were 

equivalently associated with clinical outcomes including symptoms, worsening of cartilage 

defects, cartilage volume loss, and TKR. Our study demonstrates that BMLs can be assessed 

on either MRI sequence alone with no clinical predictive advantage of either sequence. 
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6.1. Introduction  

Hand pain is common in older adults (5, 6, 365) and is associated with poorer hand function 

(136) and difficulty performing everyday tasks (35, 366). Both clinical examination and 

imaging are routinely used to assess hand pain.  However, radiography is the traditional 

imaging method, yet radiographic changes are weakly associated with pain and function (35, 

366). Ultrasonography is commonly used in more recent rheumatoid arthritis studies (367-

369) but is not common in osteoarthritis-related changes in older adults.  Ultrasonography is 

a promising technique for imaging hand joints as it assesses surface joints clearly and 

quickly, is often available in consultation rooms, and involves no radiation exposure, but 

assessments of whether abnormal joints seen on ultrasound (US) are associated with pain and 

symptoms in older adults are needed (113).  

Previous studies which used ultrasound to image hand joints have shown that osteophytes 

were associated with pain (232), but associations between synovitis and pain are inconsistent 

in hand osteoarthritis (OA) patients (229, 232, 233, 370). Sum of scores of grey scale 

synovitis (a composite of synovial hypertrophy and effusion) was independently associated 

with Australian/Canadian hand osteoarthritis (AUSCAN) pain in one study (232). 

Associations between Power Doppler Imaging (PDI) synovitis and pain are inconsistent 

either at the joint or patient level, with PDI synovitis associated with palpated pain/tenderness 

in some studies (232, 371), but not others at the joint (233) and patient level (229). A recent 

study showed no significant difference in varying degrees of synovial hypertrophy in 

osteoarthritis patients (370). These studies had small numbers of participants (25 to 73 

participants) (155, 229, 232, 233, 370, 371), and were all conducted in patients with hand 

osteoarthritis. The association between grey scale synovitis and pain is independent of other 

ultrasound features (232), but whether PDI synovitis is also independent of other ultrasound 

features is unknown (371). Similarly, no studies have assessed whether associations between 

ultrasound features and physical function are independent of pain. 

Only two studies have assessed associations between abnormal hand features on US and 

physical function limitation. One study showed that sum of score of grey scale synovitis was 

associated with worse Short-Form-36 (SF-36) physical component summary score (232); 
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however, another study found no association between the sum of score of PDI synovitis, grey 

scale synovitis, or osteophytes with the AUSCAN function limitation (229).  

Therefore, we aimed to describe cross-sectional associations between clinically evident 

swelling, tenderness, nodules, deformity, and ultrasound-detected osteophytes, grey scale 

synovitis, and PDI synovitis with hand pain, stiffness, physical function limitation, and grip 

strength in a community dwelling cohort of older adults. This will enable us to assess whether 

associations are independent of age, sex, and other factors, and whether US findings add 

value to clinical assessment.  

6.2. Methods 

6.2.1. Participants 

The Tasmanian older adult cohort (TASOAC) study is a prospective, population-based study 

which aimed to identify environmental, genetic, and biochemical factors associated with 

development and progression of osteoarthritis at multiple sites (hand, knee, hip, and spine). 

Participants aged 50-80 years (n=1099) were recruited from the electoral roll in Southern 

Tasmania in 2002 using sex stratified random sampling (response rate 57%). Participants 

were excluded if they were institutionalised or reported contraindications to MRI. Data on 

hand osteoarthritis (OA) features were collected only at the 10-year follow-up (Phase 4, 

n=519); therefore, analyses in this manuscript consisted of cross-sectional data from Phase 4.  

All research conducted was in compliance with the Declaration of Helsinki and was approved 

by the Southern Tasmanian Health and Medical Human Research Ethics Committee. All 

subjects gave informed written consent. 
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6.2.2. Outcomes: Hand pain, stiffness, physical function 

limitation  

 Pain in target hand: Visual analogue scale 

Study participants were asked to assess pain in their target hand “on this line, where would 

you rate your pain?  Use the last seven days as a time frame”.  This was assessed using a 

single item question of generic pain on 100mm visual analogue scale (VAS), a valid (372, 

373) and reliable (373) measure of hand pain in rheumatic conditions. The target hand was 

the participant’s dominant hand unless they had contraindications to either magnetic 

resonance imaging (MRI) or high resolution peripheral quantitative CT (HRpQCT), in which 

case the contralateral hand was examined instead. This paper utilises only the ultrasound 

data. 

 Pain in both hands: AUSCAN Osteoarthritis Hand Index VA3.1 

Hand pain, stiffness and difficulty performing daily activities in both hands was assessed 

using the Australian/Canadian hand osteoarthritis (AUSCAN) index questionnaire VA3.1, 

which is a valid, reliable, and responsive measure for hand osteoarthritis (295). The time 

horizon was the last 48 hours and questions were assessed using a 100mm VAS. AUSCAN 

consists of a total of 15 questions (5 for pain, 1 for (morning) stiffness, and 9 for physical 

function) which is a valid, reliable, and responsive measure for HOA (295). AUSCAN 

questionnaire has also been validated in general populations with and without a diagnosis of 

hand osteoarthritis (136, 297, 298). 

6.2.3. Clinical examination  

Bilateral clinical joint examination of all 15 joints in each hand was performed by one trained 

nurse (CB) with >20 years of experience in the field. Presence or absence of tenderness, soft 

tissue swelling, hard tissue enlargement (nodules) and deformity were assessed based on 

American College of Rheumatology (ACR) criteria for hand osteoarthritis (82). Briefly, 

tenderness was assessed by the examiner exerting sufficient pressure on each joint using their 

thumb and index finger to produce whitening of the examiners nail bed (83). Swollen joints 

were assessed visually and by palpation. Finger nodules were assessed by manual 
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examination of each joint and deformity was determined by the appearance of any deviation 

in the joint from the sagittal plane. Joint pain in the target hand was also determined by 

asking participants if they had pain (yes/no) in each individual joint in the preceding seven 

days.  Information from the clinical hand examination was used to diagnose clinically defined 

hand osteoarthritis using ACR criteria (82). Participants with hand pain, aching or stiffness 

and 3 or 4 other specific joint abnormalities on clinical assessment were classified as meeting 

the ACR HOA criteria (82). The intra-observer reliability of each abnormalities at joint level 

was assessed with at least a one-week interval between the readings using kappa-statistic 

(300) in 10 participants. The results were fair to substantial; k=0.376 (95% CI 0.061,0.690) 

for left hand deformity, k=0.495 (0.211, 0.779) for left hand tenderness, k=0.606 (0.467, 

0.746) for left hand nodules, k=0.668 (0.537, 0.799) for right hand nodules, and k=0.688 

(0.431, 0.946) for right hand deformity, similar to other reported studies (92, 301, 302). 

Swollen and tender joints in the right hand, and swollen joints in the left hand had too little 

variability to enable kappa to be calculated (100% matching sample and reread sample).  

6.2.4. Ultrasound assessment 

Ultrasound assessments were completed by one experienced ultrasonographer (KS) using a 

GE LOGIQ e (GE Medical Systems (China) Co. LTD Jiangsu, P.R. China) and a L8-18i 

hockey stick transducer using the methods of Keen et al. (229). Power Doppler was assessed 

utilising a pulse repetition frequency (PRF) of 0.8kHz and medium wall filter (138Hz) (229). 

The gain was adjusted until the background signal was eliminated.  Each patient’s target hand 

was examined with the patient seated at the scanning table.  

Fifteen joints of the hand were assessed: the 1st carpometacarpal joint, 1st to 5th 

metacarpophalangeal joints, 1st to 5th proximal interphalangeal joints and 2nd to 5th distal 

interphalangeal joints. Following established protocols (127, 230, 313), the dorsal aspects of 

each joint were assessed by ultrasound for osteophytes, grey scale synovitis, and PDI 

synovitis. Each joint was scanned in the longitudinal and transverse planes. The sonographer 

scores the ultrasound at the time of imaging without reference to any other patient clinical 

information.  
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Imaging features were scored on a semi quantitative 0-3 scale for each joint.  Osteophytes 

were defined as cortical protrusions seen in both the longitudinal and transverse planes, grey 

scale synovitis was defined as a composite of both effusion and synovial hypertrophy, and 

PDI synovitis was defined as power Doppler signal identified within the synovium of the area 

of grey scale synovitis (127). For each of the grey scale synovitis and osteophytes, joints 

were classified as follows:  0 = no pathology, 1 = mild pathology, 2 = moderate pathology, 3 

= severe pathology (127). Similarly, PDI synovitis was scored as 0 = no PDI signal within the 

synovium adjacent to the joint, 1 = minimal PDI signal, 2 = moderate signal, 3 = marked 

evidence of PDI signal (127). Intra-rater reliability for ultrasound measures at joint level was 

determined by reimaging a subgroup of 20 participants on the same day as their original 

assessment. Reliability was assessed using weighted kappa. Reliability for all measures was 

substantial k(w) = 0.753 (CI; 0.730 to 0.760) for osteophytes, k(w) = 0.661 (0.586 to 0.719) for 

grey scale synovitis, k(w) = 0.689 (0.525 to 0.780) for PDI synovitis.  

All participants had at least 1 joint with osteophyte and grey scale synovitis, therefore, we 

collapsed categories for analysis, dichotomising osteophytes and grey scale synovitis as 2 

(due to the high prevalence), and PDI synovitis score 1 measured on ultrasound as present 

or absent on each of the 15 joints and summed the number of joints with abnormalities. 

6.2.5. Other factors 

BMI was calculated as weight (kg)/height (m)2 using weight measured to the nearest 0.1kg 

using a single set of calibrated electronic scales (Seca Delta Model 707), and height measured 

to the nearest 0.1cm using a stadiometer, minus shoes, socks, and headwear. Grip strength 

was measured by North CoastTM Bulb Dynamometer; adult 0-30 psi, model no. 70154 with 

the participant sitting with the shoulder in a neutral position and 90-degree flexed elbow. The 

best performance out of two attempts was recorded for each hand. In this study, we used 

measurements of the target hand. Any pain medication used were recorded in self-reported 

questionnaire from the list of medications they were taking (medication name, dose, and 

frequency). 
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6.2.6. Statistical analyses 

The primary exposure for all analyses was number of joints with features on clinical 

assessment (tenderness, swollen, nodules, and deformity; both hands for AUSCAN scales and 

target hand only for association with target hand VAS pain score and grip strength) and 

ultrasound assessment (osteophytes, grey scale synovitis, and PDI synovitis).  

We used exponential hurdle models to estimate associations between number of joints with 

clinical and ultrasound features and the outcomes; target hand VAS pain score, AUSCAN 

subscales and total AUSCAN scores are bounded by zero and non-normally distributed with 

a large number of zeros. The distribution of the outcomes (bimodal, given the large number 

of people with no pain) meant that the data is difficult to model and simpler methods like 

linear regression were not suitable. The hurdle models had two components: presence and 

absence of pain and pain severity, which were modelled separately. Model coefficients 

estimate the average marginal effects (predicted changes in pain) for a one unit increase in 

number of joints with abnormalities (Table 6.2 and 6.3). Linear regression was used to assess 

association between target hand grip strength. To assess independence of associations, all 

models were adjusted for age, sex, and body mass index (BMI) and further adjusted for pain 

(for function limitation and grip strength), and then all other clinical or ultrasound variables.   

We conducted sensitivity analyses to examine whether pain medication use and other joint 

conditions were confounders.  All statistical analyses were performed using Stata 15 SE 

(Stata-Corp, College Station, Texas, USA). P-values ≤0.05 (two-tailed) were considered 

statistically significant. 
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6.3. Results 

6.3.1. Study participants 

Included participants attended the 10-year TASOAC follow up, a subset of the original 

cohort. They were younger at baseline (mean (SD); 61.4 (6.6) vs 64.0 (7.9) years; p-

value<0.001, n=519) and had greater steps per day (9150 (3314) vs 8115 (3318) steps/day; p-

value<0.001) than those who were lost to follow up. There was a similar proportion of 

women (49% vs 53%; p-value=0.30), average BMI (27.6 (4.4) vs 28.2 (5.0) kg/m2; p-

value=0.05), and proportion of current smokers (11% vs 13%; p-value=0.18) compared to 

those who were lost to follow-up. 

Table 6.1 shows the characteristics of study participants stratified by presence or absence of 

hand pain, assessed by AUSCAN pain score. Participants with hand pain were of similar age 

and BMI to those with no pain, but more female, a higher proportion of them met ACR hand 

osteoarthritis criteria and had clinical and ultrasound features (except where features were 

ubiquitous (i.e., nodules)). All participants had score of at least 1 for osteophytes and grey 

scale synovitis, therefore, we dichotomised them (above / below 2, at the joint level), thus 

92% of joints had osteophytes, 41% had grey scale synovitis, and 3.5% had PDI synovitis 

(Table 6.1).  

6.3.2. Hand pain  

Greater numbers of clinically swollen, tender, deformed joints, and joints with ultrasound-

detected osteophytes, grey scale synovitis or PDI synovitis were associated with more intense 

pain in the target hand (Table 2) and AUSCAN pain score (Table 3), after adjustment for age, 

sex, and BMI. However, these associations persisted only for target hand’s number of tender 

joints and PDI synovitis after further adjustment for other clinical or ultrasound features 

(Table 6.2, Table 6.3).  

Number of joints with nodules was not associated with either VAS or AUSCAN hand pain 

(Table 6.2, 6.3). 
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Table 6.1. Characteristics of study participants, by presence or absence of hand pain on 

AUSCAN.  

Mean (standard deviation) except for percentage.  

Presence of osteophytes and grey scale synovitis at joint level is dichotomised to 2, other clinical and 

ultrasound features were dichotomised at 1.  

n, number; BMI, body mass index; VAS, visual analogue scale; AUSCAN, Australian/Canadian hand 

osteoarthritis index; no., number; ACR HOA, American College of Rheumatology criteria for hand 

osteoarthritis; PDI, power Doppler imaging. 

 

 

Whole sample 

(n=519) 

No hand pain  

(AUSCAN pain=0) 

(n=210) 

Hand pain 

(AUSCAN pain>0) 

(n=309) 

Age  72.05 (6.41) 72.11 (6.01) 72.01 (6.67) 

Female (%) 50 42 54 

BMI (kg/m2) 28.03 (4.88) 27.91 (4.75) 28.11 (4.97) 

Met ACR HOA 

criteria (%) 
67 41 84 

Grip strength 10.96 (3.77) 11.76 (3.45) 10.41 (3.88) 

 

% No. of joints  

(0-30) 

% No. of joints  

(0-30) 

% No. of joints  

(0-30) 

Clinical assessment     

   Swollen  48 0.1 (0.8) 22 0.1 (0.4) 65 0.2 (1.0) 

   Tenderness  5 2.0 (4.1) 2 0.4 (1.0) 7 3.1 (4.9) 

   Nodules 100 22.3 (7.3) 100 21.7 (6.8) 100 22.7 (7.6) 

   Deformity  66 2.1 (2.5) 60 1.7 (2.3) 70 2.3 (2.6) 

 
% No. of joints  

(0-15) 

% No. of joints  

(0-15) 

% No. of joints  

(0-15) 

Ultrasound features   

   Osteophytes  97 5.93 (3.28) 96 5.38 (3.18) 97 6.29 (3.29) 

   Grey scale   

    synovitis  
53 1.05 (1.41) 42 0.75 (1.17) 60 1.25 (1.51) 

   PDI synovitis  33 0.52 (0.96) 23 0.34 (0.72) 40 0.65 (1.08) 
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Table 6.12. Associations between number of joints with target hand clinical and ultrasound 

features of osteoarthritis and target hand pain by VAS during the last 7 days. 

 Target hand pain by VAS (mm) 

 

Adjusted for age, 

sex, and BMI. 

β (95% CI) 

Further adjusted for clinical/US 

features† 

β (95% CI) 

No. of joints (clinical)  

   Swollen 7.73 (3.15, 12.32) 3.55 (-0.04, 7.14) 

   Tender 2.84 (2.07, 3.61) 2.63 (1.88, 3.39) 

   Nodules 0.29 (-0.15, 0.73) 0.14 (-0.26, 0.54) 

   Deformity 1.88 (0.70, 3.06) 0.44 (-0.62, 1.49) 

No. of joints (ultrasound)  

   Osteophytes 0.78 (0.23, 1.32) 0.42 (-0.15, 1.00) 

   Grey scale synovitis 1.69 (0.62, 2.77) 0.44 (-0.79, 1.66) 

   PDI synovitis 3.17 (1.69, 4.64) 2.61 (1.03, 4.19) 
†further adjusted for other clinical features (for clinical exposures) or other ultrasound features (for 

ultrasound exposures). See Table 6.1 for lists of clinical exposures and ultrasound features. 

Presence of osteophytes and grey scale synovitis at joint level is dichotomised to 2, other clinical and 

ultrasound features were dichotomised at 1.  

Associations were assessed using hurdle model. 

VAS, visual analogue scale; US, ultrasound; PDI, power Doppler imaging; CI, confidence interval. 

Bold denotes a statistically significant result. 

6.3.3. Hand physical function limitation  

Greater numbers of clinically swollen, tender, or deformed joints and ultrasound-detected 

osteophytes, grey scale synovitis, and PDI synovitis were all associated with increased 

function limitation scores after adjustment for age, sex and BMI (Table 6.3). After further 

adjustment for AUSCAN pain score, effect sizes reduced and remained statistically 

significant only for number of tender and deformed joints; these reduced slightly after further 

adjustment for all other clinical assessment features but remained statistically significant.  

Number of clinically swollen and nodulous joints, ultrasound-detected osteophytes, grey 

scale synovitis, and PDI synovitis were not associated with function limitation scores after 

adjustment of AUSCAN pain score and all other ultrasound features (Table 6.3). 
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Table 6.3. Associations of number of joints with clinical and ultrasound osteoarthritis features and AUSCAN scales. 

 
Pain score (mm)  Physical function limitation score (mm)  Stiffness score (mm) 

Adjusted for 
age, sex, and BMI 

β (95% CI) 

Further adjusted 

for clinical/US 

features† 

β (95% CI) 

 
age, sex, and BMI 

β (95% CI) 

Further adjusted for 

AUSCAN pain 

β (95% CI) 

Further adjusted for 

clinical/US features† 

β (95% CI) 

 

age, sex, and 

BMI 

β (95% CI) 

Further adjusted 

for AUSCAN 

pain 

β (95% CI) 

Further adjusted 

for clinical/US 

features† 

β (95% CI) 

No. of joints (clinical)         

   Swollen 16.69 (5.55, 27.83) 1.08 (-6.26, 8.42)  35.53 (11.44, 59.63) 7.97 (-1.27, 17.22) 6.26 (-3.18, 15.71)  2.70 (0.66, 4.75) 0.53 (-0.91, 1.97) 0.68 (-0.82, 2.19) 

   Tender 10.95 (4.20, 17.69) 10.57 (4.00, 17.13)  25.97 (18.78, 33.15) 4.81 (1.97, 7.64) 4.07 (1.28, 6.86)  1.83 (1.35, 2.30) 0.37 (0.04, 0.71) 0.31 (-0.02, 0.65) 

   Nodules 0.83 (-0.30, 1.96) 0.23 (-0.65, 1.10)  2.30 (-0.06, 4.67) 0.91 (-0.18, 2.01) 0.49 (-0.64, 1.61)  0.38 (0.14, 0.62) 0.25 (0.07, 0.43) 0.27 (0.08, 0.46) 

   Deformity 6.64 (3.05, 10.24) 2.13 (-0.15, 4.42)  15.56 (7.92, 23.20) 5.41 (2.74, 8.08) 4.51 (1.75, 7.26)  1.29 (0.60, 1.97) 0.25 (-0.14, 0.64) 0.06 (-0.46, 0.57) 

No. of joints (ultrasound)         

   Osteophytes 3.96 (1.12, 6.80) 2.64 (-0.45, 5.73)  8.27 (2.44, 14.10) 2.11 (-2.89, 7.12) -0.38 (-6.11, 5.35)  1.09 (0.52, 1.67) 0.53 (0.10, 0.96) 0.51 (0.03, 0.99) 

   Grey scale synovitis 7.42 (1.67, 13.16) 1.27 (-5.37, 7.92)  21.46 (8.91, 34.01) 11.23 (-0.02, 22.47) 9.94 (-3.08, 22.97)  1.63 (0.50, 2.75) 0.52 (-0.32, 1.35) -0.20 (-1.19, 0.80) 

   PDI synovitis 15.76 (7.22, 24.29) 13.07 (3.82, 22.32)  35.99 (17.5, 54.49) 11.43 (-3.99, 26.86) 6.20 (-10.70, 23.10)  3.49 (1.80, 5.18) 1.15 (-0.08, 2.37) 0.92 (-0.42, 2.27) 

Associations were assessed using hurdle model. 
†further adjusted for other clinical features (for clinical exposures) or other ultrasound features (for ultrasound exposures).  

Presence of osteophytes and grey scale synovitis at joint level is dichotomised to 2, other clinical and ultrasound features were dichotomised at 1.  

US, ultrasound; PDI, power Doppler imaging; CI, confidence interval. 

Bold denotes a statistically significant result.  
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6.3.4. Hand stiffness  

Number of joints with clinically swollen, tender, nodules, deformity, and ultrasound-detected 

osteophytes, grey scale synovitis, and PDI synovitis were associated with greater stiffness 

score, after adjustment for demographic factors (Table 6.3). After further adjustment for 

AUSCAN pain score, associations remained statistically significant for number of joints with 

tenderness, nodules, and osteophytes. These associations only persisted for nodules and 

osteophytes after adjustment for other clinical or ultrasound features.  

6.3.5. Total AUSCAN score 

Greater numbers of joints with swollen, tender, deformed joints, osteophytes, grey scale 

synovitis or PDI synovitis were associated with greater total AUSCAN score, after 

adjustment for demographic factors (Table 6.4). Associations remained significant for 

number of joints with tenderness, deformity, and PDI synovitis after further adjustment for 

other clinical or ultrasound features.  

Table 6.4. Associations of number of joints with clinical and ultrasound features and total 

AUSCAN score during the last 48 hours. 

 Total AUSCAN score (mm) 

 

age, sex, and BMI 

β (95% CI) 

Further adjusted for clinical/US features† 

β (95% CI) 

No. of joints (clinical)  

   Swollen 65.8 (21.84, 109.76) 13.12 (-26.41, 52.66) 

   Tender 49.43 (33.09, 65.77) 45.62 (30.35, 60.89) 

   Nodules 3.26 (-0.92, 7.45) 0.74 (-3.82, 5.29) 

   Deformity 28.02 (14.01, 42.02) 14.84 (1.10, 28.59) 

No. of joints (ultrasound)  

   Osteophytes 14.69 (4.27, 25.11) 6.92 (-4.07, 17.91) 

   Grey scale synovitis 38.99 (16.11, 61.87) 18.34 (-6.49, 43.16) 

   PDI synovitis 65.85 (31.56, 100.14) 50.36 (15.03, 85.69) 
†further adjusted for other clinical features (for clinical exposures) or other ultrasound features (for 

ultrasound exposures).  

Presence of osteophytes and grey scale synovitis at joint level is dichotomised to 2, other clinical and 

ultrasound features were dichotomised at 1.  

Associations were assessed using hurdle model. 

Β, β coefficient; PDI, power Doppler imaging; CI, confidence interval. 

Bold denotes a statistically significant result. 
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6.3.6. Hand grip strength  

Greater numbers of joints with tenderness, nodules, deformities on target hand, and 

abnormalities in all ultrasound features were associated with weaker grip strength for all 

abnormal features after adjustment for age, sex, and BMI (Table 6.5). Excepting associations 

with PDI synovitis, effect sizes reduced slightly after further adjustment for AUSCAN pain 

but remained statistically significant. Associations between tender and deformed joints and 

joints with grey scale synovitis remained statistically significant after further adjustment for 

other clinical or ultrasound features with only small reductions in effect size. (Table 6.5). 

We further adjusted all our models for any use of pain medication and other joint conditions 

(i.e., rheumatoid arthritis).  These did not change effect sizes by more than 10% (data not 

shown).  

Table 6.5. Associations of number of joints with target hand clinical and ultrasound features 

and grip strength of target hand(psi). 

 Grip strength (psi) 

 

Adjusted for age, sex, 

and BMI. 

β (95% CI) 

Further adjusted for 

AUSCAN pain 

β (95% CI) 

Further adjusted for 

clinical/US features† 

β (95% CI) 

No. of joints (clinical)   

   Swollen -0.46 (-0.89, -0.03) -0.19 (-0.62, 0.23) -0.10 (-0.53, 0.33) 

   Tender -0.32 (-0.42, -0.23) -0.18 (-0.3, -0.07) -0.15 (-0.27, -0.03) 

   Nodules -0.09 (-0.16, -0.03) -0.08 (-0.14, -0.02) -0.06 (-0.12, 0.005) 

   Deformity -0.40 (-0.58, -0.23) -0.31 (-0.48, -0.14) -0.23 (-0.40, -0.05) 

No. of joints (ultrasound)   

   Osteophytes -0.14 (-0.20, -0.07) -0.10 (-0.17, -0.04) -0.08 (-0.16, 0.004) 

   Grey scale synovitis -0.33 (-0.47, -0.20) -0.27 (-0.40, -0.13) -0.22 (-0.41, -0.04) 

   PDI synovitis -0.31 (-0.51, -0.11) -0.14 (-0.34, 0.06) 0.10 (-0.15, 0.347) 
†further adjusted for other clinical features (for clinical exposures) or other ultrasound features (for 

ultrasound exposures).  

Presence of osteophytes and grey scale synovitis at joint level is dichotomised to 2, other clinical and 

ultrasound features were dichotomised at 1.  

Associations were assessed using linear regression. 

US, ultrasound; PDI, power Doppler imaging; CI, confidence interval. 

Bold denotes a statistically significant result. 
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6.4. Discussion  

This study is the first to report prevalence and severity of ultrasound-detected hand 

osteoarthritis abnormalities in community-dwelling older adults. Greater number of joints 

which were tender on palpation or had PDI synovitis on US were associated with hand pain 

independent of other findings on clinical examination or US. Greater number of joints which 

were tender or deformed on clinical examination; or with grey scale synovitis on US were 

associated with function limitation or lower grip strength. Associations between these 

abnormalities and function limitation, grip strength, and stiffness were predominantly 

mediated through pain; however, tenderness and deformity affected function even after 

taking pain into account.  

Prevalence estimates for abnormal imaging features were similar to those reported in cohorts 

of people with hand osteoarthritis: 41% of joints had grey scale synovitis, compared to 25% 

to 46% in other studies (229, 232, 371); similarly 3.5% of joints had PDI synovitis, compared 

to literature estimates of 2% to 9% (229, 232, 374-376). However, prevalence of ultrasound-

detected osteophytes in our study was higher than literature estimates (range 41% to 85%) 

(154, 155, 313), this may be explained by differences in average ages of the cohort (ours is 

>10 years older). We expected the abnormalities prevalence to be smaller than estimates from 

hand osteoarthritis cohorts, as the prevalence of other joint diseases that may have caused 

these abnormalities within this sample is low (i.e., 3% rheumatoid arthritis). However, our 

study suggests that these abnormalities are common in the general population of older people 

with an average age of 72-year-old.  

These results suggest that the most important aspect of the clinical examination is identifying 

people with tender joints on palpation, a specific type of pain present in only a small 

proportion (7%) of people with hand pain, and with joint deformity. The former is important 

for both pain and function, the latter only for function. Similarly, the most important US 

finding is PDI synovitis.  

Associations between tender joints and PDI synovitis with hand pain (both pain in the target 

hand and AUSCAN pain) are in contrast to two studies which found no associations between 
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number of joints with ultrasound features and hand pain (137, 229). However, both of these 

studies were likely underpowered to detect an association due to a small number of 

participants in these studies (<20 participants). Only one study showed association of 

ultrasound inflammatory features and hand pain in a sample of 55 people with osteoarthritis 

(232). This suggests that our findings are real associations, and that the negative finding in 

the literature may be false negatives.  

Associations between greater number of tender and deformed joints (but not nodules) and 

physical function limitation (assessed by AUSCAN function and grip strength) is consistent 

with two previous studies (135, 137), although we are the first to demonstrate that these 

associations are independent of other clinical features, as well as partially mediated by pain. 

Meanwhile, the latter differs from other studies, where Jones et al. and Bagis et al. reported 

that Heberden’s nodes were associated with physical function (but were not independent of 

pain) (135, 136). This suggests that improving joint tenderness may improve hand function, 

and that preventing deformity may also improve hand function.  

Associations between greater number of joints with nodules and osteophytes and greater 

AUSCAN stiffness score in our study are consistent with a cross-sectional study of 190 

women with hand osteoarthritis (377), but not a case-control study of 55 adults with and 

without hand osteoarthritis (229). However, the reason for the different findings is unclear. 

Kortekaas et al. showed weak associations between grey scale synovitis and stiffness; 

however, they did not adjust for pain or other ultrasound features (232). In our study, 

associations between grey scale synovitis and stiffness were not independent of pain or other 

features. This suggests that improving hand stiffness will require improvements in hand pain.  

We demonstrated that ultrasound-detected PDI synovitis signal was independently correlated 

with pain, while combined synovial hypertrophy and effusion (grey scale synovitis) was not 

in community-dwelling older adults. One concern is that these abnormalities may originate 

from other joint conditions; however, only a small proportion of our sample reported having 

rheumatoid arthritis (3%). Sensitivity analyses showed that adjusting for rheumatoid arthritis 

did not materially alter the results, with less than 2% changes observed in the effect sizes. 

Additionally, since PDI synovitis is associated with radiographic damage and reduced 
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cartilage thickness in hand osteoarthritis at the joint level cross-sectionally (134, 233, 375); 

our results support PDI synovitis as an important correlate of structural abnormalities in hand 

pain.  

This study used two different pain outcomes: the single question of target hand pain on VAS 

and 5 pain items using the AUSCAN questionnaire. However, these two pain assessments 

have different time horizons/recall periods. The time horizon for the AUSCAN questionnaire 

assessing pain in both hands is the standard time horizon used by AUSCAN (48 hours), (295, 

297, 298), whereas VAS pain scores can be assessed over a range of time horizons, and there 

is no standard time horizon used. The impact of different recall periods for the single 

question of target hand pain on VAS and the 5 pain items AUSCAN questionnaire could be 

misclassification of patients with hand pain in the past 3 to 7 days but not in the last 48 hours. 

This may underestimate the magnitude of association for the single question of target hand 

pain on VAS. However, in this study, both assessments showed a similar pattern of 

association between the number of abnormalities assessed on clinical examination and 

ultrasound and the pain scores either using the AUSCAN questionnaire or target hand pain on 

VAS. 

Strengths of this study include the standardised clinical assessment and ultrasound data, 

conducted by a single experienced assessor; and the population-based source of the data; 

which enables findings to be generalised to older adults in the community.  

Limitations include loss to follow up within the TASOAC cohort: data used for this study is a 

subset of the original cohort (with 53% lost to follow up over 10.7 years); however, the 

cohort retained is largely representative of the original cohort. Therefore, the risk of bias 

from participants lost to follow up is low, and the results remain generalisable to older 

people. While the generalisable cohort is a strength, it also means that the study includes 

people with other rheumatic conditions common in older adults, meaning that abnormalities 

observed could be due to a range of underlying conditions. Next, results of the reliability 

assessments of clinical and ultrasound measures were modest, ranging from poor to 

substantial. This is a known limitation of clinical hand examinations, as reported by previous 

studies (92, 301, 302). Reliability estimates from the literature are similar to our clinical hand 
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assessment kappa statistic. Meanwhile, the reliability of osteophytes and grey scale synovitis 

on ultrasound is similar to the previous study but 0.18 lower for PDI synovitis (229). The 

moderate reliability widens the confidence interval of our results. Future validation studies 

with a larger sample would help to provide more precise estimates. Next, the assessment of 

erosion would be valuable in our study; however, we did not measure erosion because the 

ultrasound assessment scoring system does not include erosion assessment (229). Summation 

of hand joint with abnormalities were commonly use in osteoarthritis studies (137, 229, 378) 

and in rheumatoid arthritis (379, 380). Joint summation of clinical abnormalities (381) and 

ultrasound (382) are validated in previous rheumatoid arthritis studies. Although summation 

of joints with abnormalities was common as routine assessment of rheumatoid arthritis and in 

osteoarthritis studies, it is not a routine and validated assessment of hand osteoarthritis 

diagnosis.  

Other limitations include a limited field of view for the ultrasound, with ultrasound 

examination performed on the dorsal side of each finger joint only. This is however, in line 

with established protocols within the field (155, 229). While it is possible that this might 

under-estimate the prevalence of ultrasound abnormalities, this is unlikely as ultrasound 

abnormalities were extremely common. Additionally, the study is cross-sectional, and 

therefore inferences regarding causality are limited. The difference of recall time range for 

VAS pain of the target hand (in the last 7 days) and AUSCAN pain of both hands (in the last 

2 days) could have caused misclassification of hand pain in the past 3 to 7 days but not in the 

last 2 days. This may underestimate the magnitude of association for the single question of 

target hand pain on VAS. However, in this study, both assessment questionnaires showed a 

similar pattern of association between the number of abnormalities and pain. 

6.5. Conclusion 

This study presents measurement of joint abnormalities using clinical assessment and 

ultrasonography. The moderate reliability could have widened the confidence interval 

compared to a measure with high or very high reliability. The presence of hand joint nodules 

and osteophytes detected using clinical assessments and ultrasound were ubiquitous in older 

adults and was not associated with any symptoms. While some joint abnormalities are 
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asymptomatic, we found several joint abnormalities independently correlate with symptoms. 

Joints that are tender on palpation and have PDI synovitis on ultrasound were independently 

associated with hand pain cross-sectionally and could be potential treatment targets for hand 

pain. Joints that are tender, deformed, or have grey scale synovitis were associated with 

reduced function or grip strength cross-sectionally. Associations with function were 

predominantly mediated through pain; however, tenderness and deformity remained 

associated with function even after adjusting for pain. Despite the moderate reliability of 

clinical examinations, our study found significant associations, demonstrating that the 

examinations performed were clinically useful. 
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7.1. Introduction  

Hand pain is extremely common in older adults (5, 6), and interferes with physical hand 

function (21, 383). Although radiography is routinely used to image hands, radiographic hand 

abnormalities are only weakly associated with pain and physical function limitation (136, 

157, 241, 384), and do not predict worsening of hand pain and function limitation (156, 164). 

MRI has advantages over conventional radiography as it gives three-dimensional, multiplanar 

visualisation of all joint components and soft tissue changes, whereas conventional 

radiography (X-rays) provides a single image in two-dimension of bony changes and joint 

space width only.  

Magnetic resonance imaging (MRI) is widely used to image knees, hips, and spine 

osteoarthritis (OA) in both clinical and research settings (95) but have rarely been used to 

image hands in hand osteoarthritis studies. Abnormal features of the knee and hip joints seen 

on MRI such as bone marrow lesions (BMLs) and effusion-synovitis are associated with pain 

(158, 385), poor physical function (386), structural progression or joint replacement (387), 

but there is limited data on associations between abnormal features seen on hand MRIs, and 

pain and function limitations (110, 180). The previous study demonstrated that bone marrow 

lesions (BMLs), synovitis, bone remodelling, and erosions were independently associated 

with joint tenderness, but not pain or function; while osteophytes were correlated with grip 

strength independent of age, sex, and other MRI abnormalities in people with hand 

osteoarthritis (HOA) (180). The previous studies were conducted on people with 

osteoarthritis, and no study has yet assessed the association in a general older adult 

population.  

Therefore, we aimed to describe cross-sectional associations between finger joint 

abnormalities present on MRI (effusion-synovitis, absence of collateral ligament (CL), 

BMLs, erosion, and osteophytes) or radiographs (osteophytes and joint space narrowing 

(JSN)) with painful and tender joints, pain, physical function limitations, stiffness, and grip 

strength in a cohort of community dwelling older adults. 
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7.2. Methods 

7.2.1. Participants  

The Tasmanian older adult cohort (TASOAC) study is a prospective, population-based study 

which aimed to identify factors associated with development and progression of osteoarthritis 

and osteoporosis in older adults. Participants aged 50 and 80 years were recruited from the 

electoral roll in Southern Tasmania in 2002 using sex stratified random sampling (response 

rate 57%). Participants were excluded if they lived in a nursing home or reported 

contraindications to MRI. Hand data (hand examination (n=520), MRI (n=221), and X-ray 

(n=201)) was only collected at the 10-year follow-up (2013 to 2015); therefore, analyses in 

this manuscript consists of cross-sectional data from the 10-year follow-up only (n=221).  

All research was conducted in compliance with the Declaration of Helsinki and was approved 

by the Southern Tasmanian Health and Medical Human Research Ethics Committee. All 

subjects gave informed written consent. 

7.2.2. Hand examination 

Bilateral clinical examination of the 15 joints of both hands were performed in all 

participants attending Phase 4 by one trained assessor (CB). Presence or absence of 

tenderness, soft tissue swelling, hard tissue enlargement (nodules) and deformity were 

assessed using American College of Rheumatology (ACR) criteria for HOA (82). Tenderness 

was assessed by the examiner exerting pressure onto the joint using thumb and index finger 

sufficient to produce whitening of the examiners nail bed (83). Joint pain in individual joints 

in the target hand was determined by asking participants if they had pain (yes/no) in each 

joint in the preceding seven days. Each patient’s dominant hand (target hand) was imaged 

using radiographs and MRI. If the participant had contraindications to MRI on the dominant 

hand, the contralateral hand was examined. Clinically defined HOA was diagnosed according 

to ACR criteria (82) using data from the clinical hand examination. Intra-observer reliability 

was assessed on 10 participants with at least a one-week interval between the readings using 

kappa-statistic (300). The results were fair to substantial; k=0.376 (95% CI 0.061,0.690) for 

left hand deformity, k=0.495 (0.211, 0.779) for left hand tenderness, k=0.606 (0.467, 0.746) 
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for left hand nodules, k=0.668 (0.537, 0.799) for right hand nodules, and k=0.688 (0.431, 

0.946) for right hand deformity, similar to other reported studies (92, 301, 302). Swollen and 

tender joints in the left hand had too little variability to enable kappa to be calculated (100% 

matching sample and reread sample). 

7.2.3. Hand pain, stiffness, physical function limitation, and 

total AUSCAN score.  

Pain was assessed as presence or absence of pain in a specific joint (proximal (PIP) or distal 

interphalangeal (DIP)) during clinical assessment, and hand pain (both hands) during the last 

48 hours using Australian/Canadian hand osteoarthritis (AUSCAN) questionnaire (295) on 

100mm visual analogue scale (VAS) score. Hand stiffness and physical function were also 

assessed using the AUSCAN questionnaire; a 15-item questionnaire (5 for pain, 1 for 

(morning) stiffness, and 9 for physical function), which is a valid, reliable, and responsive 

measure for HOA (295). AUSCAN questionnaire has also been validated in general 

populations with and without a diagnosis of hand osteoarthritis (136, 297, 298).  

AUSCAN subscales (hand pain, physical function limitation, and stiffness) scores and total 

AUSCAN scores are bounded by zero and non-normally distributed with a large number of 

zeros, therefore AUSCAN pain, stiffness, physical function limitation, and total AUSCAN 

scores were categorised into groups as none, below the median scores (mild to moderate), 

and above the median scores (moderate to severe). These equate to the following scores: pain 

score 0 (none), 1-51 (mild pain), and 52-500 (moderate to severe pain); stiffness score 0 

(none), 1-12 (mild stiffness), and 13-100 (moderate to severe stiffness); physical function 

limitation score 0 (none), 1-73 (mild function limitation), and 74-900 (moderate to severe 

function limitation); total AUSCAN 0 (none), 1-111 (mild total disability), and 112-1500 

(moderate to severe total disability).  

7.2.4. Magnetic resonance imaging (MRI)  

Distal interphalangeal (DIP) and proximal interphalangeal (PIP) joints of the index finger of 

the target hand were imaged using a 1.5T whole-body magnetic resonance unit (Siemens, 

Espree) using five sequences with physical hand assessment and micro-computed 
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tomography scans. One reader (SNL) assessed effusion-synovitis, absence of collateral 

ligaments (CLs), bone marrow lesions (BMLs), erosion, and osteophytes on T2-MRI 

sequences according to the Oslo Hand Osteoarthritis MRI score (109). We did not use 

gadolinium contrast, and thus we cannot distinguish between effusion and synovitis. 

Therefore, we modified the scoring system to suit our MR images as follows: 

Effusion-synovitis and CLs were scored as present or absent in either radius or ulnar 

(effusion-synovitis 1 = present, 0 = absent; CL absence/discontinuity present=0, absent=1). 

BMLs, erosions, and osteophytes were classified on a 0–3 scale at the distal and proximal of 

interphalangeal joints, (0=none, 1=mild, 2=moderate, 3=severe). SNL re-scored 40 randomly 

selected MRI scans after 2 weeks and assessed intra-reader reliability using kappa and 

weighted kappa. Intra-rater agreements were moderate to almost perfect (300), as shown in 

Table 7.1. Variability in DIP effusion, DIP and PIP absence of collateral ligament, and PIP 

osteophytes were too small to calculate kappa; therefore, percentage of agreement is provided 

for DIP effusion and PIP osteophytes, but due to no variation (all zero) in the sample of 

absence of collateral ligament, kappa or percentage of agreement cannot be determined. 

Table 7.1. Intra-rater reliability test for index finger MRI abnormalities (n=40). 

Abnormalities  Joint Kappa value / % of agreement* 

Effusion-synovitis DIP 80% 

 PIP 0.625 (0.243, 1.00) 

Absence of collateral ligament  DIP Cannot be determined 

 PIP Cannot be determined 

Bone marrow lesion DIP 0.884 (0.468, 0.891) 

 PIP 0.788 (0.468, 0.891) 

Erosion DIP 0.644 (0.556, 0.76) 

 PIP 0.510 (0.266, 0.623) 

Osteophytes DIP 0.741 (0.554, 0.823) 

 PIP 95% 

Kappa value (CI) or percentage of agreement for undetermined kappa with small variability.  

*kappa value for bone marrow lesions, erosion, and osteophytes were determined using weighted kappa.  
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7.2.5. Conventional radiography  

The target hand was also imaged using radiographs (X-ray). A single exposure 

anteroposterior radiograph of the hand was performed according to a standardised protocol 

(94). JSN and osteophytes of the DIP and PIP index finger joints were independently 

assessed by two readers (KS and GJ). The severity of osteophytes and JSN were assessed 

using Osteoarthritis Research Society International (OARSI) atlas (94) using a 0-3 scale 

(0=normal, 1=mild change, 2=moderate change, 3=severe change). Intra-observer reliability 

was excellent for both osteophytes and JSN scores, assessed one week apart (n=45) (136).  

7.2.6. Other factors 

BMI was calculated as weight (kg)/height (m)2 using weight measured to the nearest 0.1kg 

(with shoes, socks and bulky clothing removed) by calibrated electronic scales, and height 

measured to the nearest 0.1cm (without shoes, socks, and headwear) by stadiometer. Grip 

strength was measured using an adult bulb dynamometer (0-30 psi) (North CoastTM) with the 

patient sitting with shoulders in a neutral position and the elbow in 90 degrees of flexion, the 

maximum value out of two attempts was used. In this study, we used grip strength 

measurements of the hand that had been imaged by MRI. Assessment of Quality of Life 

(AQoL-4D (388)) data from Phase 4 was used to assess participants quality of life over 

several domains.  We used AQoL expressed as utility score, as such it is an index of the 

strength of a person’s preference for a health state, with scores ranging from 0.00 (Dimension 

Worst Health State) to 1.00 (Dimension Best Health State). Any pain medication used were 

recorded in self-reported questionnaire from the list of medications they were taking 

(medication name, dose, and frequency). 

7.2.7. Statistical analyses 

In this study, the independent variable is presence of abnormalities assessed on MRI and X-

ray of the DIP and PIP joints of index finger. Associations with binary outcomes (presence of 

painful and tender joints) were assessed using log binomial regressions. Associations with 

categorical outcomes (categorical AUSCAN pain, physical function limitation, stiffness, and 

total AUSCAN score) were assessed using adjacent category ordinal logistic regressions. 
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Associations with linear outcomes (grip strength) were assessed using linear regression. 

Models were adjusted for age and sex, and then further adjusted for pain (for function and 

grip strength outcomes) and then for all other index fingers’ MRI abnormalities or X-ray 

features to enable assessment of confounders (age, sex, other MRI, or X-ray features) and 

mediator (hand pain score on AUSCAN). All models had inverse probability weighting 

(IPW) applied to adjust for study participants who were lost to follow-up. We conducted 

sensitivity analysis to examine whether pain medication use was a confounder, as pain 

medication may reduce the observed effect size. Further adjustment of all our presented 

models for any use of pain medication did not change the effect sizes by more than 10%, 

therefore data not shown. All statistical analyses were performed using Stata 15 SE (Stata-

Corp, College Station, Texas, USA). The significant p-value was set at the value of less than 

0.05 (two-tailed).  
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7.3. Results  

Table 7.2 presents the characteristic of participants split by categorical AUSCAN pain scores. 

Greater proportions of participants with moderate to severe AUSCAN pain scores had 

weaker grip strength, met the ACR hand osteoarthritis criteria, poorer quality of life, more 

joints which were painful and tender on clinical assessment, more joints with absent CLs on 

MRI, and greater JSN grade on X-ray compared to those with mild or no pain. Unexpectedly, 

effusion-synovitis was less common in those with moderate or mild pain. Half of participants 

with pain on AUSCAN were women compared to a third those with no pain. 

There were no differences in the age, BMI, total MRI abnormalities mean score, presence of 

BML, erosion, and MRI and X-rays detected osteophytes amongst pain score groups.  
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Table 7.2. Characteristic of participants, by AUSCAN pain score (n=221).  

 

No pain 

AUSCAN pain 

score =0  

n=94 

Mild pain 

AUSCAN pain 

score =1-50 

n=65 

Moderate – severe 

pain 

AUSCAN pain score 

>51-500  

n=62 

Age 72.3 (6.4) 71.3 (6.4) 73.1 (7.2) 

Female (%) 32 52 55 

BMI (kg/m2) 27.9 (4.3) 27.3 (4.5) 28 (4.1) 

Grip Strength (psi) 12.2 (3.4) 11.6 (3.8) 9 (3.6) 

Hand OA (ACR criteria) 39.4 69.2 91.9 

Total MRI abnormalities 

mean score (1-22) 
4.5 (2.8) 5.0 (3.1) 5.8 (3.9) 

AQoL utility score  0.8 (0.19) 0.78 (0.16) 0.66 (0.19) 

 % 

No. of 

joints 

(0-2) 

% 

No. of 

joints 

(0-2) 

% 

No. of  

joints 

(0-2) 

Clinical Assessment       

  Painful joints 0 0 (0) 2 0 (0.1) 33 0.4 (0.6) 

  Tender joints 1 0 (0.1) 5 0.1 (0.3) 28 0.3 (0.6) 

MRI assessment     

  Effusion-synovitis 95 1.4 (0.6) 91 1.4 (0.7) 85 1.4 (0.7) 

  Absence of  

  collateral ligament 
4 0 (0.2) 2 0 (0.1) 13 0.1 (0.4) 

  BML 60 0.8 (0.7) 63 0.9 (0.8) 69 0.9 (0.7) 

  Erosion 38 0.5 (0.7) 34 0.5 (0.7) 45 0.6 (0.8) 

  Osteophytes 69 0.8 (0.6) 82 1 (0.6) 81 1 (0.6) 

  No. of MRI  

  abnormalities 
100 2.7 (1.13) 98 2.7 (1.1) 98 3 (1.2) 

Radiographic assessment      

  Osteophytes 67 0.9 (0.7) 73 1 (0.7) 71 1 (0.8) 

  JSN 28 0.3 (0.5) 35 0.4 (0.6) 50 0.6 (0.7) 

Mean (standard deviation) except for percentage. 

Clinical, MRI, and radiographic assessment are presence of the features at either distal or proximal 

interphalangeal joint of the same MRI target hand.  

n, number; BMI, body mass index; AUSCAN, Australian/Canadian hand osteoarthritis index; MRI, 

magnetic resonance imaging; ACR, American College of Rheumatology; AQoL, Assessment of Quality of 

Life; CL, collateral ligament; BML, bone marrow lesions; JSN, joint space narrowing.  
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7.3.1. Painful and tender joints on clinical examination and 

AUSCAN pain 

Table 7.3 shows significant associations between absence of CLs and JSN and presence of 

painful joints after adjustment for age and sex and all other MRI features. JSN was also 

independently associated with higher risk of tender joints. Other index fingers’ MRI and X-

ray features were not associated with either painful or tender joints. (Table 7.3). Further 

adjustment of the association between absence of CLs and painful joint for JSN on 

radiographs did not change effect sizes (RR=2.75 (1.08, 7.00)), indicating this effect was 

independent of JSN; however, the reverse was not true (further adjustment of associations 

between JSN and painful joints for absent CLs (RR=2.24 (0.83, 6.03)).  

Table 7.3. Associations of presence of MRI/X-ray abnormalities and presence of painful or 

tender index finger joints on clinical examination.  

 Presence of painful joint Presence of tender joint 

Adjusted for age and sex 

RR (95% CI) 

+ all other 

MRI/X-ray 

abnormalities 

RR (95% CI) 

age and sex 

RR (95% CI) 

+ all other 

MRI/X-ray 

abnormalities 

RR (95% CI) 

  

MRI abnormalities…      

   Effusion-synovitis 0.82 (0.21, 3.25) 0.60 (0.15, 2.46) 0.66 (0.20, 2.20) 0.59 (0.15, 2.33)   

   Absence of CL 5.22 (2.47, 11.04) 3.15 (1.33, 7.50) 0.80 (0.12, 5.25) 0.65 (0.08, 5.13)   

   BML  3.10 (0.91, 10.55) 1.16 (0.21, 6.45) 1.01 (0.95, 1.07) 1.15 (0.31, 4.18)   

   Erosion  3.40 (1.42, 8.15) 2.34 (0.65, 8.43) 1.01 (0.95, 1.07) 1.31 (0.42, 4.05)   

   Osteophytes  6.13 (0.88, 42.94) 3.33 (0.42, 26.16) 1.44 (0.40, 5.24) 1.20 (0.27, 5.34)   

   No. of MRI 

abnormalities  

3.36 (0.78, 14.50) - 1.04 (0.43, 2.54) -   

X-ray abnormalities…       

   Osteophytes 0.88 (0.36, 2.16) 0.71 (0.31, 1.65) 1.00 (0.38, 2.63) 0.86 (0.35, 2.12)   

   JSN  2.83 (1.23, 6.49) 2.96 (1.33, 6.58) 2.15 (0.95, 4.87) 2.19 (1.01, 4.76)   

Associations were assessed using log binomial regression with inverse probability weighting. 

No. of MRI abnormalities were dichotomised at the median (3). 

MRI, magnetic resonance imaging; RR, relative risk; CI, confidence interval; CL, collateral ligament; 

BML, bone marrow lesions; JSN, joint space narrowing.  

Bold denotes a statistically significant result. 

Table 7.4 shows that presence of effusion-synovitis was associated with increased odds of 

moving to a lower category of pain score (as assessed by AUSCAN pain score), after 
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adjusting for age and sex and all other MRI abnormalities. Sensitivity analysis shows one or 

both DIP and PIP joints were associated with pain, with a threshold effect at one joint (data 

not shown). JSN was associated with increased odds of moving to a higher category of 

AUSCAN pain score, after adjustment for age and sex and other X-ray abnormalities (Table 

3). Further adjusting the association between presence of effusion on MRI and AUSCAN 

pain for radiographic JSN did not significantly change the effect size (OR=0.50 (0.25 to 

0.98)), and vice versa (JSN OR=1.68 (1.12 to 2.51)).  

No other abnormalities were associated with AUSCAN pain score (Table 7.4). 

7.3.2. Physical function limitation, stiffness, and grip strength 

No abnormalities were associated with AUSCAN physical function limitation independent of 

AUSCAN pain and other imaging features (Table 7.4). Absent CLs is the only correlate of 

stiffness, independent of pain and other imaging features (Table 7.4). Absence of CLs and 

JSN were associated with weaker grip strength after adjustment for age, sex, pain, and all 

other MRI features (Table 7.5). Further adjustment of the association between absence of 

CLs and grip strength for JSN on radiographs did not change effect sizes (=-1.63 (-3.08 to -

0.18)), indicating this effect was independent of JSN; however not the reverse (further 

adjustment of associations between JSN and painful joints for absent CLs (JSN =-0.68 (-

1.42 to 0.06)). 
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Table 7.4. Associations of presence of MRI/X-ray abnormalities at index finger joints and AUSCAN pain, physical function limitation, and 

stiffness scores. 

 AUSCAN pain  AUSCAN physical function limitation  AUSCAN stiffness 

Adjusted for age and sex 

OR (95% CI) 

+ all other 

MRI/X-ray 

abnormalities 

OR (95% CI) 

 age and sex 

OR (95% CI) 

+ AUSCAN 

pain 

OR (95% CI) 

+ all other 

MRI/X-ray 

abnormalities 

OR (95% CI) 

 age and sex 

OR (95% CI) 

+ AUSCAN 

pain 

OR (95% CI) 

+ all other 

MRI/X-ray 

abnormalities 

OR (95% CI) 

MRI abnormalities…          

   Effusion-synovitis  0.50 (0.27, 0.93) 0.51 (0.28, 0.94)  0.61 (0.34, 1.11) 1.21 (0.59, 2.51) 1.32 (0.60, 2.89)  0.53 (0.31, 0.92) 0.76 (0.41, 1.40) 0.85 (0.45, 1.58) 

   Absence of CL 1.96 (0.91, 4.20) 1.81 (0.84, 3.91)  2.73 (1.00, 7.43) 2.61 (0.91, 7.46) 3.42 (0.99, 11.83)  3.44 (1.60, 7.42) 3.33 (1.47, 7.51) 3.12 (1.26, 7.70) 

   BML  1.14 (0.73, 1.78) 1.25 (0.75, 2.08)  0.90 (0.61, 1.31) 0.71 (0.45, 1.12) 0.86 (0.49, 1.50)  1.47 (1.00, 2.15) 1.55 (0.95, 2.51) 1.28 (0.74, 2.22) 

   Erosion  1.12 (0.78, 1.60) 0.96 (0.60, 1.53)  0.81 (0.55, 1.20) 0.62 (0.39, 0.99) 0.57 (0.32, 1.03)  1.35 (0.93, 1.94) 1.34 (0.88, 2.06) 1.00 (0.60, 1.66) 

   Osteophytes  1.27 (0.84, 1.93) 1.19 (0.77, 1.86)  1.21 (0.78, 1.88) 1.12 (0.69, 1.84) 1.22 (0.70, 2.15)  1.47 (0.96, 2.26) 1.65 (0.96, 2.82) 1.47 (0.82, 2.66) 

   No. of MRI  

  abnormalities 

1.13 (0.80, 1.61) -  0.78 (0.53, 1.13) 0.68 (0.43, 1.06) -  1.28 (0.89, 1.85) 1.35 (0.86, 2.11)  - 

X-ray abnormalities…           

   Osteophytes 0.98 (0.65, 1.48) 0.84 (0.55, 1.30)  1.00 (0.62, 1.61) 1.13 (0.62, 2.07) 1.03 (0.54, 1.99)  1.14 (0.74, 1.76) 1.24 (0.72, 2.11) 1.25 (0.64, 2.46) 

   JSN  1.60 (1.09, 2.35) 1.67 (1.13, 2.48)  1.67 (1.10, 2.52) 1.50 (0.88, 2.54) 1.51 (0.84, 2.72)  1.38 (0.94, 2.03) 1.14 (0.73, 1.80) 1.46 (0.77, 2.77) 

Associations were assessed using ordinal logistic regression with inverse probability weighting.  

AUSCAN scales were categorised as none, below, and above median.  

No. of MRI abnormalities were dichotomised at the median (3). 

AUSCAN, Australian/Canadian hand osteoarthritis index; OR, odds ratio; CI, confidence interval; MRI, magnetic resonance imaging; RR, relative risk; CI, 

confidence interval; CL, collateral ligament; BML, bone marrow lesions; JSN, joint space narrowing. 

Bold denotes a statistically significant result. 
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Table 7.5. Associations of presence of MRI/X-ray abnormalities at the index finger joints 

and grip strength. 

 Grip strength (0-30psi) 

Adjusted for age and sex 

β (95% CI) 

+ AUSCAN pain 

β (95% CI) 

+ all MRI/-ray 

abnormalities 

β (95% CI) 

MRI abnormalities…   

   Effusion-synovitis  0.95 (-0.58, 2.48) 0.48 (-0.93, 1.89) 0.47 (-0.94, 1.89) 

   Absence of CL -2.04 (-3.20, -0.88) -1.56 (-2.79, -0.34) -1.69 (-2.95, -0.43) 

   BML  -0.10 (-0.89, 0.69) -0.03 (-0.76, 0.70) -0.02 (-0.92, 0.87) 

   Erosion  -0.14 (-0.85, 0.57) -0.04 (-0.69, 0.61) 0.08 (-0.66, 0.82) 

   Osteophytes  0.48 (-0.31, 1.27) 0.48 (-0.25, 1.22) 0.66 (-0.16, 1.48) 

   No. of MRI  

   abnormalities 

-0.04 (-0.83, 0.75) 0.01 (-0.72, 0.73) - 

X-ray abnormalities…    

   Osteophytes -0.20 (-0.99, 0.59) -0.21 (-0.95, 0.53) 0.03 (-0.77, 0.84) 

   JSN  -1.08 (-1.82, -0.34) -0.87 (-1.54, -0.19) -0.87 (-1.61, -0.14) 

Associations were assessed using linear regression with inverse probability weighting. 

Number of MRI abnormalities were dichotomised at the median (3). 

MRI, magnetic resonance imaging; β, beta-coefficient; CI, confidence interval; CL, collateral ligament; 

BML, bone marrow lesions; JSN, joint space narrowing.  

Bold denotes a statistically significant result. Total AUSCAN score. 
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JSN is the only correlate of total AUSCAN score independent of age, sex and other imaging 

features (Table 7.6).  

Table 7.6. Associations of presence of MRI/X-ray abnormalities at the index finger joints 

and categorical total AUSCAN scores; n=221. 

 Total AUSCAN score 

Adjusted for age and sex 

OR (95% CI) 

+ all other MRI/X-ray 

abnormalities 

OR (95% CI) 

MRI abnormalities…  

   Effusion-synovitis  0.52 (0.26, 1.05) 0.53 (0.26, 1.05) 

   Absence of CL 2.39 (0.81, 7.10) 2.39 (0.80, 7.12) 

   BML  1.00 (0.67, 1.54) 1.04 (0.62, 1.75) 

   Erosion  0.86 (0.57, 1.30) 0.72 (0.42, 1.21) 

   Osteophytes  1.33 (0.84, 2.13) 1.34 (0.80, 2.26) 

   No. of MRI abnormalities 0.81 (0.55, 1.21) - 

X-ray abnormalities…   

   Osteophytes 0.98 (0.62, 1.54) 0.84 (0.51, 1.39) 

   JSN  1.68 (1.06, 2.65) 1.75 (1.09, 2.82) 

Associations were assessed using ordinal logistic regression treated with inverse probability weighting.  

Total AUSCAN score was categorised at none, below, and above median.  

No. of MRI abnormalities were dichotomised at the median (3).  

AUSCAN, Australian/Canadian hand osteoarthritis index; OR, odds ratio; CI, confidence interval; MRI, 

magnetic resonance imaging; RR, relative risk; CI, confidence interval; CL, collateral ligament; BML, 

bone marrow lesions; JSN, joint space narrowing. 

Bold denotes a statistically significant result. 
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7.4. Discussion  

These results show that abnormal imaging features seen on index finger joints MRI are 

common in older adults, both with and without pain. Absence of CLs were associated with 

greater risk of having a painful joint, stiffer hand with lower grip strength, while effusion-

synovitis were associated with lower risk of hand pain independent of other factors. 

However, presence of other abnormalities present on index finger joints MRI and number of 

MRI abnormalities were not associated with joint pain, tenderness, or physical function 

limitation, stiffness, or grip strength independent of pain. JSN (on X-ray) was independently 

associated with joint pain, tenderness, and weaker grip strength. Overall, this demonstrates 

that absent CLs on MRI and JSN on hand radiographs are important correlates of hand pain 

in older adults.  

Prevalence estimates of most abnormalities were comparable to estimates from existing 

literature, which is predominantly from cohorts of patients with HOA. Prevalence of 

effusion-synovitis was similar to two previous cohorts of HOA patients (54% to 98%) (110, 

126) but greater than reported by Haugen et al. (13%), who used a different imaging method 

(contrast-enhanced MRI to detect synovitis hypertrophy (vs effusion-synovitis)) (249).  

Similarly, the prevalence of osteophytes on MRI was comparable with previous studies (34% 

to 75%) (126, 249). However, radiographic osteophytes were more common in our cohort 

than in the other two cohort studies (range 12% to 33%) (126, 249), but these studies 

included younger people over a wider age range than our study sample. Prevalence of 

erosions was similar to previous estimates 48% (180), but absent CL was rarer than estimates 

from cohorts of patients with HOA (range of 38% to 53%) (109, 248). The prevalence of JSN 

was higher in our cohort (37%) than in a previous cohort study (12% to 17 %) (389), but this 

may be attributable to the use of different scoring systems (OARSI vs Kellgren and 

Lawrence).  

This study is the first to report statistically significant associations between the absence of 

CLs and painful hand joints, stiffer hands, and weak grip strength. Associations between 

absent CLs and increased pain is plausible as collateral ligaments have rich pain innervation 

in animal models and human knee joints, thus damaged collateral ligament may cause joint 
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instability and pain during movement (390). Ligament injury predicts radiographic knee 

osteoarthritis, pain, and function limitations over 12 years (391), and ligament tear is a risk 

factor in knee osteoarthritis in young adults (392). Thus, our data is consistent with data in 

knees, but not the only available data in hand joints: Haugen et al. found that the absence of 

collateral ligaments was not correlated with AUSCAN pain and function limitation and grip 

strength (180), but reasons for the discrepancy are unclear.   

Effusion-synovitis was common in our cohort, and effusion-synovitis of the knee joints are 

typically associated with knee pain (59, 158, 393, 394).  However, to the best of our 

knowledge, we are the first to show that presence of effusion-synovitis in the one hand joint 

is associated with lower AUSCAN hand pain scores. Ideally, presence of synovitis should be 

differentiated from effusion using contrast-enhanced MRI assessment, however, we elected 

not to do this as we did not consider that the increased risk of side effects from contrast 

agents was ethically justifiable in a research cohort. Thus, our findings need to be replicated 

in a cohort with contrast enhanced imaging.   

Our study is the first to describe associations between MRI- and radiograph-detected 

abnormalities and stiffness. Absent CLs was the only significant correlate of stiffness.  

We found no associations between osteophytes on MRI or X-ray and any outcome, whereas 

Kortekaas et al. found dose-dependent associations between osteophytes on X-ray with 

painful hand joints (155) and Haugen et al. reported that osteophytes detected on MRI were 

the only independent correlates of low grip strength (180). The reasons for these 

discrepancies are unclear. Additionally, we did not find associations between the number of 

abnormalities on MRI and any clinical outcome, consistent with the literature (180). 

Effusion-synovitis and JSN are two different and independent pathologies in the association 

with hand pain on AUSCAN. Associations between JSN and AUSCAN pain were 

independent of effusion-synovitis on MRI. However, associations between radiographic JSN 

and painful joints and grip strength were not independent of absent CLs on MRI, suggesting 

that absent CLs is a mediator in this association. Overall, absent CLs has a greater effect on 

the presence of pain and grip strength compared to JSN. 
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Overall, hand pain was associated with reduced hand function and grip strength in this data, 

which is consistent with the literature (136, 155).  When examining the associations between 

abnormal imaging features and physical function or grip strength, we adjusted for pain in 

order to assess whether these associations were independent. Of the imaging features seen on 

MRI, none were associated with physical function independent of age, sex, and pain.  Only 

absent CLs on MRI were associated with grip strength independent of age, sex, and pain.  

Since these associations are biologically plausible and consistent both across functional 

outcomes, and with similar reports in the knee (395, 396), this has the potential to be 

clinically relevant. JSN was also associated with reduced grip strength independent of pain, 

but smaller effect size than absence of CL. It is also independently associated with painful 

and tender joints, and AUSCAN pain score, consistent with previous studies (155, 163, 397). 

This is plausible because normal cartilage is aneural, whilst abnormal cartilage is not (50, 

398). Additionally, thinning cartilage could increase the effect of localised loading to the 

innervated subchondral bone (221), but given that hand X-ray abnormalities do not predict 

worsening of clinical outcomes (as outlined in the introduction), these cross-sectional 

associations between JSN and pain and grip strength may not have strong clinical relevance. 

This study utilised three different ways of measuring pain (joint pain on palpation and tender 

joints during clinical assessment, and whole hand pain measured by AUSCAN 

questionnaire). We showed that painful joints on clinical examination and AUSCAN pain are 

more sensitive in measuring pain than tenderness. This might be due to poor reliability of 

tender joint assessment along with it being highly assessor dependent (399). Therefore, future 

studies should include site-specific joint pain and whole hand pain measurement as outcomes. 

This study also assessed associations between osteophytes measured on both MRI and X-ray 

and clinical outcomes. Strength of associations were greater with presence of osteophytes on 

MRI and clinical outcomes, but osteophytes were not significantly associated with clinical 

outcomes regardless of imaging modality. 

Strengths of this study include using standardised radiograph and MRI hand osteoarthritis 

atlases and the population-based source of the data, which enables findings to be generalised 

to older adults in the community. We also included three different pain measurements, which 

improves confidence in the findings.  
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Limitations include a small number of joints assessed - DIP and PIP of the index finger on 

one hand, rather than an assessment of a whole hand, meaning that the prevalence of 

abnormalities and associations with pain and function could differ between these two joints 

and other hand joints. However, previous studies show that index finger DIP joints have the 

highest prevalence of symptomatic HOA, and index finger PIP joints have a similar 

prevalence of symptomatic HOA to the other finger joints (21, 377). Therefore, the 

prevalence should be similar or slightly overestimated than if we assessed the whole hand. 

Other potential limitations include loss to follow up within the TASOAC cohort: data used 

for this study (collected at the ten-year follow up) is a subset of the original cohort that had 

MRI and X-ray images taken, who were younger, had lower BMI, and fewer females at 

baseline than those who did not complete the 10-year follow up (n=875) (data not shown), 

but absolute differences were small. However, to account for these differences, we have 

inverse probability weighted the data; therefore, the results remain generalisable to older 

people.   

We were unable to assess the effect of not assessing all hand joints on associations between 

hand pain and function. Thumb base osteoarthritis may be a larger contributor to poor 

function than the fingers we assessed, and had we assessed imaging abnormalities in the 

thumb, we may have found different associations. Also, we were unable to assess the 

presence of BMLs at the collateral ligament enthesis, and effusion-synovitis was scored as 

present or absent in this study due to available image quality and without using gadolinium 

contrast medium. Thus, we cannot provide the prevalence of BMLs at the collateral ligament 

enthesis, and we may underestimate the effect size of the association between inflammation 

(detected by effusion-synovitis in this study) and hand pain and symptoms.  

7.5. Conclusion 

In conclusion, most MRI abnormalities of distal and proximal interphalangeal index finger 

joints were not associated with pain and function cross-sectionally. Absent CLs and JSN 

were associated with painful joints and weak grip strength independent of pain and other 

imaging features. JSN was also associated with tender joints and absent CLs with stiff joints. 
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Unexpectedly, effusion-synovitis was associated with reduced odds of pain. Longitudinal 

population-based cohort studies are needed to confirm these findings.  



Chapter 8. Summary and future directions  

 

 

144 

 

 

 

 

 

 

Chapter 8. Summary and future directions. 



Chapter 8. Summary and future directions  

 

 

145 

8.1. Summary  

We revisited the questions from each chapter of this thesis compiled in Chapter 2 and 

answered them based on the results of our analyses.  

1) Are there associations between PTE abnormalities detected on MRI and knee pain, 

physical function limitation, stiffness, osteoarthritis structural abnormalities, and 

TKR? 

a) What is the prevalence of PTE abnormalities detected on MRI in older adults?  

Of the seven abnormalities measured, the presence of tendon signal and deep 

infrapatellar bursa was almost ubiquitous in this group (tendon signal (proximal 

97%, distal 84%); deep infrapatellar bursa 93%). Bone signal was infrequent, and 

bone erosion was rare (bone signal (proximal 10%, distal 10%); erosion (proximal 

2%, distal 2%)). Prevalence of tendon signal, bone signal, and bone erosion were 

similar between distal and proximal sites. Therefore, PTE abnormalities were 

defined as the presence of bone signal and/or erosion. At baseline, 20% of 

participants (n=192/961) had bone signal and/or erosion at the PTE. Of these, 

84% had bone signal or erosion at 1 site only, 15% at 2 sites, and <1% at ≥3 sites. 

b) Is there an association between PTE abnormalities and BMLs, infrapatellar fat 

pad area, and cartilage defects cross-sectionally? 

Baseline PTE abnormalities were associated with a higher risk of presence of tibial 

and femoral BMLs at baseline after adjustment for demographic confounders. The 

association remained significant for presence of femoral BMLs, but associations 

diminished for tibial BMLs after further adjustment for site-specific cartilage defects. 

PTE abnormalities were not associated with presence of patellar BMLs at baseline. 

PTE abnormalities at baseline were negatively associated with infrapatellar fat pad 

area, after adjustment for demographic factors. This association strengthened after 

further adjustment for cartilage defects and BMLs. 

Participants with PTE abnormalities were more likely to have tibial and femoral 

cartilage defects at baseline. Associations persisted after adjustment for demographic 

factors, but after adjustment for structural factors (site-specific BMLs), associations 
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only persisted for tibial cartilage defects. PTE abnormalities were not associated with 

patellar cartilage defects at baseline. 

c) Is there an association between PTE abnormalities and knee pain, function and 

stiffness longitudinally over 10.7 years?  

Presence of baseline PTE abnormalities was not associated with the change in risk 

of presence (vs absence) or intensity of knee pain subscales, pain, physical 

function limitation, and total WOMAC score over 10.7 years.  While there were 

associations cross-sectionally, these did not persist over time.  

d) Is there an association between PTE abnormalities and incidence of TKR over 

13.3 years?  

Baseline PTE abnormalities were not associated with the incidence of TKR 

surgery over 13.3 years.  

e) Can PTE abnormalities cause knee pain and functional limitation in older adults? 

Results from our analyses do not support PTE abnormalities causing knee pain 

and functional limitation in older adults.  

 

2) How do MRI-detected BMLs on two different MRI sequences correlate with knee 

pain, physical function limitation, cartilage defect progression, cartilage volume loss 

over 2.7 years, and incidence of TKR over 13.3 years? 

a) What is the prevalence of BMLs that present on either or both T1-weighted and 

T2-weighted MRI? 

Over half of our participants (59%) had BMLs on at least one sequence. The 

majority of BMLs (86%) were detected on both MRI sequences, and only a few 

were detected on only one of the sequence types.  

b) What is the association between BMLs presence on T1-weighted, T2-weighted and 

both MRI sequences, and clinical outcomes, cartilage defect progression, 

cartilage volume loss over 2.7 years, and total knee replacement (TKR) over 13.3 

years? 

Clinical symptoms 

Presence of BMLs on T2-w FSE, T1, and both MRI sequences at baseline were 

associated with increased odds of moving to a higher category of knee pain, 

physical function limitation, and total WOMAC score compared to the reference 

group with no BMLs. Participants with a BML present on T2-w FSE, T1 and both 



Chapter 8. Summary and future directions  

 147 

MRI sequences were consistently estimated to have increased odds of moving to a 

higher category of stiffness, but evidence for the association was weak. BMLs 

present on T2-w FSE, T1, and both MRI sequences were associated with the 

worsening of pain and stiffness over 2.7 years, with similar effect sizes, after 

adjustment for age, sex, BMI, radiographic osteoarthritis, and baseline WOMAC 

score. There was no evidence for an association between BMLs present on T2-w 

FSE, T1, or both MRI sequences with changes in physical function limitation and 

total WOMAC score in unadjusted or adjusted analyses.  

Cartilage abnormalities.  

Presence of BMLs on T2-w FSE, T1, and both MRI sequences were associated 

with a higher risk of site-specific cartilage defect worsening over 2.7 years in 

adjusted analysis at all sites, except medial tibial and inferior patellar. The relative 

risk estimates for each site were of a similar magnitude for the three sequence 

types, with the largest effect observed for the lateral femoral site. 

The presence of BMLs was associated with significantly greater cartilage volume 

loss at the lateral tibial and superior patellar for all MRI sequences. Increased 

cartilage volume loss was also associated with the presence of medial femoral 

BMLs identified on T2-w FSE and with lateral tibiofemoral BMLs identified on 

both MRI sequences and T2-w FSE, but not for BMLs on T1-w GRE. While there 

was no evidence for an association between BMLs and site-specific cartilage 

volume loss at the medial tibial, lateral femoral, inferior patellar, medial 

tibiofemoral, total tibiofemoral and overall sites, the effect size estimates were 

consistently negative. 

TKR  

6% of our study population had a TKR on either knee (19 cases). All knees 

(100%) with a TKR had a BML on both MRI sequences and T1-w GRE. 95% of 

TKR participants had a BML on T2-w FSE. This indicates BMLs was a very 

strong predictor of TKR on each sequence type. We were not able to model this 

data due to the perfect prediction. 

c) Should we use one or both of the MRI sequences (T1- and T2-weighted) to 

measure the presence of BMLs?  

Either T2-w FSE or T1-w GRE MRI sequences could be used separately to assess 

BMLs.  
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3) What are the cross-sectional associations of hand ultrasound-detected features 

(osteophytes, grey scale synovitis, PDI synovitis) and clinical hand assessment 

features (swelling, tenderness, nodules, deformity) and hand pain, physical function 

limitation, stiffness, and grip strength? 

a) What is the prevalence of hand ultrasound and clinical assessment abnormalities 

features detected in older adults?  

Presence of osteophytes on ultrasound is ubiquitous in our population sample. 

Half of our population had grey scale synovitis, and 33% had PDI synovitis 

detected on ultrasound assessment. Presence of nodules on clinical assessment is 

ubiquitous in our population. More than half of our participants had joint 

deformities (66%), and half of them had swollen joints; meanwhile, 5% had 

tender joints.  

b) Is there association between the number of joints with osteophytes, grey scale 

synovitis, PDI synovitis detected on ultrasound and hand pain, physical function 

limitation, stiffness, and grip strength? 

Greater number of joints that had PDI synovitis on ultrasound was associated with 

hand pain independent of other findings on ultrasound. Greater number of joints 

with grey scale synovitis was associated with lower grip strength.  

c) Is there an association between the number of joints with swelling, tenderness, 

nodules, and deformity, and hand pain, physical function limitation, stiffness, and 

grip strength? 

Greater number of joints that were tender on palpation was associated with hand 

pain independent of other findings on clinical examination. Greater number of 

joints that were tender or deformed on clinical examination were associated with 

function limitation or lower grip strength. Associations between these 

abnormalities and function limitation, grip strength, and stiffness were 

predominantly mediated through pain; however, tenderness and deformity 

affected function even after taking pain into account. 

d) Can ultrasound be used alongside clinical assessment in diagnosing hand 

osteoarthritis? 

Yes. Ultrasonography can capture presence of an important inflammatory sign 

(PDI synovitis), giving better insight into osteoarthritis.   

 



Chapter 8. Summary and future directions  

 149 

4) What are the associations of MRI-detected index finger interphalangeal joint 

abnormalities (effusion-synovitis, BMLs, erosions, absence of collateral ligaments, 

and osteophytes) and radiograph-detected joint abnormalities (osteophytes and joint 

space narrowing), and joint tenderness, hand pain, physical function limitation, and 

grip strength? 

d) What is the prevalence of index finger interphalangeal joints MRI abnormalities 

and radiograph-detected osteophytes and JSN in the older adult cohort? 

Almost all of our participants had effusion-synovitis, the majority had BMLs and 

osteophytes, and not more than half had erosion and JSN. Only a few had absent 

collateral ligaments. 

e) Is there a cross-sectional association of the presence of index finger 

interphalangeal joint MRI-detected abnormalities and joint tenderness, hand 

pain, physical function limitation, and grip strength?  

Absence of collateral ligaments is significantly associated with presence of 

painful joints after adjustment for age and sex and all other MRI features, but all 

other index finger MRI features were not associated with either painful or tender 

joints. Further adjustment of the association between absence of CLs and painful 

joint for JSN on radiographs did not change effect sizes (RR=2.75 (1.08, 7.00)), 

indicating this effect was independent of JSN; however, the reverse was not true 

(further adjustment of associations between JSN and painful joints for absent CLs 

(RR=2.24 (0.83, 6.03)). 

f) Is there a cross-sectional association of the presence of index finger 

interphalangeal joint radiograph-detected abnormalities and joint tenderness, 

hand pain, physical function limitation, and grip strength?  

Joint space narrowing was associated with presence of painful joint after 

adjustment for age, sex, and all other MRI features. Joint space narrowing was 

also independently associated with higher risk of tender joints. Osteophytes on X-

ray were not associated with either painful or tender joints. Further adjustment of 

absent collateral ligaments changed the effect size between joint space narrowing 

and pain (RR=2.24 (0.83, 6.03). 

Below is an overall summary of this thesis.  
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Joint pain and physical function limitation are highly prevalent in older adults and are key 

symptoms of osteoarthritis. Imaging joints using modern advanced imaging techniques 

allows assessment of joint abnormalities in soft tissue, which may allow prediction of pain 

and prevention of deformities and functional loss, should adequate treatment targets be 

identified.  Therefore, the aim of this thesis was to study joint structural abnormalities of the 

knee and hand using advanced imaging technologies and investigate associations with pain, 

physical function limitation and other symptoms of osteoarthritis in TASOAC, the 

Tasmanian Older adult cohort study, a population-based sample of 1099 community-dwelling 

adults aged of 50-80 years examined at baseline and after 2.7 and 10.7 years. 

Chapter 4 was the first study to investigate the role of PTE abnormalities in knee pain, 

physical function limitations, and other knee joint structural abnormalities cross-sectionally 

and longitudinally. In this population-based community-dwelling cohort of older adults, 20% 

had PTE abnormalities (presence of bone signal and/or erosion) at baseline. Cross-

sectionally, presence of PTE abnormalities was associated with greater pain intensity while 

going up and down stairs, greater risk of femoral BMLs, worse tibial cartilage defect score, 

and smaller infrapatellar fat pad area. However, PTE abnormalities were not associated with 

symptoms, other knee structural changes, or TKR, excepting deleterious increases in tibial 

BML size longitudinally. Overall, PTE abnormalities are common in older adults. The 

presence of cross-sectional but not longitudinal associations between PTE abnormalities and 

pain, function, and other structures linked to osteoarthritis suggests that PTE abnormalities 

commonly co-exist with other knee structural abnormalities but do not cause symptom 

development or structural changes in osteoarthritis (apart from tibial bone marrow lesions).  

Chapter 5 investigated the controversy regarding whether subchondral bone marrow lesions 

are best measured on T2 or T1 sequences using MRI. Although several previous studies 

compared performance of different MRI sequences in regard to their ability to detect BMLs, 

reliability, and sensitivity of the MRI sequences to change, there are limited studies on how 

BMLs on different MRI sequence correlate with clinical outcomes. Imaging experts 

recommended the use of fluid sensitive MRI sequences such as T2-weighted MRI on the 

basis that BMLs appear larger on T2-weighted MRI than gradient recalled echo type MRI 

like T1-weighted MRI (400). While we showed that BMLs are slightly larger on T2-weighted 

MRI than T1-weighted MRI, we found that overall, differences in BMLs seen on either MRI 

sequence were not important. BMLs were usually present on both MRI sequences (86%). 
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BMLs present on T2, T1 and both sequences were equally associated with greater knee pain 

and functional limitation. Longitudinally, BMLs present on either T2, or T1, or both 

sequences were associated with worsening knee pain and worsening stiffness but not 

worsening functional limitation or total WOMAC. BMLs present on T2, T1, or both 

sequences predicted site-specific cartilage defect progression except at the medial tibial and 

inferior patellar sites. Lateral tibial and superior patellar BMLs present on T2, T1, and both 

sequences predicted site-specific cartilage volume loss. BMLs present on T2, T1, and both 

sequences were strongly associated with incident TKR. BMLs can be assessed on either T2-

weighted or T1-weighted MRI sequences with no clinical predictive advantage of either 

sequence. 

Chapter 6 described cross-sectional associations between structural features observed on 

ultrasound or clinical joint examination and hand symptoms amongst community-dwelling 

older adults (n=519) and determined whether such associations were independent of age, sex, 

BMI, and other imaging features. In this study, abnormal features of hand joints seen on 

clinical examination or visualised by ultrasound were common in older adults with and 

without hand pain. Greater numbers of tender joints (i.e., tender and painful joint upon 

pressure exerted) were associated with greater pain on target hand and both hand on 

AUSCAN pain score, as expected. They were also associated with poorer AUSCAN 

function, and poorer grip strength. PDI synovitis was associated with greater pain on target 

hand and both hand on AUSCAN pain score, but not function. Joint deformity was associated 

with poorer function and grip strength but not pain. Grey scale synovitis was associated only 

with poorer grip strength. Associations with function and grip strength were partially 

mediated by pain. Joints which are tender on palpation or have US-identified PDI synovitis 

are potential treatment marker or targets for hand pain.  

Chapter 7 described the associations between hand abnormalities on index finger 

interphalangeal joints on MRI or radiographs and pain and function in a cross-sectional study 

of community-based older adults. Index finger interphalangeal joints with absence of 

collateral ligament on MRI, and JSN on X-ray were associated with having a painful joint 

after adjustment for confounders. JSN was also associated with tender joints. Effusion-

synovitis was associated with low pain on AUSCAN pain scores and JSN with worse 

AUSCAN pain scores. Absent CLs of index finger interphalangeal joints were also associated 

with stiffer joints and weaker grip strength independent of pain and other features; JSN was 
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also associated with weaker grip strength. No other MRI or X-ray abnormalities were 

associated with pain or function independent of age, sex, or pain. The majority of MRI 

abnormalities on index finger interphalangeal joints were not associated with pain and 

function cross-sectionally. Absent CLs and JSN were associated with painful joints and weak 

grip strength independent of pain and other imaging features. JSN was also associated with 

tender joints and absent CLs with stiff joints. Unexpectedly, effusions on index finger 

interphalangeal joints were associated with reduced odds of pain.  

In summary, this series of analyses in community-dwelling older adults provides evidence 

that PTE abnormalities are not a major player in knee osteoarthritis; and that knee BMLs seen 

on MRI predict clinically important outcomes regardless of whether they appear on fluid-

sensitive or GRE-type MRI sequences. In the hand joint studies, we found hand joint 

tenderness on physical examination, ultrasound detected PDI synovitis, and absent collateral 

ligament (of index finger interphalangeal joints) on MR images are important correlates of 

hand symptoms. In general, these analyses support the role of MRI and ultrasonography in 

studying joint structural abnormalities of the knee and hand using advanced imaging 

technologies to investigate associations with pain, physical function limitation and other 

symptoms. 

This thesis contributes to the discovery of new knowledge about the relationship between 

several knee and hand joint abnormalities and joint symptoms that have not been described 

before and are potential treatment targets for clinical trials. This thesis demonstrated that 

using advanced imaging is practical, especially hand joint ultrasonography and MRI in 

routine clinical practice. Although we found the presence of patellar tendon enthesis 

abnormalities is not a major cause in symptom development and knee joint structural 

changes, we have demonstrated that changes around the patellar enthesis area are 

asymptomatic in older adults. This study provides guidance for future research on the next in-

vivo enthesopathy studies using MRI in determining suitable abnormalities to be measured 

and potential ways to grade the abnormalities. Results from Chapter 5 provide important 

evidence for clinicians and researchers that measuring BMLs is feasible from a single MRI 

sequence if the preferred sequence is not available, e.g., from existing imaging studies or due 

to budget constraints. From our two hand joints studies, we show that while some 

abnormalities are highly prevalent and asymptomatic, four hand joint abnormalities (PDI 

synovitis on ultrasound, tender joints on clinical examination, absence of collateral ligament 
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on MRI, and joint space narrowing on radiography) have potential as an osteoarthritis 

treatment target in older adults.  

We achieved our goal to study joint structural abnormalities (both bony and soft tissue 

changes) of the knee and hand using advanced imaging technologies and association with 

pain, physical function limitation and other symptoms of osteoarthritis in a population-based 

sample of community-dwelling adults. Advanced imaging technologies helped us show that 

while a few structural abnormalities commonly linked to osteoarthritis are important 

correlates of pain and physical function limitations in older adults, other structural 

abnormalities are not significantly correlated with the symptoms and commonly present in 

older adults. Recommendations for the future directions are provided in the following 

section.  
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8.2. Future directions  

The main challenge in modifying the course of joint pain in the context of osteoarthritis is the 

disconnection between symptoms and structural joint damage. Previous studies have reported 

a weak correlation between knee joint damage imaged on radiography and joint pain (148, 

401). Hand pain is also poorly associated with osteoarthritis radiographic changes as only 

15% of radiographic hand osteoarthritis patients had painful hand joints (402). Structural 

joint abnormalities on advanced imaging are more consistently associated with joint pain than 

radiograph detected damage, but with weak to moderate associations. Less than 35% of 

painful joint behaviour can be explained by structural changes in a study using an animal 

model (403). Meanwhile, a systematic review reported only a fair level of evidence of the 

association between MRI detected joint abnormalities and joint pain; thus further studies are 

needed (158). Several results in this thesis (especially hand joint abnormalities in Chapter 6 

and 7) are consistent with this challenge.  

Future studies should move towards characterising osteoarthritis into different phenotypes or 

subgroups based on the most active abnormalities causing symptoms (404); for examples, 

bone, inflammatory, and cartilage subgroups. This may optimise targeted joint treatment by 

providing the most appropriate treatment for the pathology in an individual’s underlying 

disease, thus more effectively slowing disease progression.  

Another challenge is the lack of standardised measurement tools to study hand osteoarthritis 

with limited evidence about reliability and sensitivity. Only a few scoring systems are 

available to image hand joint abnormalities ( Chapter 1.7.4). There are also fewer studies on 

hand joint abnormalities compared to the knee and hip joint. Standardisation of pain 

measurement and imaging protocols are crucial so that future hand joint studies are 

comparable and valid. More work on hand joint abnormalities is needed with emphasis on 

creating and testing reliable and sensitive measurement tools for imaging joints for use in 

clinical settings.  

This thesis presents several novel findings using data from a large prospective study of older 

adults living in the community. Future directions specific for each study chapter are 

discussed below.  
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Chapter 4: We have confirmed enthesis abnormalities of the patellar tendon are not a 

contributing factor to pain, physical function limitation, and other key symptoms of 

osteoarthritis longitudinally independent of other factors in older adults. Future work could 

be directed to other populations, e.g., post-traumatic osteoarthritis, inflammatory arthritis, 

athletes exposed to greater risk of damage. Alternatively, future studies may investigate 

associations at other enthesis sites, e.g., between cruciate ligament enthesis of the knee and 

hands or the Achilles tendon and joint pain and function limitation. Previous investigations of 

the association between enthesis abnormalities and clinical symptoms were performed on 

cruciate ligaments of the knee and hand joints (259, 262, 395) or Achilles tendon (405-408) 

of animal models, cadavers, and osteoarthritic patients. Location of enthesis and type of 

tissues surrounding the enthesis contribute differently towards joints movement and 

dissipation of stress at the enthesis site, exposing them to a different level of risk of 

pathological changes and inflammation (262). Therefore, different entheses and ligaments 

may have different relationships between the development of symptoms and structural joint 

damage (261, 409). Future studies on enthesis abnormalities may allow adaptations within 

scoring systems and categorise abnormalities into severity (e.g., no abnormalities, mild, 

moderate, severe) to measure abnormal signals and erosion at the enthesis sites, which 

provides quantitative information on the assessed abnormalities. Future work could include 

measuring the size of infrapatellar bursae  - bursa size above 2mm is abnormal (343), and 

larger bursae may be involved in joint inflammatory reactions (337, 410). We were not able 

to measure bursa size due to the resolution of our images – which were taken in 2002. The 

image quality of newer scans with improved sequences would likely enable a more accurate 

assessment of bursa size. 

Chapter 5: T2-weighted fast spin echo type MRI sequences are commonly used to measure 

BMLs due to BMLs appearing larger on T2 than T1 gradient recalled echo type MRI. Some 

BMLs can be detected on one sequence but not the other. Previous studies recommended 

using a combination of both MRI sequences to measure BMLs based on their findings that 

BMLs present on both T2 and T1 GRE MRI sequences were associated with the incident of 

knee pain and increased cartilage volume loss than BMLs only on T2 MRI (351, 360), but we 

did not find this. Instead, we showed there was no meaningful difference in the prediction of 

clinically important outcomes using either sequence. This study provided evidence that future 

studies can use either sequence for prediction of clinical outcomes with confidence and 
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supports the abundant evidence on the reliability of T1 MRI to measure BML (208-211, 349, 

350). Future work on MRI- detected BMLs could include the creation of an adjustment to 

allow comparison of BML sizes from T2 vs T1 MRI, given they appear on both sequences, 

but sizes are not directly comparable.  This would allow comparisons of different study 

populations who did not use the same MRI sequences. Moving forward, quantitative 

assessment of BMLs is also important and improved scan resolution would be required for 

this. This would allow measurement of BML volume rather than areal size (411) and semi-

automated measurement (412, 413) to obtain accurate BMLs size with less manual labour.  

Chapter 6 and 7 examined the association between hand joint abnormalities identified on 

clinical hand examination, ultrasound, X-ray, and MRI and hand symptoms in older adults. 

We found several independent correlates of hand symptoms (hand pain and physical 

function), namely tender joints on clinical assessment, PDI synovitis on ultrasound, JSN on 

X-ray, and absent index finger collateral ligaments on MRI. These were statistically 

significant even after adjusting for all other important confounders. Deformity on clinical 

examination and grey scale synovitis on ultrasound were independent correlates of physical 

function limitation. As our hand MRI study results are limited to index finger interphalangeal 

joints, we propose that that future hand MRI studies scan the whole hand to get an accurate 

association between the abnormalities and symptoms of all hand joints, as it is possible that 

the two fingers we imaged may not be representative of the entire hand. Ultrasound-detected 

PDI synovitis in older adults was rare in our general older adult population but was 

associated with hand symptoms; therefore, a study in a large cohort of people with hand 

osteoarthritis would be a good comparator for our analyses. In this thesis, we did not compare 

associations of hand joint abnormalities and symptoms assessed in Chapter 6 and 7. A direct 

comparison cannot be made between these two chapters due to the different number of 

participants included in Chapter 6 and 7. Furthermore, abnormalities in Chapter 6 were 

assessed in the dominant hand (15 joints), while in Chapter 7, abnormalities on only two 

joints were included. Future work could investigate correlations between hand joint 

abnormalities (i.e., synovitis and osteophytes) of the same joints on different imaging 

modalities. We showed effusion-synovitis on MRI has contradictory associations with joint 

pain compared to PDI synovitis on ultrasound in separate studies; thus, future studies should 

further investigate the inflammation signals on these different imaging modalities to confirm 

our findings.  
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Correlations between erosion on MRI and sign of inflammation on ultrasound or MRI should 

also be studied in detail. Previous studies reported that inflammatory signs are more common 

in erosive hand osteoarthritis than non-erosive hand osteoarthritis (137, 414). Future studies 

should investigate whether erosion and synovitis are linked with hand pain in a causal 

pathway or whether they merely co-exist in people with hand osteoarthritis. Next, a 

comparison of similar abnormal joint features measured multiple times on MRI, radiography, 

ultrasound, or clinical assessment (i.e., effusion-synovitis / inflammation and osteophytes 

measured on MRI, ultrasound, and clinical assessment) in terms of their relative sensitivity, 

specificity, and prognostic value would also be valuable. A few previous studies reported 

sensitivity and specificity of abnormalities, for example, osteophytes or synovitis on two 

imaging or clinical examination (bony enlargement or inflammation) in hand osteoarthritis 

patients (154, 249, 313, 415, 416). However, none reported a correlation between 

assessments of an abnormality on multiple imaging (e.g., ultrasound, MRI, X-ray for 

osteophytes) at different time points and pain and function, which can give a better overview 

of the best imaging method to assess changes in clinical trials.  

Chapter 6 and 7 studies were cross-sectional, as the data was drawn from the 10-year follow-

up of TASOAC, and no further follow-ups are planned. We cannot assess longitudinal 

associations using our TASOAC data as the data were collected at the final study follow-up. 

There are no longitudinal studies of hand symptoms and clinical outcomes using advanced 

imaging in a community-dwelling cohort that we are aware of. Future work could investigate 

whether these associations persist longitudinally in older adults. Two previous studies 

showed that changes in synovitis (but not effusion) were correlated with knee pain 

fluctuations in knee osteoarthritis suggesting that synovitis is the driving factor of pain and 

that effusion is the result of synovitis (57, 58). Therefore, a longitudinal study of at least five 

years is needed, preferably with advanced imaging such as ultrasound and MRI using a 

contrast-enhanced agent to differentiate effusion and synovitis in older adults. The TASOAC 

study did not use contrast agents, and therefore effusion and synovitis cannot be 

distinguished in imaging. 

PDI synovitis on ultrasound is a promising potential treatment target for hand pain. This 

imaging feature is a sensitive measure of inflammation. Given that our cohort study was a 

general population sample and showed that PDI synovitis was a modifiable cause of hand 

pain, future studies should investigate PDI synovitis in people with hand pain and hand 
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osteoarthritis with a view to using PDI synovitis as an imaging biomarker in clinical trials of 

hand pain. At present, there is only one study using PDI synovitis as an outcome in people 

with hand osteoarthritis, and they observed a significant treatment effect (60) using 

prednisolone. Negative results were seen in several other trials (417-422) using methotrexate, 

hydroxychloroquine, adalimumab, and diacerein drugs to target hand synovitis to reduce 

inflammation and pain. These trials used drugs that are effective disease-modifying drugs in 

inflammatory arthritis and work by inhibiting stimulation of inflammatory responses, and 

therefore the choice of candidate drugs was promising. The reason for the negative trials 

remains unclear, whether the treatments were poorly targeted or the treatments themselves 

are ineffective.  Additionally, the only trial to demonstrate efficacy, using prednisolone (60), 

had only a short term follow up (6 weeks) and therefore, longer follow up is needed before 

long term treatment with prednisolone could be considered as a suitable treatment for painful 

hand osteoarthritis, especially considering the considerable side effect profile of long term 

prednisolone use. Future studies also need to address the influence of the mechanical stress-

induced synovial inflammation pathway and its consequences on hand pain.  

Two abnormalities detected on imaging in Chapter 6 and 7 (absence of collateral ligaments 

and JSN) are suitable markers of structural progression, but as non-reversible changes, are 

therefore not suitable candidates for treatment targets for clinical trials of hand pain in hand 

osteoarthritis. Collateral ligaments provide lateral stability to the interphalangeal joint (423). 

The absence of collateral ligaments, therefore, results in an unstable joint. Future studies 

should determine whether the absence of collateral ligaments affects pain via joint instability 

and whether the absence of CL may benefit from non-pharmacological intervention 

commonly used for thumb base osteoarthritis to provide stability such as orthoses. JSN is a 

composite of structural damage within the joint capsule, such as cartilage defects, menisci 

pathology (159) and bone erosion (424). Using JSN as a structural outcome remains 

challenging due to the lack of specificity of the abnormality (424) and the lack of association 

between JSN in the hand joints and changes in pain longitudinally (156, 164).  
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Appendix 1: Participant consent form. 

 

Tasmanian Older Adult Cohort Study 

 

CONSENT FORM 

Chief Investigators – Associate Professor G Jones 

          Associate Professor F Cicuttini 

          Professor T Dwyer 

          Dr A Venn 

1. I have read and understood the 'Information Booklet' for this study. 

2. The nature and possible effects of the study have been explained to me. 

3. Any questions that I have asked have been answered to my satisfaction. 

4. I understand that the study involves three small venous blood samples (30ml) to be taken by a 

qualified nurse/doctor which involves negligible risk beyond that of routine venipuncture. 

5. I understand that these blood samples will be used to measure Vitamin D, Vitamin K and other, 

as yet unidentified, markers of potential relevance to osteoporosis and osteoarthritis as well as 

cholesterol, insulin and glucose.  

6. The blood samples I donate may be used to help discover genes including some that may 

predispose to osteoporosis and/or osteoarthritis, and I understand that this may have commercial 

OFFICE USE ONLY 

Participant ID        

 

Consent Form Return Date  

//  
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potential in the future. I donate my blood freely for these purposes and waive any claim to 

commercial or any other rights of any nature whatsoever arising from this work. 

7. I understand that the study involves questionnaires, cognitive tests, measurements of height, 

weight and body composition, length and grip strength, physical activity, blood pressure 

readings, urine collection, silicone casts and Spectrophotometry measurements. None of these 

involve any discomfort. 

8. I agree to have measurement of bone density on two occasions and X-rays of hands, knees and 

hips on one occasion. I understand that this involves an amount of radiation exposure that is 

unlikely to be associated with increased risk of disease and is less than the current National 

Health & Medical Research Council guidelines for exposure to radiation in volunteers. 

9. I understand that I will have a MRI assessment of cartilage volume of the knee and possibly hip 

on three occasions. 

10. I have been informed that the results of the study may not be of any direct benefit to my medical 

management. 

11. I agree that research data gathered for the study may be published, and that any published data 

will not lead to my identification as a subject  

12. I agree to participate in this investigation and continue with the study in the future but understand 

that I may withdraw at any time without prejudice. 

13. I allow my data to be cross-referenced with the Tasmanian Cancer Registry if necessary. 

14. I allow my medication usage to be confirmed with the Health Insurance Commission. 

15. I understand that the Family information I have provided on the Questionnaire will be added to 

the Menzies Research Institute’s genealogical records. This information may be used by future 

Menzies Research Institute studies.  

I consent to being part of the TASOAC Research Study 

Name of Participant  .................................................................................................................................  

Signature  ..............................................................................................   Date .........................................  

Phone (H)  ...................................................................  (B)  ................................................................  

(Mobile)  ..................................................................................  

I do not wish to be part of the TASOAC Research Study 

Name of Participant  .................................................................................................................................  

Signature  ..............................................................................................   Date .........................................  

Phone (H)  ...................................................................  (B)  ................................................................  



Appendices  

 190 

(Mobile)  ..................................................................................  

Office Use Only 

1. I the researcher have explained the study details and implications of participation in the study to 

the above signed volunteer. 

2. I have enquired as to whether they have any questions regarding the trial and have answered any 

that have been forthcoming. 

3. I recognise the fact that the participant has the right to withdraw at any time. 

4. I shall ensure that all the data and information collected in relation to the trial is secure and remains 

confidential. 

 

Name of Researcher  ..........................................................................................................................  

 

Signature  .......................................................................................   Date..........................................  
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Appendix 2: WOMAC questionnaire.  
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Appendix 3: AUSCAN questionnaire.  
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Appendix 4: Hand MRI sequences protocols for TASOAC. 
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Appendix 5:  Patellar tendon enthesis abnormalities and their 

association with knee pain and structural abnormalities in older 

adults.  
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Appendix 6: How to MRI-detected subchondral bone marrow 

lesions (BMLs) on two different MRI sequences correlate 

with clinically important outcomes? 
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