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ABSTRACT 
 

Obesity is an established risk factor for the development of Osteoarthritis (OA), the 

most common musculoskeletal disease leading to joint pain and disability. Obesity is 

a global health issue, which has led to dramatic increases in both the prevalence of OA 

and the demand for total knee replacement (TKR). The high economic and medical 

burden of obesity-related OA raised two important question; how does obesity affect 

the implementation of TKR at the population level and how many TKR procedures 

for primary OA can be avoided by reducing the prevalence of obesity. One of the main 

aims of this thesis, was to uncover the medical burden of obesity-related OA by 

assessing the population attributable risk of TKR associated with obesity.  

 

Mechanical loading is believed to be of significance in the progression of obesity-

related OA, however, there are very limited studies on the pathological changes and 

our understanding is mostly based on epidemiological studies and clinical trials. The 

osteochondral unit, which includes hyaline cartilage, calcified cartilage and 

subchondral bone, is a functional unit which plays a central role in distributing the 

load on the joint surface. Understanding the impact of obesity on the pathological 

changes in the osteochondral units of knee joints from patients with end-stage OA will 

provide insights into the biomechanical mechanism of obesity-related OA. Therefore, 

another aim of this thesis was to investigate the influence of obesity on the 

pathological changes in the osteochondral units and the potential mechanism.  

 

Firstly, a general review focusing on the impact of mechanical loading on the obesity-

related OA was provided in this thesis. This review has summarized the effect of 
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obesity on pathological changes of the osteochondral unit and surrounding tissues in 

knee OA. This review article reveals that abnormal mechanical loading is the major 

pathological cause of obesity-related OA, mediated by the mechanical factors 

including by obesity-related excessive joint loading, concomitant joint malalignment 

and muscles weakness. Therapeutic strategies based on mechanical correction, 

including combined diet and exercise strategies, dynamic muscle strength and joint re-

alignment, were shown to be effective in improving the symptoms of obesity-related 

OA. By summarizing the impact of biomechanical factors, a hypothetical model of 

obesity-related OA change was also proposed in this chapter.  

 

Secondly, a population-based study was conducted to define the population 

attributable risk of end-stage OA associated with overweight/obesity in Australia, in 

the period between 2015 and 2018. Approximately 200,000 cases of TKR for primary 

OA and Australian national population with BMI distribution data were collected from 

the Australian Orthopaedic Association National Joint Replacement Registry and the 

Australian Bureaus of Statistics, respectively. This study demonstrated that the impact 

of obesity on elevating the incidence of TKR was stronger in the young population 

than old population. Obesity was also associated with higher risk of TKR in female 

than male. This study also showed that approximately 35% of TKR surgeries for 

primary OA in Australia were attributable to overweight and obesity. Approximately 

3000 cases of TKR could be prevented if the obesity prevalence reduced by 25%. 

These results are consistent with the hypothesis that obesity has increased the 

incidence of TKR for primary OA; and that this effect is most prominent in the young 

and female populations.  
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Thirdly, to investigate the effect of obesity on the progression of primary OA, a large 

cohort data collected from the same registry was used to assess the correlation between 

BMI and age of patients receiving TKR for primary OA. More than 57% of OA 

patients in Australia who had a TKR were obese, with overweight (BMI: 25-29.99 

kg/m2), obesity class I & II (BMI: 30-39.99 kg/m2) and obese class III (BMI ≥ 40 

kg/m2) receiving a TKR approximately 2, 4, 8 years earlier than patients with normal 

weight (BMI<25 kg/m2). A subset of patients representing the registry data was 

selected to investigate the effect of obesity on the 3D microstructural and 

histopathological changes in knee joints. Horizontal fissuring at the osteochondral 

units was identified as a novel and unique pathological features in patients with 

obesity-related knee OA and 84.4% of the horizontal fissures were attributable to 

obesity. Somewhat surprisingly, patients with high BMI, reduced cartilage 

degradation was observed in addition to increased osteoid formation but reduced 

mineralization in the subchondral bone (SCB).  In conclusion, for patients with 

primary OA obesity is associated with a younger age of first TKR, which may result 

from increased horizontal fissuring at the osteochondral interface.  

 

Lastly, the potential mechanism involved in the articular cartilage and SCB 

degradation of obesity-related OA was investigated. Both transmitted light and 

polarized microscopy revealed that less organized alignment of collagen fibres in 

articular cartilage and reduced integrity in the tidemark region of tibia plateaus in 

obese patients. TUNEL assessment and immunohistochemistry analysis showed that 

in the articular cartilage, obesity was associated with increased chondrocyte apoptosis, 

but not with localized accumulation of TGF- β. In the SCB region, an increased level 

of osteocyte apoptosis and elevated local accumulation of TGF- β1 was observed in 
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patients with obesity compared to those without obesity. A positive correlation was 

also detected between the proportion of apoptosis in osteocytes and the level of TGF- 

β1. This study indicated that obesity was associated with increased chondrocyte and 

osteocyte apoptosis. Increased accumulation of TGF- β1 in the mineral bone matrix 

might be associated with increased osteocyte apoptosis, leading to the abnormal 

microstructural change in the subchondral bone in the OA patients with obesity.  

 

In summary, this thesis posits that obesity contributes to the increased demand of TKR 

as a treatment for primary OA, particularly in the young and female populations. The 

novel pathological feature of horizontal fissuring at osteochondral interface in obesity-

related OA is consistent with the suggestion that abnormal mechanical loading plays 

a central role in obesity-related OA. This thesis proposes a new hypothetical model 

that the horizontal fissuring at the osteochondral interface is caused by secondary shear 

stress, which is, in turn, generated by excessive body weight. This model challenges 

the traditional view that the progression of OA is caused by “wear and tear”, starting 

from the superficial layer of cartilage and extending to the exposure of SCB. The 

studies in this thesis have revealed the significance of weight-loss strategy for OA 

patients with obesity on reducing the demand of TKR in the population level and 

slowing down the development of OA at the personal level. The the pathological 

changes in the osteochondral units could help in developing new interventions in the 

management of obesity-related OA.  
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1.1 Abstract 

Obesity-related osteoarthritis (OA) is a complex, multifactorial condition that can 

cause significant impact on patients’ quality of life. Whilst chronic inflammation, 

adipocytokines and metabolic factors are considered to be important pathogenic 

factors in obesity related OA, there has been limited investigation into the 

biomechanical impact of obesity on OA development. This review aims to 

demonstrate that mechanical factors are the major pathological cause of obesity-

related OA. The effect of obesity on pathological changes to the osteochondral unit 

and surrounding connective tissues in OA is summarized, as well as the impact of 

obesity-related excessive and abnormal joint loading, concomitant joint malalignment 

and muscle weakness. An integrated therapeutic strategy based on this multi-factorial 

presentation is presented, to assist in the management of obesity related OA.  

 

1.2 The translational potential of this article 

 
Despite the high prevalence of obesity-related OA, there is no specific guideline 

available for obesity-related OA management. In this review, we demonstrated the 

pathological changes of obesity-related OA and summarized the impact of 

biomechanical factors by proposing a hypothetical model of obesity-related OA 

change. Therapeutic strategies based on adjusting abnormal mechanical effects are 

presented to assist in the management of obesity-related OA.  
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1.3 Introduction 
 

Obesity-related osteoarthritis (OA) is a complex biopsychosocial condition that 

contributes to increased patient morbidity and mortality, as well as increased financial 

burden on the health care economy [1]. Two out of every three obese individuals have 

OA and the incidence of OA increases with increased body mass index (BMI) [2]. It 

has been reported that over 50% of patients with end stage OA are obese and require 

total knee replacement (TKR) [3].  

 

Despite the high prevalence of obesity-related OA, clarity is still needed in 

understanding the pathogenesis of this condition. Obesity-induced inflammation is 

believed to be significant in the pathogenesis of OA, which is evidenced by the 

occurrence of impaired metabolism and OA. However, there is insufficient evidence 

demonstrating that metabolic disorders in obese patients is the trigger of OA, and the 

efficiency of correcting chronic inflammation in OA patients is relatively limited. 

Previous clinical trials of anti-inflammatory, intra-articular corticosteroid injections 

have consistently found to provide only short-term relief [4-6]. A study that examined 

the effect of mechanical stress and obesity related systemic factors on knee and hand 

OA showed that obesity-related mechanical stress was the most important risk factor 

for knee OA [7, 8]. Causation can be difficult to prove in a noninfectious disease, 

however, there is increasing evidence showing that OA is a disease primarily of 

mechanics, whereas the inflammation in OA is more so a secondary consequence of 

this [9, 10]. In this review, we focused on discussing the effect of obesity-related 

biomechanical factors on OA development, and the management of obesity-related 

OA based on adjusting the abnormal biomechanics. Currently, there is no specific 

guideline available for obesity-related OA treatment [11]. For this reason, we 
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conducted a literature search on PubMed in English from 1972 to 2019 using the 

keywords obesity, osteoarthritis, mechanical factors, biomechanics and pathology.  

 

1.4 Impact of obesity on joint pathology 

Obesity may contribute to initiating the osteoarthritic joint process, via excessive 

mechanical loading of the joint. The isolated (and combined) effect on the 

osteochondral unit and surrounding connective tissues is outlined below and further 

summarized in Table 1-1, with changes in these tissues contributing to acceleration of 

the disease [12]. 
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Table 1-1. Structural changes of joints in obesity-related OA 

Structure Obesity-related changes  References  

Cartilage 

x Early lesions of knee cartilage Widhalm et al. [13] 

x Increased knee cartilage defects Anandacoomarasamy et 

al. [14] 

x Less cartilage degradation from superficial 

zone 
Chen et al. [10] 

Osteochondral 

interface 

x Increased incidence of horizontal fissuring 

x Increased length, increased area of 

fissuring 

Chen et al. [10] 

Subchondral 

bone 

 

x Increased bone volume fraction, more 

plate-like trabecular bone, increased 

trabecular space, increased trabecular 

number 

Reina et al. [15] 

x Increased bone marrow lesions  Muratovic et al. [16] 

x Increased osteoid formation, decreased 

bone mineral density and bone volume 
Chen et al. [10] 

Osteophyte x Higher incidence of knee osteophytes Hart et al. [17] 

Synovium 

x Marked fibrosis 

x Increased macrophage infiltration 

x Higher level of Toll-like receptor 4 

expression, higher level of adiponectin and 

adipose-related markers peroxisome 

proliferator-activated receptor J (PPARJ) 

x Increased hematopoietic cells, M2-type 

macrophages 

Harasymowicz et al. 

[18] 

Meniscus x Increased incident of meniscal extrusion Englund et al. [19] 

Infrapatellar 

fat pad 

x Larger adipocytes 

x Increased PPARJ 

x Increased hematopoietic cells, M2-type 

macrophages 

Harasymowicz et al. 

[18] 
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1.4.1 Articular cartilage 

Hyaline cartilage is an avascular, aneural structure with a low friction coefficient, 

which allows for compressibility and gliding [20]. In the early stages of OA, cartilage 

surface fibrillation and swelling are associated with chondrocyte clustering, increased 

chondrocyte proliferation and increased production of specific extracellular matrix 

(ECM) proteins [20, 21]. With disease progression, cartilage damage extends to the 

deeper layers, resulting in delamination of hyaline cartilage and exposure of 

underlying calcified cartilage and subchondral bone [22].  

 

Cartilage defects have shown to be associated with increased BMI [23]. A cross-

sectional study demonstrated that obesity and BMI were consistently associated with 

increased knee cartilage defect severity, as well as tibial bone enlargement [24]. 

Widmyer et al reported that high BMI individuals had thicker cartilage on the patella 

and femoral groove, and thinner cartilage on the medial tibia, compared to normal 

BMI individuals [25]. Furthermore, expression of Matrix Metalloproteinase-12, which 

mediates hyaline cartilage degeneration, was positively associated with BMI [26].  

 

1.4.2 Osteochondral interface 

The osteochondral interface is a gradient tissue between stiff bone tissue and the softer, 

viscoelastic articular cartilage in the osteochondral units [27]. Calcified cartilage is 

separated by histological defined tidemarks and cement line from hyaline cartilage and 

subchondral bone.  The osteochondral interface plays a significant role in maintaining 

the integrity of the osteochondral units by transmitting mechanical force and 

preventing the movement of large molecules [28]. However, osteochondral interface 

is believed to be a region of weakness, as no collagen fibers are continuous between 
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the calcified cartilage and subchondral bone, and an abrupt change of mineral collagen 

orientation is observed between the hyaline and calcified cartilage [29, 30].  

Mechanically, articular cartilage has a soft structure with a higher Poisson’s ratio, 

while the underlying mineralized structure is a stiff structure with low Poisson’s ratio. 

Under high compression, articular cartilage can experience a larger deformation, 

compared to its attached underlying calcified bed [23, 24]. Our recent study showed 

that mechanical overload in patients with obesity can cause fissures of osteochondral 

interface in OA. The novel pathological findings of horizontal fissures were 

characterized by irregular erosion, free bone/cartilage debris, fibro-granulation tissue 

and the rupture of microcapillaries at the osteochondral interface, are the key 

pathological feature in patients with obesity-related OA. The unique feature of 

horizontal fissuring in obese patients with OA suggested that mechanical factors play 

a key role in the pathogenesis of obesity-related OA [10].  

 

1.4.3 Subchondral bone 

BMI plays a significant role in the pathological changes of subchondral bone during 

OA development [15, 31]. Subchondral bone, including the subchondral bone plate 

and subchondral trabecular bone, exerts a stress-absorbing function and supports the 

metabolism of healthy joints [1].  In the early stages of OA, an increased rate of bone 

remodeling leads to a thinner subchondral bone plate and decreased bone volume in 

trabecular bone. Increased bone remodeling may be associated with the accumulation 

of microcracks [32]. However, in end stage OA, fewer microcracks have been 

reported, which can be explained by thicker trabeculae and the strengthened 

architecture of the subchondral trabecular bone [33].  
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Our recent study showed that BMI was positively associated with increased osteoid 

formation, but negatively associated with total bone volume and bone mineral density 

in the predominant compartment of knee OA [10]. While low bone volume and 

mineral density may be due to the high prevalence of vitamin D insufficiency or 

deficiency in the obese individual[34], Reina et al showed that BMI is positively 

associated with bone volume fraction, trabecular spaces, trabecular number, and 

increased numbers of plate-like changes in subchondral trabecular bone [15]. 

Currently the impact of obesity on SCB is still controversial. 

 

Bone marrow lesions (BMLs), such as bone marrow edema or bone bruises, have also 

been observed in individuals with OA, and are strongly associated with joint pain and 

cartilage degeneration [35, 36]. It has been reported that the presence of BMLs is 

associated with increased BMI and body weight [31]. A systematic review 

demonstrated that high compartmental loads together with increased body weight, 

increased the presence of BMLs [37].  An in vivo study by Matheny et al reiterated 

this finding; epiphyseal cancellous bone of rabbits that received cyclic loading for a 

period of two weeks had an increased number of BMLs and higher bone resorption, 

when compared to controls [38]. 

 

1.4.4 Synovium 

Since adult articular cartilage is an avascular and aneural structure, the pathological 

changes of synovium has drawn a concern as a major cause of pain in OA [39]. Under 

normal condition, synovium consists of a thin layer of synovial lining cells with 

features of macrophages and fibroblasts. Lubricin and hyaluronic acid, the main 

molecules produced by synovial lining cells, play an important role on protecting the 



19 
 

integrity of cartilage by reducing friction, providing nutrients and removing products 

of cartilage metabolism and turnover [40]. During OA development, low level 

synovitis is associated with joint pain, cartilage degradation and subchondral bone 

resorption [41]. An over 2.5 years follow-up study shown that a weight gain in 

overweight/obese women results in a greater risk of progression of synovitis, 

compared to those with steady weight [42]. It has been reported that the synovial fluid 

of obese OA patients shows more inflammation than that of normal weight OA 

patients, as indicated by elevated levels of Interleukin (IL)-6, IL-8 and tumor necrosis 

factor α (TNF-α). Synovial fibroblasts isolated from obese OA patients secrete more 

IL-6, IL-8 and TNF-α than those from normal weight controls [43]. 

 

1.4.5 Menisci 

The menisci are two fibrocartilaginous discs located in the tibiofemoral joint, which 

play an important role in dispersing body weight and reducing shock and friction 

during joint mobilization. Meniscal pathology, including tears, destruction and 

extrusions, are strong risk factors for OA development [44]. Meniscal damage affects 

weight-bearing capacity of the joint, leading to abnormal loading and friction on 

cartilage and subchondral bone, ultimately resulting in OA [44]. Several studies have 

demonstrated that obesity is a significant risk factor for meniscal extrusion and tears 

[19, 45, 46]. One explanation is that increased load generated by obesity is transmitted 

to the menisci, which may lead to meniscal pathological damage. Additionally, the 

levels of APLN, which may play a catabolic role in meniscal homeostasis, are 

negatively associated with BMI in menisci gene expression [47]. This suggests that 

obesity may have a negative biological impact on the menisci, through altered gene 
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expression. Thus, meniscus pathology may be an important event in mediating the 

development of obesity-related OA.  

 

1.5 Mechanical stress as a key pathological factor in obesity-related 

OA 

1.5.1 Abnormal excessive joint loading 

Moderate dynamic mechanical loading is one of the most important mechanical 

factors for maintaining joint homeostasis. The integrity of articular cartilage is 

maintained under moderate loading conditions during routine daily activities. 

However, when receiving abnormal excessive mechanical loading, disruption of 

cartilage homeostasis and deformation of normal joint morphology occurs, further 

inducing and accelerating the progression of OA. In vivo and ex vivo studies exploring 

the impact of biomechanical stimulation on joint structure and cellular changes 

demonstrated that pure mechanical factors can directly result in structural damage, 

abnormal cell activities, and lead to synovitis (Table 1-2). 
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Table 1-2. Impact of mechanical factors on OA pathological changes. 
Ref.  Mechanical 

factor  
Study Model Study design Main Finding 

Roemhildt 
et al. [48] 

Chronic 
compression 

In vivo A varus compression device on tibiofemoral joint of 
mature rats for 20 weeks.  

Increased compression in the medial compartment 
produced significant degenerative changes, including 
decrease in cartilage aggregate modulus, cartilage 
thickness and cellularity, increased histological 
degeneration and increased subchondral bone thickness  

Coleman 
et al. [49] 

Cyclic axial 
compression 

Ex vivo 7 days consecutive days of cyclic axial compression (0.25 
or 1.0 MPa, 0.5Hz, 3 hours) on bovine osteochondral 
explants. 

After 7 days loading, repeated overloading (1.0MPa) 
leads to chondrocyte mitochondrial dysfunction with 
increased proton leakage and decreases in mitochondrial 
membrane potential, and increased reactive oxygen 
species formation.  

Kaplan et 
al. [50] 

Unconfined, 
uniaxial 
compression test 

Ex vivo Cyclic, unconfined compression test under a range of 
loading magnitudes and frequency approximated daily 
activities were applied on the extracted specimen from 
load-bearing regions within the lateral femoral condyles 
of health donors.  

Cyclic loading up to 36,000 cycles damages the collagen 
network.  A number of cycles without sufficient recovery 
may cause permanent damage in cartilage depending on 
the magnitude of the force applied by the activity. 

Ko et al. 
[51] 

Repetitive cyclic 
compression 

Ex vivo Cyclic compression of 4.5 and 9.0N peak loads to the left 
tibia via the knee joint of adult mice for 6 weeks.   

Increased damage severity dependent upon the duration 
of loading. Articular cartilage thickness decreased, and 
subchondral cortical bone thickness increased in the tibia 
plateaus. Osteophyte developed in 9.0N peak loading but 
not in 4.5N peak loading 

Ko et al. 
[52] 

Single cyclic 
compression 

In vivo A single 5-minute session to the left tibia of adult mice of 
9.0N for 1200 cycles for 2 weeks 

At 1 and 2 weeks after the single section of loading, 
cartilage pathology demonstrated by localized thinning, 
proteoglycan loss. Bone loss was evident at 1 week, with 
increased osteoclast numbers, but reversed to baseline 
levels at 2 weeks. Fibrous and cartilaginous tissues were 
observed at the margins at 2 weeks.  
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Matheny 
et al. [38] 

Cyclic loading In vivo 0.2-2.0MPa in compression for 10,000 cycles at 2 Hz for 
2 weeks 

By MR, loaded limbs displayed BMLs, increased tissue 
microdamage and bone resorption as compared to 
controls 

Santos et 
al. [53] 

Impact & cyclic 
compression 

Ex vivo 76 full-thickness, cylindrical osteochondral plugs were 
assigned to low-energy impact groups (none, low, high), 
and thereafter three cyclic compression groups (none, 
low, high) 

Microcracks in cartilage collagen network initiate and 
propagate under mechanical treatments. The length and 
width of microcracks increased by impact and cyclic 
compression.  

Wu et al. 
[54] 

Single cyclic 
compression 

In vivo 8-week-old mice were placed in a hyperflexed position 
and subjected to compressive joint loading at 3,6, or 9N 
peak forces for 60 cycles 

Acute joint pathology was associated with increased 
injured loads. Loading regimens induced chondrocyte 
apoptosis, cartilage matrix degradation, disruption of 
cartilage collagen fibril arrangement and increased serum 
COMP. 6N induced mild synovitis and 9N induced 
anterior cruciate ligament and severe synovitis and 
ectopic cartilage formation.  

Wilson et 
al. [55] 

Shear strain 
Tensile strain 
  

Ex vivo Full-thickness cartilage plugs from tibial plateaus of 8-
month-old calves were loaded five times with 25N. 
Comparison of locations of maximum shear and tensile 
strains using antibodies directly against type II collagen.  

The maximum tensile strain increased almost linearly 
with decreasing cartilage thickness. The maximum shear 
strain along the direction of collagen fibrils increased 
more rapidly for thinner samples.  

Arno et al. 
[56] 

Compression, 
shear and torque 

Ex vivo 10 cadaveric knees were tested in a rig with 500N 
compression, 100N shear and 2.5Nm Torque, and the 
knee flexed from -5 to 135 degree.  

A horizontal cleavage lesion was created in cartilage 
arthroscopically. And the horizontal cleavage lesion will 
result in small but statistically significant changes in 
tibiofemoral contact mechanics.  

Radin et 
al. [57] 

Repetitive 
impulsive loads 

In vivo Rabbit legs were applied load with ankle flexion.  Loading induced increased bone formation and decreased 
in porosity, which is associated with relative stiffening of 
bone. Horizontal splitting and deep fibrillation of the 
overlying articular cartilage followed by early bone 
changes.  
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Increased dynamic mechanical loading during walking or other physical activities, 

generated by high body weight in obese individuals, appears to play a key role in OA 

progression. Generally, high BMI correlates with increased absolute mechanical stress 

during gait, regardless of the presence or absence of OA [58]. Excessive peak 

compressive loads of over 1.2x106 N, and excessive peak shear stress of over 206,000 

N per mile walking was generated by patients with a BMI between 35-41.3 kg/m2, 

compared to patients with a BMI between 27-29.9 kg/m2 [59]. External knee adduction 

moment (KAM) during the stance phase of gait, a surrogate measure of tibiofemoral 

knee joint loading of medial compartment of the knee, is reported to be strongly 

associated with excessive body weight [60]. Previously, a study showed a strong 

association between the high risks of OA progression and increased KAM. For every 

one unit increase in peak KAM, there was a 6.5-fold increase in risk of progression in 

osteoarthritic radiological findings of the medial tibiofemoral compartment [61]. 

Increased peak KAM was also associated with increased number of BMLs in the 

subchondral bone [62]. Interestingly, higher peak KAM displayed a thinner medial 

meniscus and higher bone volume, however there was little difference in cartilage 

thickness [63].  

 

Considering articular cartilage and subchondral bone is subject to variation in 

frequency of loading, which may affect its integrity, measurement representing 

repetitive loading also provides insight into the effect of mechanical loading on the 

progression of OA. Robbins et al. reported that an increased external KAM impulse, 

which was used to measure patients’ self-selected speeds, is positively associated with 

pain in patients with knee OA [64]. A twelve-year study of patients with early-stage 

OA of the knee reported that a high KAM impulse was independently associated with 
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greater cartilage loss [65]. These results suggested that higher knee loading and KAM 

impulse, although not necessarily peak KAM, is a significant risk factor in loss of 

medial tibial cartilage volume; given knee load is a modifiable factor, loading 

frequency and load-modifying treatments, should be considered when investigating 

the incidence, progression and management of OA.  

 

1.5.2 Knee joint malalignment 

Joint malalignment affects load distribution on the articular cartilage surface [66].  

Increased body weight affects weight-bearing joints differently, depending on their 

anatomical configuration. The knee joint is a modified hinge joint, which mainly 

allows for flexion and extension, and surrounding tissues counteract large shearing, 

compressive and axial loading forces. Any dysfunction in these surrounding tissues 

may cause increase stress on the joint, and further propagate underlying arthritic 

disease. While compared to the knee, the hip joint is a ball-and-socket joint, which 

provides excellent stability and has less reliance on the surrounding capsule, ligaments 

and muscles for this stability [67]. As a result, obesity has a greater impact on the 

induction and progression of OA in the knee compared to the hip joint [68]. 

 

Obese patients commonly have an increased thigh girth, forcing greater hip abduction, 

circumferential swing phase and varus alignment, to avoid thigh contact whilst 

walking, which in turn reduces the effective loading area on the knee joint, and 

transfers this area medially [69]. Varus malalignment has been associated with a 

greater peak external KAM during the stance phase of gait, independent of BMI [59]. 

It results in an increased stress across a focal area on the medial compartment of the 

joint, which may lead to structural damage and OA [70]. However, whilst elevated 
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BMI may induce varus malalignment and OA progression, the correlation between 

BMI and risk of OA progression does not extend to those with neutral alignment [71]. 

Moreover, BMI was shown to be associated with knee OA severity in patients with 

varus malalignment, but not in those with valgus malalignment [67]. Therefore, varus 

malalignment intensifies the effect of obesity on disease progression, particularly in 

the medial tibiofemoral joint, suggesting that malalignment correction may be a 

therapeutic target for the prevention of obesity-related OA. 

 

1.5.3 Muscle weakness 

Muscles play a shock-absorbing role during joint function to help maintain joint 

stability [72]. Muscle weakness affects joint stability by reducing shock absorption, 

dissipating joint loading and inducing high articular contact stress [73]. Nakagawa et 

al observed that decreased knee flexor muscle strength was associated with joint 

malalignment [74]. Quadriceps weakness was also associated with significantly higher 

levels of joint loading during gait, as well as pain [75, 76]. 

 

Additionally, obesity is associated with relative muscle dysfunction [77]. A six-year 

cohort study in Italy demonstrated that obesity was associated with low muscle 

strength, and increased the risk of developing mobility problems [78]. A prospective 

study has shown a strong negative correlation between knee extensor strength 

(quadriceps) and body weight in obese women with OA, suggesting reduced 

quadriceps strength relative to body weight is a risk factor for knee OA [79]. Hilton et 

al confirmed this finding and suggested the cause may be due to excess adipose tissue 

infiltration of muscle in obese individuals [80]. It is worthwhile to note the risk of 

combined obesity and muscle dysfunction is increased in the elderly, who are already 
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at a higher risk of OA [81]. Sarcopenic obesity, which is characterized by the 

combination of obesity and sarcopenia (age-related muscle loss and physical 

dysfunction), is associated with a higher risk of radiographic knee OA, relative to 

individuals in the non-sarcopenia obesity group, demonstrated in a cross-sectional 

study based on 2,893 individuals [82]. Interestingly, a recent longitudinal study based 

on 1,653 patients showed an association between sarcopenic obese women and 

increased risk of radiographic knee OA , however this was not seen in men, suggesting 

that the effect of muscle dysfunction on obesity-related OA development may be 

related to gender [83].  

 

1.6 Therapeutic strategies for obesity-related OA 

1.6.1 Weight loss strategies 

As previously outlined, mechanical overload has a significant impact on obesity-

related OA, therefore reduced joint loading through weight loss should be a core 

therapeutic target, which has been recommended in the updated European League 

Against Rheumatism (EULAR) for knee OA management [84]. Biomechanically, an 

absolute weight reduction reduces compressive and resultant forces within the knee, 

whilst also decreasing the KAM during gait. It has been reported that an absolute 

weight loss of 1kg (9.8N) leads to reductions of 40.6N and 38.7N in compressive and 

resultant forces, respectively, and is associated with a 1.4% reduction in the KAM 

[85]. In addition to this, weight reduction in obese patients with OA, can down regulate 

systemic inflammatory markers including adipocytokines such as leptin, and 

proinflammatory cytokines, such as IL-6, C-reactive protein (CRP), corosomucoid and 

fibrinogen [86].  
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Weight loss strategies are an effective way to prevent the onset of OA in obese 

individuals and those who are at an increased risk of developing OA. A study on the 

prevention of knee OA in overweight females showed that a decrease of 5kg or more, 

or a 5% decrease in body mass, over 30 months decreased the incidence of structurally 

defined OA from 20% to 15% [87]. However, weight loss strategies are also a crucial 

treatment to reduce disease progression in patients with established obesity-related 

OA. A one-year randomized controlled trial (RCT) showed significant pain reduction 

and symptom improvement in a group of obese knee OA patients who were on a low-

calorie diet, compared to a control group of obese knee OA patients without a low-

calorie diet [88]. Structural changes in the knee joint have also been observed in 

patients undergoing various weight-loss treatments. Anandacoomarasamy et al. 

reported an association between weight loss and a reduced loss of cartilage thickness 

and increased cartilage proteoglycan content [14]. Richette et al. reported that weight 

loss caused increased levels of N-terminal propeptide of type IIA collagen, a marker 

of cartilage synthesis, and decreased the level of cartilage oligomeric matrix protein 

(COMP), a marker of cartilage degradation in the serum [86].  

 

A range of surgical strategies have been employed for weight loss, including sleeve 

gastrectomy, gastric bypass and gastric banding, while non-surgical strategies, such as 

weight loss diet and exercise have been advocated (Table 1-3).  
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Table 1-3. Effect of weight loss strategies on knee OA symptoms and structural changes in patients with obesity (Evidenced by RCTs over I-year follow-up from 2010).  

Duration 

(Study) 

Interventions Completed 

participants 

(Adherence); 

BMI 

Effect on mean weight loss Effect on symptoms Effect on structural changes 

12 months [88] 
(Bliddal et al) 

LED program vs control 
(dietary consultations only) 

 -10.9kg (11%) vs -3.6 kg (4%) 
 

Pain reduction in both groups 
Slightly reduction of WOMAC index in LED group (p-0.066) 

N/A 

12 months [89] 
(Christensen et 
al) 

Diary regimen followed by 3 
maintenance programs: D: 
Dietary support; E: knee 
exercise support; C: control 

N=192  
BMI≥30.0 kg/m2 

D vs E vs C: 11kg vs 6.2 kg vs 8.2 kg Significant pain reduction in all groups 
No significant different between groups.  

N/A 

12 months [90] 
(Henriksen et 
al) 

An intensive 16 week weight 
loss program, followed by 
three treatment group: D, E, 
control (no-attention group) 

N=196 
BMI≥30.0 kg/m2 

D: gained 1.1kg 
E: gained 6.6 kg 
C: gained 4.8 group 

N/A No significant changes in cartilage loss, synovitis and effusion  
  between groups.  
Increased number of medial tibiofemoral BMLs in the E group   
  compared to the D, C groups.  

12 months[91] 
(Jafarzadeh et 
al) 

Bariatric surgery/ medical 
weight management and 1-
year follow-up. A: large 
amount weight loss; B: 
Moderate weight loss 

N=75 
BMI ≥35kg/m2 

A: with ≥ 20% weight loss;  
B: with <20% weight loss 

N/A No significant changes of BML, synovitis, cartilage damage  
  between groups. 

18 months [92] 
(Messier et al) 

D, E, D+E N1= 134 (89%) 
N2= 129 (85%) 
N3= 136 (89%) 
27≤BMI<41 
kg/m2 

E: -1.8 kg 
D: -8.9 kg 
D+E: -10.6 kg 
Significant more weight loss in diet  
  plus exercise and diet groups compared to       
  the exercise only group (p<0.05) 

 Those in diet and exercise group and diet only group had  
  greater pain relief and functional improvement than those in  
  the exercise group 

Significantly lower levels of serum IL-6 in the diet group than   
  those in the exercise only group 
Significantly lower levels of serum IL-6 in the diet and  
  exercise group those in the in the exercise only group 

18 months[93] 
(Hunter et al) 

D; D+E; E ND: 152; 
ND+E=152; 
NE=150; 
BMI=27-
41kg/m2 

D: -8.9kg; 
D+E: -9.7kg 
E: -1.7 kg  
Significant more weight loss in diet  
  plus exercise and diet groups compared to       
  the exercise only group (p<0.05) 

N/A No significant difference between groups in joint space width; 
No significant difference in MRI cartilage loss between groups. 

24 months[94] 
(Jenkinson et al) 

Dietary plus quadriceps   
  strengthening training 
Dietary intervention 
Quadriceps strengthening  
  training 
Advice leaflet only (control  

N1= 86 (79%) 
N2= 104 (85%) 
N3= 61 (74%)  
N4= 65 (86%)  
BMI≥28.0 kg/m2 

Dietary vs non-dietary groups: 2.95 kg  
  weight loss (1.44 to 4.46; p=0.000) 
Quadriceps strengthening training vs  
  non-training groups: 0.43 kg weight  
  loss (-0.82 to 1.68; p=0.501)  
Knee strengthening training was not  

WOMAC pain score  
 Control: 7.04 ± 4.21  
 Diet only: 6.96 ±4.33 
 Strength training only: 5.70±3.96 
 Diet plus strength training: 6.39±4.15  
Significant knee pain reduction and function improvement in 

N/A 
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  group)   associated with moderate weight  
  loss 
 

  the exercise groups, compared to the non-exercises  
  groups  
The difference in weight loss was not associated with  
  improvement in knee pain or function 

48 months[95] 
(Gersing et al) 

Moderate weight loss; 
Large amount weight loss; 
Control (stable weight) 

N1=180 
N2=78 
N3=258 
BMI≥25 kg/m2 

Moderate weight loss: 5-10% weight loss; 
Large weight loss: >10% weight loss 
Control: <3% 

Amount of weight loss is associated with less pain, stiffness  
  and disability.  

Amount of weight loss is significantly associated with change  
  of cartilage;  

48 months [96] 
(Gersing et al) 

A: large amount weight loss; 
B: Moderate weight loss; 
C: stable weight 

NA=82; 
NB=238; 
NC=320 
BMI≥25 kg/m2 

NA=with 10% weight loss 
NB= with 5-10% weight loss 
NC=stable weight  
 

N/A The increase of cartilage Whole-Organ Magnetic Resonance  
  Imaging Score (WORMS) is smaller is A and B,  compared to C.  
Percentage of weight change is significantly associated with  
  increase in cartilage WORMS 

96 months [97] 
(Gersing et al) 

Weight loss (diet and 
exercise, diet only, exercise 
only) vs control (stable 
weight) 

N1=380 
N2=380 
BMI≥25 kg/m2 

Weight loss group: weight loss >5% N/A Weight loss group slowed cartilage degeneration   
  (significantly slower increase in global cartilage T2 in MRI),  
  compared to control group; 
Slower cartilage degeneration in diet only and diet plus  
  exercise group, but not in the exercise only group.  

D: Diet only, E: Exercise only, D+E: Diet plus Exercise; WORMS: Whole-Organ Magnetic Resonance Imaging Score;  
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Weight loss by gastric surgery can result in a 20% decrease in BMI, and offers 

symptom improvement in a short period of time [86]. For less invasive weight loss 

strategies, a weight reduction of at least 5% within a period of 20 weeks is required to 

obtain clinically symptomatic relief for OA patients with obesity [98]. Reduced dietary 

fat and salt, increased fruit and vegetable intake, exercising for more than 30 minutes 

per day, motivational interviewing and specific weight-reduction targets are 

recommended for obese and overweight patients [99].  

 

The combined interventions of diet and exercise seems to be the most effective non-

surgical weight-loss strategy in treating obesity-related OA, with greater symptom 

relief and functional improvement when compared to diet or exercise alone [92]. 

However, neither surgery nor non-surgical weight reduction strategies, offer disease-

modifying effects that can be achieved in under 2 years [91, 100], although their effect 

is more promising after this initial period [95, 97]. This emphasizes the importance of 

clinician driven patient education and continuity of care over an extended period of 

time. 

 

Physical therapy 

In clinical practice, most international guidelines suggest muscle strengthening 

exercises for non-surgical management of OA [101]. Paradoxically, a side effect of 

weight-loss for obese OA patients can be increased muscle weakness [102]. Therefore, 

muscle strength training is essential for obese patients who engage in both surgical 

and/or non-surgical weight loss strategies [103]. In obese patients, muscle strength 

training is also effective for symptomatic relief, with an RCT of 289 participants who 
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completed a knee strengthening program over two years demonstrating a significant 

reduction in knee pain, compared to those who did not exercise [94].  

 

Another systematic study demonstrated that resistance training improved muscle 

strength, reduced pain severity and increased physical function in over 50-70% of OA 

patients with obesity. Improvement of postural control, proprioception, muscle 

activation, coordination and strength were the targets for this neuromuscular training 

program [104], including various forms of isometric and dynamic exercise. Isometric 

exercise is characterized by exercising at discrete joint angles. Dynamic exercise, 

including isokinetic and isotonic training, uses resistance training for muscle 

strengthening. Both dynamic and isometric resistance training has demonstrated 

improvement in joint functionality and reduced pain in obese OA patients [105]. 

 

However, whether muscle training reduces the incidence or progression of OA is still 

controversial. A cohort study over 30 months demonstrated that muscle strength 

training exhibited only a slightly decreased rate of joint-space narrowing, compared 

to a program focused on range-of-motion exercises, which do not strengthen muscle 

[106]. Another prospective longitudinal cohort study reported that greater quadriceps 

strength was associated with an increased likelihood of OA progression in patients 

with malaligned or lax knees [107]. The inconclusive effect of muscle strength training 

on OA progression may be explained by the challenge of long-term patient compliance 

with training exercises. Further research with larger sample sizes and improved patient 

compliance is required to identify the role of muscle strength in the incidence and 

progression of OA in obese individuals. 
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1.6.2 Joint realignment 

Varus malalignment leads to aberrant loading of the knee joint and intensifies the 

effect of obesity on OA. Therefore, correction of malalignment may be considered an 

important adjunct intervention in obesity-related OA. Early studies showed that 

normalizing mechanical abnormalities improves symptoms and slows down knee OA 

progression [108]. Currently, non-surgical mechanical interventions, including the use 

of joint unloader bracing, and orthotic devices, such as wedged insoles or orthotics in 

footwear, are generally recommended. A surgical procedure, high tibial osteotomy 

(HTO), is also widely practiced by clinicians for the purpose of correcting varus 

deformities [109, 110]. 

 

Unloader bracing 

Valgus unloading braces are used to reduce the KAM, and has been undertaken in 

patients with varus malalignment [111]. A RCT of patients with patellofemoral OA 

who wore leg braces for 6 weeks showed decreased pain severity and reduced bone 

marrow lesion volume, compared to patients who did not wear braces [108, 111]. It 

was suggested by Ramsey et al that greater efficiency is achieved by bracing in neutral 

alignment, compared to 4o valgus [112]. In OA patients with varus alignment, the 

application of valgus bracing (which lessens varus alignment and reduces medial 

compartment loading) contributed to improve joint function and reduced pain [113]. 

However, the unloading braces may not be recommended in subjects with normally 

aligned knees, with a recent study demonstrating that valgus bracing product produced 

an increased KAM in participants without malaligned knees [114]. Joint unloader 

bracing improves the biomechanical factors that affect obesity-related OA, however 

the efficiency on obesity-related OA is limited. Study done by Dennis et al 
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demonstrated that off-loading braces achieved least effectiveness in obese patients, in 

which has a difficulty in optimal brace fixation [115]. Furthermore, the use of unloader 

bracing was shown less patient adherence in obese patients due to irritating, 

uncomfortable or inconvenient for patients to wear [116, 117]. Currently, few studies 

on effect of using unloading braces on obesity-related OA patients, therefore, further 

studies into both short-term and long-term effects are still required.  

 

Orthotic devices  

Orthotic devices are often used in a broader setting for correcting lower limb 

alignment, and thus, also be used to treat obesity-related varus malalignment. A 

systematic review showed that foot orthotics were effective in decreasing pain, knee 

stiffness and drug dosage of analgesic medications [118]. In patients with medial 

compartment OA, lateral-wedged insoles reduced KAM and KAM impulse, compared 

to those without insoles [119]. Application of medial-wedge insoles on knee OA 

patients with valgus-deformity has demonstrated an effective reduction in in knee pain 

and improvement in functionality [120].  

 

Knee joint distraction (KJD) has also been used to slow down OA progression and 

delay knee replacement in younger patients, particularly those with age <60 years old. 

The principle of the KJD is to adjust the extent of two joint surface and reduce the 

loading by using an external fixation frame for a limited period of time [121]. 

Clinically, the application of KJD was reported to effectively achieve clinical and 

structural improvement for at least 2 years [122, 123]. Intema et al. showed that 

clinical benefit with tissue structure modification was induced by joint distraction, 

evidenced by radiography and WOMAC index. In this study, patients with obesity 
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were not excluded, suggesting that obesity is not a contraindication for KJR [124]. 

Although KJD may cause some potential risk such as pin track infection, its benefits 

on correcting abnormal loading and postponing TKR may take into consideration for 

managing OA patients with obesity. However, longer and larger trials to address the 

effect of obesity on KJD are warranted.  

 

High Tibial Osteotomy (HTO) 

HTO is frequently used for unicompartmental knee OA, particularly in young patients 

with medial compartment OA. HTO was shown to be superior to non-surgical 

treatment in patients with varus malalignment, with better pain reduction and 

functional improvement [109].  HTO redistributes weight loading on the knee by 

correcting the mechanical axis of the knee, in order to relieve pain, slow disease 

progression and delay or prevent knee replacement [125]. From a pathological 

perspective, partial or even fibrocartilage regrowth has been observed on second look 

arthroscopic evaluation, 18 months following HTO on knees with medial 

compartment OA [126]. In a longer term study,  455 patients  assessed over 15 years 

demonstrated that 85% of patients were satisfied with their outcome; however, normal 

BMI, as well as age less than 50 and ACL deficiency, was an independent factor 

associated with improved HTO outcome [125]. This may be related to the HTO also 

improving the stability of knee joints with ACL deficiency.  

 

The effectiveness of HTO in obesity-related OA remains controversial, as obesity is a 

risk factor for poor outcomes [127]. Even so, HTO presents as an option, particularly 

in the treatment of young obese patients with OA, as the life span of prosthetic 

implants is limited. A follow-up study over two years showed that 44.4% of obese 
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participants had satisfactory outcomes following HTO. Higher satisfaction levels were 

associated with a lower post-operative BMI [110]. The poorer outcome in the obese 

may be due to excess loading, which suggests a combined regime of weight loss 

strategies and HTO for more effective treatment. 

 

1.6.3 Total knee replacement (TKR) 

TKR presents as an effective surgical procedure for the treatment of end stage knee 

OA, often achieving long-term functional improvement. However, there are still many 

challenges in TKR for obese patients with OA, with obesity being one of the main 

predictors for poor TKR outcomes [128]. A meta-analysis showed that obese patients 

have increased post-surgical knee pain, and functional disability in both short-term 

and long-term follow-up. Cushnaghan et al. showed that obese patients undergoing 

TKR experience less improvement in physical function compared to non-obese 

patients [128]. Patients with obesity are also at higher risk of developing post-surgical 

complications, including deep vein thrombosis, dislocation and infection, which may 

compromise implant survival and outcome [129].  

 

Obese patients with TKR also have higher rates of knee revision. Culliford et al. 

reported a 43.9% increase in the revision rates in obese patients compared to normal 

weight patients [130]. Increased loading and altered kinematics of joints in obese 

patients caused higher incidence of aseptic loosening and medial collapse [131]. To 

avoid early revisions, it was recommended that cemented stemmed tibial implants be 

considered in the morbidly obese patients [131, 132], however, studies on the 

deficiency of this technique are limited.  
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Despite the challenges that obese patients undergoing TKR may present, there are still 

many benefits of TKR in improving physical function and providing symptom relief; 

this procedure is still recommended in OA patients with obesity when other 

management options are unsuccessful [128].  

 

1.7 Conclusions 

Obesity induces a number of pathological changes to the whole knee joint structure, 

including abnormal loading on the joint, joint malalignment and muscle weakness. 

Based on the current published research in human, animal and in vitro study, a 

hypothetical model for obesity-related OA change can be proposed (Figure 1-1). 

Abnormal loading plays a central role, whilst joint malalignment and muscle weakness 

are in dynamic interplay, influencing each other and contributing to the abnormal 

loading seen in obese individuals. Muscle weakness in obese individuals results in 

joint instability, which then contributes to joint malalignment. The combination of 

these three mechanical factors affects the joint structure, stimulating the onset and 

progression of obesity-related OA. The significant biomechanical burden of obesity 

on the pathogenesis of OA indicates the need for clearer, evidenced-based 

management strategies. By correcting excessive or aberrant loading of joints, 

symptom and disease progression may be reduced.  

 

Combined diet and exercise strategies, dynamic muscle strength training and joint 

realignment through non-surgical and surgical techniques, such as unloader braces and 

high tibial osteotomy, have been shown to be effective in readjusting joint loading and 

improving symptoms of obesity-related OA. However, further investigation is needed 

with larger sample sizes and improved patient compliance to review the efficacy of 
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these techniques for long-term alleviation of symptoms and functional improvement, 

especially in those with obesity-induced knee OA.  
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Figure 1-1. A model of obesity-related OA.  Abnormal loading, which is induced by 

over-weight loading, muscle weakness and joint malalignment, plays a central role in the 

biomechanics of the obesity-related OA. Malalignment induces joint deformation, 

amplifying the effect of overloading in obese patients. Muscle weakness leads to joint 

instability, increasing the effect of abnormal loading on joints. Abnormal loading leads to 

the loss of cartilage homeostasis and bone remodeling imbalance. Early and fast 

development of cartilage and subchondral bone damage occurs. Inflammatory cytokines 

are released into the joint space, leading to secondary chronic inflammation in surrounding 

tissue, and further accelerating OA development in the obese. Abbreviation: BMLs: bone 

marrow lesions; IPFP: Infrapatellar fat pad; OA: osteoarthritis 
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2.1 Significance and rationale 
 

Obesity and osteoarthritis (OA) have shown a strong causal relationship. Obesity 

results in rapid development of knee OA, leading to a greater risk of total knee 

replacement (TKR). The increasing prevalence of obesity has led to increased patients 

morbidity and mortality, resulting in enormous financial loss on the healthcare system. 

However, there is still limited data being available to uncover the medical burden of 

end-stage OA caused by obesity-related OA. Therefore, it is significant to understand 

the population attributable risk of total knee replacement (TKR) associated with 

overweight/obesity in different age strata and genders.  

 

Obesity-related OA is a multifactorial condition, which was extensively affected by 

mechanical loading, chronic inflammation, adipocytokines and metabolic factors. 

Excessive mechanical loading due to the high body weight was one of the most 

important risk factors for knee OA. However, the current understanding on the effect 

of mechanical loading is limited to the epidemiological data. There is lack of direct 

pathological evidence providing the insight into the mechanism of obesity-related OA. 

Therefore, the impact of obesity on the pathological changes in the knee joints need to 

be elucidated.  

 

Osteochondral unit, including articular cartilage, calcified cartilage and subchondral 

bone, is a functional osteochondral unit plays a central role on biomechanical function 

by distributing the loading on the joint surface. Cartilage degradation as well as 

subchondral bone sclerosis are the main pathological changes in OA. Excessive 

repetitive mechanical loading resulted in chondrocyte and osteocyte apoptosis, 

mediating the development of OA. Transforming growth factor (TGF)-β1 plays a 
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protective impact on maintaining the cartilage health, by stimulating the production of 

extracellular bone matrix and chondrocyte proliferation. On the other hand, TGF- β1 

can result in abnormal bone formation in subchondral bone, exacerbating the 

development of OA. However, the effects of cell apoptosis and TGF- β1 on the 

obesity-related OA are still unknown. 

 

Taken together, this thesis focused on the influence of the obesity on the end-stage 

knee OA based on the epidemiological study using large cohort data. This study 

investigated the pathological changes in the osteochondral unit and the potential 

association with cell apoptosis and TGF- β1 in obesity-related OA. A better 

understanding of medical burden of end-stage OA associated with obesity and 

mechanism of obesity-related OA will assist in the disease prevention and 

management. Therefore, specific hypothesis and aims of this thesis are as follows:  

 

2.2 Hypothesis 
 
Obesity is associated with a higher risk of TKR in patients with primary OA, with an 

increased association in female gender and younger population. Further, abnormal 

mechanical loading plays a central role on the structural deterioration in osteochondral 

unit of obesity-related OA.  

 

2.3 Aims 
 
1. To estimate the effect of obesity on incidence of TKR for primary OA in Australia 

population that is stratified by age and gender. 

2. To calculate the population attributable fraction (PAF) of TKR associated with 

obesity to project the effect of obesity reduction on TKR incidence. 
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3. To determine the correlation between BMI and age of OA patients receiving TKR, 

and further investigate the effect of BMI on the histopathological changes in 

osteochondral units of knee joint in a representative cohort.  

 

4. To explore the underlying potential mechanism of obesity-related changes in 

osteochondral units of knee OA, associated with cell apoptosis and local 

accumulation of TGF-β1.
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Burden of end-stage osteoarthritis in 

Australia: A population-based study on the 

incidence of total knee replacement 
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This chapter is based on the submitted article 
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3.1 Abstract 

Background  

An increased prevalence of osteoarthritis (OA) has been attributed to soaring global 

obesity rates, but the impact on end-stage OA and subsequent total knee replacement 

is still unclear. This study aimed to determine the risk of total knee replacement (TKR) 

when correlated with age, gender, and overweight/obesity in the Australian 

population.  

 

Methods  

This population-based study used data collated from the Australian Orthopaedic 

Association National Joint Registry (AOANJRR) which documented all TKRs for 

primary OA. Data from the Australian Bureau of Statistics was also used to estimate 

population numbers within the various body mass index (BMI) distributions. Age- and 

gender-specific incidence rate (IR) and incidence rate ratio (IRR) were calculated for 

each BMI category. The time-trend change in incidence of TKR in each BMI category 

was then assessed. The IRR for each BMI category was used to determine the 

influence of obesity on the incidence of TKR in different age and gender groups. The 

population attributable fraction (PAF) was then calculated to estimate the effect of 

obesity reduction on TKR incidence.   

 

Findings  

From 2015-2018, 191,723 Australians (aged 18 years and over) with end-stage OA 

had a total knee replacement. The total number of TKR for primary OA increased by 

28.33% from 40953 cases in 2015 to 52555 cases in 2018. The greatest increase in 

number of TKRs occurred in individuals with obesity class III. The impact of obesity 
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was, however, more significant in the relatively younger population. In 2018, when 

compared to patients with normal weight, those aged 18-54 years, the overweight, 

obesity class I & II and obesity class III showed a 3.751-, 13.811- and 28.683-times 

the risk, respectively. Obesity resulted in a higher risk for TKR in female compared to 

male populations. A significantly greater incidence of TKR was observed in females 

who were classified in obesity class III, at 1.658 and 1.666 times higher than similarly 

classified males in 2015 (95% CIs: 1.547-1.777) and 2018 (95% CIs: 1.573-1.766), 

respectively. It is estimated that 10320 and 14287 cases of TKR were attributable to 

obesity in 2015 and 2018, respectively. The PAFs of TKR associated with being 

overweight or obese were approximately 35%.   

 

Interpretation  

Obesity contributed to a large proportion of TKR for OA in young and in female 

patients.
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3.2 Introduction  

An escalating obesity epidemic is spreading in both developed and developing 

countries [133]. Obesity is estimated to affect 650 million adults worldwide in 2020, 

a number which has almost tripled since 1975 [134], with approximately 50% of the 

adult population in the US predicted to be affected by 2030 [135, 136]. The latest 

Australian National Health Survey, reported two-thirds of Australian adults were 

overweight, one-third being classified as obese [137]. Often thought to be restricted to 

developed countries, an increasing proportion of the population in developing 

countries are also affected [133], with the number of overweight or obese children in 

Africa almost doubled from 1990-2014 [138].  

 

Obesity is a major risk factor for many chronic diseases, as well as contributing to 

overall mortality [139]. A recent population-based study demonstrated that obese 

individuals have a higher risk of coronary heart disease, cerebrovascular disease, and 

heart failure than healthy individuals [140]. In particular, abdominal obesity is 

considered a likely contributor to the continuing epidemic of type 2 diabetes[141].  

 

Osteoarthritis (OA) is the most common musculoskeletal disease, resulting in joint 

pain and subsequent disability [142, 143]. Cooper et al. found that subjects with high 

BMI (BMI>25.4 kg/m2) had an 18.3 fold risk of radiographic knee OA, compared to 

those with BMI lower than 22.7 kg/m2 [144]. We have previously reported that obesity 

caused horizontal fissuring at the osteochondral units which could herald an early 

requirement for TKR [10]. Approximately 57% of patients in Australia undergoing a 

TKR for primary OA were considered obese, while morbidly obese patients presented 

8 years earlier than their non-obese counterparts [10]. A longitudinal study showed 
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that a comorbidity of knee osteoarthritis and obesity reduces the quality-adjusted life-

years in an age group between 50 to 84 years [145]. However, to our knowledge, there 

remains limited population-level studies that examine the incidence of obesity in end-

stage OA patients receiving TKR.  

 

The objective of this study is to provide an insight into the effects of obesity on knee 

OA, by estimating the incidence of TKR in a population that is stratified by age and 

gender. We also calculated the population attributable fraction of primary knee OA 

and TKR to estimate the effect of obesity reduction on TKR incidence. We 

hypothesize that obesity is associated with a higher risk of TKR in patients with 

primary OA, with an increased association in female and young patients. Additionally, 

the increased utilization of TKR may even, be associated with increased obesity 

prevalence in the population.  

 

 

3.3 Methods  

3.3.1 Data sources 

The Australian Orthopaedic Association National Joint Replacement Registry 

(AOANJRR) has captured almost 100% of the joint replacement procedures 

undertaken in Australia since September 1st, 1999. We collected data relating to all 

TKR surgeries for primary OA undertaken in Australia between 1 January 2015 and 

31 December 2018.  Analysis of these data was restricted to patients older than 18 

years old, resulting in 191,723 patients in this data collection. Patient information was 

de-identified but included age, sex and BMI. The Australian Bureau of Statistics 

(ABS) collates data from the biennially (2015 and 2018) conducted Australian Health 
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Survey.  These data were used to analyse the characteristics of the annual Australian 

population as well as the BMI distribution amongst various age groups. This project 

was approved by the Human Research Ethics Committee of the University of Western 

Australia. The AOANJRR is approved by the Commonwealth of Australia as a federal 

quality assurance activity under section 124X of the Health Insurance Act, 1973. All 

AOANJRR studies are conducted accordance with ethical principles of research (the 

Helsinki Declaration II)  

 

3.3.2 Measurements 

BMI (kg/m2) was calculated as weight (kg) divided by the square of height (m2). The 

World Health Organization (WHO) defines underweight and normal weight as a BMI 

less than 25.00, overweight as a BMI of 25.00 to 29.99 and obesity as a BMI of 30.0 

or higher. Obesity is further sub-divided into class I & II (BMI 30.00-39.99 kg/m2) 

and class III (BMI≥40.00 kg/m2).  

 

The age of each patient was determined at the date when the TKR surgery occurred. 

The incidence rate (IR) of TKR with 95% confidence intervals (CIs) in 2015 and 2018 

was calculated as the number of TKRs for primary OA in the corresponding year 

divided by the total population in that year, grouped by BMI categories. ABS data 

were used to characterise the 2015 and 2018 Australian population and to calculate 

age-standardised IR of four BMI groups: normal weight, overweight, obese class I and 

II and obese class III[146]. For detailed assessment of the impact of age on primary 

OA and TKR, the age-specific IR was calculated according to the following age group: 

18-54 years, 55-64 years, 65-74 years and ≥ 75 years.[146] The IR was expressed in 

1000 person-years. 
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3.3.3 Statistical analysis  

To investigate the change in IR of TKR in each BMI category between these years, 

the standardised IRRs was calculated by using the age-standardised IR of each BMI 

category in 2018 relative to 2015. The same calculations were carried out for each 

age-specific group, as well as male and female cohorts.  

 

To determine the influence of BMI on the incidence of TKR in different age strata, we 

calculated age-specific IRR for each BMI category, using the normal weight group as 

reference. The same calculation was applied to male and female cohorts. We also 

compared the influence of BMI on TKR incidence between male and female 

populations by calculating age-specific IRR for each BMI category, using the male 

group as reference. The IRR was deemed statistically significant by using the exact 

95% CIs. If the interval did not include 1.0, the IRR was significant[146].  

 

We then calculated the population attributable fraction (PAF) to predict the effect of 

obesity reduction on TKR incidence. The proportion of TKR for primary OA 

attributable to overweight or obesity was calculated by using the standard 

formula[147, 148]:  

 

PAF = pd ×
RR − 1
RR × 100% 

 

where pd is the proportion of national population exposed to the risk factor 

(overweight and obesity groups), and RR is the rate ratio (with the normal weight 

group as reference). The calculation of PAF estimates the burden of disease that could 

be prevented if all the overweight and obese population were of a normal BMI.  The 
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combined PAFs attributable to overweight (PAF1) and obesity (PAF2) were also 

estimated, using age-standardised or age-specific IRR, calculated with the formula:  

 

PAF=1-(1-PAF1) × (1-PAF2) 

 

Finally, we estimated the number of utilization of TKR attributable to 

overweight/obesity by multiplying the PAF by the present incidence of TKR. We also 

calculated the number of cases that could potentially be prevented if the prevalence of 

overweight/obesity reduced by 5%, 10% or 25% by using the formula mentioned 

above. The estimated number of TKR attributable to obesity when the obesity 

prevalence reduced by 0.95, 0.90 and 0.75, respectively, and subtracted the revised 

number of attributable cases from the original number.  

 

3.4 Results 

3.4.1 Increased implementation of TKR for primary OA  

During the 2015-2018 period, the number of TKR for primary OA patients in Australia 

increased progressively. In 2015, a total of 40,953 TKRs were carried out on patients 

with primary OA, increasing by 15.17%, 24.65% and 28.33% in the years 2016, 2017 

and 2018 respectively. The total number of TKRs for primary OA reached 52,555 in 

2018 (Figure 3-1A). These increasing rates were shown to be similar across both male 

(29.92%) and female (27.05%) cohorts from 2015 to 2018, respectively (Figure 3-1B, 

C). Whilst the increase in the absolute number of TKR varied between BMI categories 

(Supplementary Figure 3-1), the greatest increase in number of TKRs performed 

occurred in individuals with a BMI greater than 40.00 (obesity class III), with an 

overall increase of 33.41% and gender specific increases of in males (38.71%) and 

females (31.39%) respectively (Supplementary Figure 3-1). Comparatively, the 
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number of TKRs in individuals with a BMI less than 25.00 kg/m2 (normal weight) 

increased by only 19.08%. Analysis of the impact of age showed that obesity 

contributed to the larger proportion of TKRs in younger patients relative to older 

patients (Figure 3-1 D-F). In patients who underwent TKR, 71.85% of those aged 18-

54 years old had a BMI greater than 30.00 (obesity class I, II & III), whilst only 

43.10% of those over the age of 75 years old were classified in the same weight 

category: these trends were similar in both male and female cohorts. 



52 
 

 

Figure 3-1. Untilization of TKRs for primary osteoarthritis (OA) during 2015-2018. Time-trend change in absolute number of total knee 

replacement (TKR) utilization by BMI categories and gender in Australia, 2015-2018 (A-C). Probablity of BMI for TKR performed for primary OA by 

age, including 4 years in total (D-F). BMI= body mass index.  
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3.4.2 Increased incidence of TKR over time is associated with BMI  

We next used the biennial population data based on Australian Healthy Survey from 

the ABS to compare the incidence of TKR between 2015 and 2018. The IRR was 

calculated using data from 2015 as the reference. Table 3-1 shows the incidence rate 

of TKR in populations with different BMI categories in these two years. Compared to 

the data in 2015, there were significant increases in age-standardised incidence rate of 

TKR in all BMI categories, while the greatest increase occurred in the population with 

overweight (IRR: 1.241; 95% CI: 1.212-1.269). A similar trend was shown in male 

and female populations (Supplementary Table 3-1, 2). We then further analysed the 

age-specific change in incidence of TKR within each BMI category. As shown in 

Table 3-1, the youngest population (aged 18-54) represented the greatest increase of 

TKR incidence in the obese class I & II category. The segment of population aged 

between 55-64 and 65-74 represented the greatest increase of TKR incidence in the 

overweight and underweight & normal weight categories. Our results suggested that 

while improvement of life quality may increase the need for TKR in population with 

normal weight, obesity has resulted in a significant increase in incidence of TKR in a 

relatively younger population over these calendar years.  
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Table 3-1. Age-standardized incidence of first total knee replacement for primary OA in each BMI category and calculated incidence rate ratio in Australia (All genders) 

 

2015*   2018  

Cases IR/1000 pyrs  Cases IR/1000 pyrs 

(n=40953) (95% CI)  (n=52555) (95% CI) 

Underweight & Normal weight (BMI<25) 4555 0.903 (0.877 to 0.930)  5424 1.110 (1.081 to 1.140) 
Age 18-54 189 0.037 (0.032 to 0.037)  202 0.043 (0.037 to 0.049) 

Age 55-64 854 1.226 (1.143 to 1.228)  1018 1.405 (1.318 to 1.491) 

Age 65-74 1568 3.052 (2.902 to 3.061)  2063 4.224 (4.042 to 4.406) 

Age >75 1944 4.031 (3.852 to 4.042)  2141 4.530 (4.339 to 4.722) 

Overweight (BMI: 25-29.99) 12949 1.817 (1.786 to 1.849)  16381 2.255 (2.220 to 2.289) 
Age 18-54 608 0.150 (0.138 to 0.150)  709 0.160 (0.148 to 0.172) 

Age 55-64 2916 2.744 (2.645 to 2.750)  3642 3.587 (3.471 to 3.704) 

Age 65-74 5338 6.787 (6.605 to 6.802)  6897 8.249 (8.056 to 8.443) 

Age >75 4087 6.219 (6.029 to 6.234)  5133 7.820 (7.606 to 8.033) 

Obesity Class I & II (BMI: 30-39.99) 19630 3.728 (3.675 to 3.780)  25655 3.979 (3.930 to 4.028) 
Age 18-54 1422 0.531 (0.504 to 0.532)  1771 0.589 (0.561 to 0.616) 

Age 55-64 5819 6.743 (6.571 to 6.758)  7459 7.302 (7.137 to 7.468) 

Age 65-74 8377 12.991 (12.715 to 13.023)  11084 13.924 (13.666 to 14.181) 

Age >75 4012 10.390 (10.070 to 10.423)  5341 10.675 (10.390 to 10.960) 

Obesity Class III (BMI ≥ 40) 3819 5.798 (5.608 to 5.989)  5095 6.179 (6.009 to 6.350) 

Age 18-54 435 1.190 (1.078 to 1.193)  607 1.223 (1.126 to 1.320) 

Age 55-64 1603 12.698 (12.080 to 12.768)  1955 15.730 (15.038 to 16.422) 

Age 65-74 1446 19.906 (18.890 to 20.051)  2013 19.761 (18.906 to 20.616) 

Age >75 335 10.045 (8.975 to 10.153)  520 9.192 (8.406 to 9.979) 

IRR (95% CI) 

Decreased Increased 

*Data in 2015 was used as reference.  
BMI=body mass index; IR=incidence rate (1000 person-years); IRR=incidence rate ratio; 95% CI=95% confidence interval. 
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3.4.3 Increased incidence of TKR in younger adult population is due to obesity 

Next, we assessed the relationship between obesity and the incidence of TKR in 

different age groups. We compared the age-specific incidence of TKR in overweight, 

obese class I & II and obese class III populations with the incidence of TKR in normal 

weight population. The result showed that a significantly higher incidence of TKR 

was associated with obesity in the younger population (Figure 3-2). In 2015, for those 

aged 18-54 years, the IRR for the overweight category was 4.013 (95% CI, 3.397-

4.740), obese class I & II was 14.240 (95% CI, 12.197-16.625), and obesity class III 

was 31.891 (95% CI, 26.791-37.961). For those aged 75 years and older, the IRR for 

the overweight category was 1.543 (95% CI, 1.460-1.630), obese class I & II was 

2.578 (95% CI, 2.439-2.724) and obese class III was 2.492 (95% CI, 2.214-2.805). A 

similar trend was observed in 2018. The impact of obesity on TKR was greater in the 

relatively younger population.
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Figure 3-2. Effect of body mass index (BMI) on the risk of total knee replacement (TKR) in different age strata, 2015 (A-C) and 2018 (D-F). 

Each dote represented the incidence rate ratio (IRR) of the given BMI category compared with the corresponding normal weight or underweight 

(BMI<25 kg/m2) in the specific age strata. The shadow shows the 95% confidence interval (95% CI). 
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3.4.4 Increased risk of TKR due to female gender and obesity   

It is well-documented that knee OA is more prevalent in females than males, however 

it is not clear if increased weight in females with OA increases the need for TKR [1]. 

To examine the relationship of obesity and subsequent TKR between genders, we 

compared the age-standardised IR for females in each BMI category with the 

corresponding male cohort as reference. A higher IR of TKR was demonstrated in 

females in the obesity categories as compared to males in the same obesity categories 

(Figure 3-3). A significantly greater incidence of TKR was observed in the female 

population who were classified in obesity class III, in both 1.658-fold and 1.666-fold 

compared with the male cohort (95% CI, 2015, 1.547-1.777; 2018, 1.573-1.766) in 

2015 and 2018, respectively. However, in the normal weight or underweight category, 

the incidence of TKR was significantly higher in males than females, with IRR of 

0.924 (95% CI, 0.870 – 0.982) and 0.899 (95% CI, 0.850-0.951) in 2015 and 2018, 

respectively. These results suggest that obesity is associated with a higher incidence 

of TKR in females than males.
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Figure 3-3. Effect of body mass index (BMI) on the risk of total knee replacement (TKR) in male and female, 2015 (A) and 2018 (B). Each dote 
represented the incidence rate ratio (IRR) of female cohort in the specific BMI category compared with the male cohort in the corresponding group. The 
scale bars show the 95% confidence interval (95% CI).  
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3.4.5 Proportion of TKR incidence that is attributable to obesity  

To define the proportion of TKR for primary OA that can be attributed to overweight 

or obesity, we calculated the PAF of different age groups and genders. The PAF 

calculation is used to estimate how much the need for TKR would be reduced if 

individuals moved from the overweight or obesity (class I, II or III) category to the 

normal weight category: 35.04% and 36.39% of TKRs attributed to a BMI greater than 

25 kg/m2 (overweight and obesity class I, II or III) in 2015 and 2018 respectively 

(Table 3-2).  It is estimated that 10320 and 12156 cases of TKR were attributable to 

obesity in 2015 and 2018 respectively (Supplementary Table 3-3). If the prevalence 

of obesity was 5% lower in 2018, we estimated that 716 cases of TKR surgeries for 

primary OA in Australia could be potentially prevented, whereas a 10% - 25% 

reduction of obesity prevalence could potentially prevent between 1428 – 3572 cases 

of TKR in Australia, respectively.
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Table 3-2. Population attributable fraction of total knee replacement 

attributable to overweight/obesity. 

 
PAF-2015  PAF-2018 

Total Male Female   Total Male Female 

Overall 35.04% 36.12% 33.18%  36.39% 36.55% 34.92% 

Overweight 17.86% 20.47% 14.84%  18.08% 19.25% 15.92% 

Obesity 21.55% 20.06% 22.34%  23.13% 21.89% 23.52% 

Age 18-54 42.10% 45.47% 38.22%  44.21% 45.05% 41.29% 

Overweight 25.08% 29.59% 19.97%  25.65% 26.26% 22.77% 

Obesity 23.42% 23.05% 23.68%  25.91% 26.24% 25.01% 

Age 55-64 44.01% 44.70% 42.20%  46.08% 44.41% 44.40% 

Overweight 21.39% 22.95% 18.86%  21.41% 20.61% 18.99% 

Obesity 30.11% 29.18% 30.32%  32.92% 31.04% 33.12% 

Age 65-74 42.46% 43.77% 40.72%  40.94% 41.30% 40.09% 

Overweight 21.45% 23.31% 19.60%  18.36% 19.78% 16.95% 

Obesity 27.63% 27.28% 27.28%  28.70% 27.58% 29.10% 

Age >75 35.04% 26.02% 29.30%  31.84% 29.03% 33.25% 

Overweight 17.86% 14.86% 14.33%  16.38% 16.97% 15.59% 

Obesity 21.55% 13.24% 17.74%  18.81% 15.21% 21.37% 

PAF= Population attributable fraction; *Obesity indicates BMI≥30kg/m2, 
overweight indicates BMI 25-30kg/m2. 
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3.5 Discussion   

To our knowledge, this is the first national population-based study which has 

investigated the relationship between BMI and incidence of TKR for OA across 

different age groups and genders. Our results showed that obesity is a strong predictor 

for TKR, particularly in the young and female population. We observed that 71.85% 

of patients aged between 18-54 years old who underwent TKR had a BMI greater than 

30.00.  In particular, female OA patients with obesity class III have more than twice 

the incidence of TKR than males. OA patients aged between 18-54 years old with 

obesity class III have a 40 times greater risk of TKR compared to those of normal 

weight of the same age. Over 35% of all TKRs performed in Australia in 2015 can be 

attributed to a BMI greater than 25.00 kg/m2 (overweight and obesity class I, II or III) 

and the attributable fraction is has increased with time.  A 10% reduction of the 

prevalence of obesity in the general population could potentially prevent more than 

1400 patients from requiring TKR in Australia.  

 

Obesity has led to a high risk of TKR for primary OA among the Australian 

population. The assessment of IRR in each BMI category showed that there was 3- 

and 6 times greater risk of TKR in populations classified as obese class I & II, and 

obese class III, as compared to population with the normal weight. Interestingly, 

obesity has more impact on the relatively younger population. A population age 

between 18-54 years with obesity class I & II and obesity class III demonstrated 

approximately 15- and 30-times greater IR of TKR respectively when compared to the 

population with normal weight. Due to the limited lifespan of TKR and an increased 

risk of complications in obese patients, there is a higher rate of revision TKR  in the 

obese population [149]. Our findings further emphasized the significance of weight 
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loss management in obese population, particularly in young adults, that may enable a 

reduction/delay in the requirement for TKR [92].  

 

Previously it has been shown that OA is more prevalent in females than males [150]. 

Our data further demonstrated that there was a higher incidence rate of TKR in the 

female population with obesity compared to male counterparts.  These results suggest 

that obesity may be a major cause in accelerating OA progression in the female 

population. Several studies have shown that the differences in kinematic and the 

lower-extremity neuromuscular control between females and males may cause a 

different magnitude of mechanical impact to the knee joint [79, 151, 152]. Chapell et 

al. observed greater anterior and posterior shear forces, and greater extension and 

malalignment in females when compared to males [153]. Additionally, there was 

greater neuromuscular imbalance observed in female individuals [154]. It is possible 

that the excessive mechanical loading caused by obesity may be enhanced by the 

anatomic and neuromuscular imbalances in females, causing a greater detrimental 

effect on OA and its progression. 

 

The increased implementation of TKR on patients with obesity brings concern on 

perioperative complications and revision surgery. It has been shown that obesity 

increased the revision of TKR, with an odds ratio of 1.3 as compared to those without 

obesity [155]. Increased prosthetic joint infection (PJI) including superficial and deep 

infection in obese patients after TKR has also been reported [155]. A systematic 

analysis demonstrated that morbidly obese patients had a significantly higher 

prevalence of PJI, which ranged from 3.3 to 9 times higher than those of control 
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subject[156] which resulted in higher medical cost [157]. Aseptic loosening is another 

common complication in obese patients [158].  

 

Our study had several limitations. Firstly, this is a cross-sectional study. Future 

research should consider a longitudinal study to investigate history of diagnosed 

obesity and OA and to confirm the progression of OA in obese patients. Secondly, 

BMI information was recorded when patients underwent TKR, and history of weight 

gain or loss, bariatric surgery and lower limb musculoskeletal injury were not 

considered. Thirdly, the study was retrospectively conducted from years 2015 to 2018. 

A longer study period will be able to determine long-term trends in incidence rates in 

the future. Finally, PAF estimates assume that there is a causal relation between the 

independent variable (obesity) and the outcome (TKR), whilst the calculation of 

estimated IRR is only an approximation of the BMI reduction on TKR incidence. 

However, OA is a multifactorial disease, therefore, risk reduction strategies must 

address all these different factors in an attempt to decrease or delay the requirement 

for TKR [104, 159].  

 

In summary, we have shown that there was an association between obesity and the 

increased incidence of TKRs in Australia, the effect of which is most prominent in the 

population aged 18-54 years old and in females. Additionally, the implementation of 

TKR in males and females can be prevented by 36.55% and 34.92% if the population 

was not exposed to the risk of being overweight or obese. These results emphasize the 

significance of specific weight-loss strategies on avoiding or delaying TKR 

particularly in female patients and those aged 18-54 years old. We anticipate that this 
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study will guide clinicians and policy makers in future management of primary OA, 

including weight management and recommendations for TKR. 
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3.6 Supplementary Materials 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
 

Supplementary Figure 3-1: Changes in total knee replacement (TKR) utilization by body mass index (BMI) categories, 2015-
2018. Each bar represents the percent change in number of TKR utilization of the given BMI group in the given year, compared with 
the number of TKR utilization of the corresponding BMI group in 2015.  A. Gender combined, B. Male cohort, C. Female cohort. 
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Supplementary Table 3-1. Age-standardized incidence rate of first total knee replacement for primary OA in each BMI category and calculated incidence rate ratio in Australia (Male). 

 

2015  2018 

Cases IR/1000 pyrs  Cases IR/1000 pyrs 

(n=18255) (95% CI)  (n=23716) (95% CI) 

Underweight & Normal weight (BMI<25) 1805 0.949 (0.905 to 0.993)   2140 1.190 (0.139 to 1.241)  

Age 18-54 78 0.038 (0.030 to 0.038)  98 0.053 (0.043 to 0.064) 
Age 55-64 343 1.347(1.205 to 1.353)  428 1.827 (1.654 to 2.000) 
Age 65-74 608 3.072 (2.828 to 3.085)  772 4.242 (3.944 to 4.541) 
Age >75 776 4.414 (4.011 to 4.334)  842 4.623 (4.312 to 4.935) 

Overweight (BMI: 25-29.99) 6860 1.841 (1.798 to 1.885)  8628 2.199 (2.153 to 2.245) 
Age 18-54 338 0.133 (0.119 to 0.134)  379 0.144 (0.129 to 0.158) 
Age 55-64 1680 2.803 (2.669 to 2.810)  2131 3.578 (3.426 to 3.729) 
Age 65-74 2866 6.862 (6.612 to 6.883)  3652 8.194 (7.929 to 8.459) 
Age >75 1976 6.418 (6.136 to 6.441)  2466 7.388 (7.098 to 7.679) 

Obesity Class I & II (BMI: 30-39.99) 8536 3.119 (3.052 to 3.186)  11486 3.567 (3.501 to 3.634) 
Age 18-54 593 0.416 (0.382 to 0.416)   809 0.491 (0.457 to 0.525) 
Age 55-64 2726 6.059 (5.833 to 6.077)  3697 7.041 (6.815 to 7.267) 
Age 65-74 3738 10.822 (10.477 to 10.859)  5016 11.803 (11.478 to 12.127) 
Age >75 1479 8.253 (7.834 to 8.291)  1964 9.896 (9.460 to 10.331) 

Obesity Class III (BMI ≥ 40) 1054 4.146 (3.882 to 4.411)  1462 4.476 (4.243 to 4.708) 
Age 18-54 120 1.109 (0.911 to 1.116)  166 0.846 (0.717 to 0.975) 
Age 55-64 465 8.852 (8.051 to 8.927)  594 10.020 (9.218 to 10.821) 
Age 65-74 391 13.624 (12.282 to 13.781)  596 17.643 (16.239 to 19.047) 
Age >75 78 6.432 (5.009 to 6.546)  106 4.917 (3.983 to 5.851) 

IRR (95% CI) 

 

*Data in 2015 was used as reference.  
BMI=body mass index; IR=incidence rate (1000 person-years); IRR=incidence rate ratio; 95% CI=95% confidence interval. 

Decreased Increased 
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Supplementary Table 3-2. Age-standardized incidence of first total knee replacement for primary OA in each BMI category and calculated incidence rate ratio in Australia (Female) 

 

2015   2018  

Cases IR/1000 pyrs  Cases IR/1000 pyrs 

(n=22698) (95% CI)  (n=28839) (95% CI) 

Underweight & Normal weight (BMI<25) 2750 0.877 (0.844 to 0.910)  3284 1.070 (1.033 to 1.107)  
Age 18-54 111 0.037 (0.030 to 0.037)  104 0.036 (0.029 to 0.043) 
Age 55-64 511 1.155 (1.055 to 1.159)  590 1.203 (1.106 to 1.300) 
Age 65-74 960 3.040 (2.848 to 3.051)  1291 4.214 (3.984 to 4.443) 
Age >75 1168 3.862 (3.641 to 3.876)  1299 4.472 (4.229 to 4.714) 

Overweight (BMI: 25-29.99) 6089 1.799 (1.753 to 1.844)  7753 2.318 (2.266 to 2.370) 
Age 18-54 270 0.177 (0.156 to 0.177)  330 0.183 (0.164 to 0.203) 
Age 55-64 1236 2.669 (2.520 to 2.677)  1511 3.602 (3.420 to 3.783) 
Age 65-74 2472 6.701 (6.438 to 6.723)  3245 8.313 (8.028 to 8.598) 
Age >75 2111 6.043 (5.786 to 6.063)  2667 8.265 (7.953 to 8.578) 

Obesity Class I & II (BMI: 30-39.99) 11094  4.370 (4.288 to 4.452)  14169 4.419 (4.346 to 4.493) 
Age 18-54 829 0.663 (0.618 to 0.664)  962 0.707 (0.662 to 0.752) 
Age 55-64 3093 7.488 (7.225 to 7.511)  3762 7.579 (7.338 to 7.821) 
Age 65-74 4639 15.494 (15.051 to 15.549)   6068 16.353 (15.945 to 16.761) 
Age >75 2533 12.241 (11.767 to 12.294)  3377 11.188 (10.812 to 11.563) 

Obesity Class III (BMI ≥ 40) 2765  6.874 (6.611 to 7.137)  3633 7.459 (7.214 to 7.705) 
Age 18-54 315 1.223 (1.088 to 1.228)  441 1.469 (1.332 to 1.606) 
Age 55-64 1138 15.439 (14.549 to 15.551)  1361 20.939 (19.838 to 22.040) 
Age 65-74 1055 24.009 (22.578 to 24.234)  1417 20.812 (19.740 to 21.884) 
Age >75 257 12.109 (10.638 to 12.272)  414 11.825 (10.693 to 12.957) 

IRR (95% CI) 

Decreased Increased 

*Data in 2015 was used as reference.  
BMI=body mass index; IR=incidence rate (1000 person-years); IRR=incidence rate ratio; 95% CI=95% confidence interval. 
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Supplementary Table 3-3.  Cases of total knee replacement attributable to overweight/obesity 
and can be reduced by lower prevalence of overweight/obesity. (2018) 

2018  
No. of cases 

attributable to 
overweight/obesity 

No. of cases 
if the 

prevalence 
reduced by 

5% 

No. of cases 
if the 

prevalence 
reduced by 

10% 

No. of cases 
if the 

prevalence 
reduced by 

25% 
Overweight      

Total      
 Overall 10057 503 1005 2514 
 Age 18-54 844 42 84 211 
 Age 55-64 3013 151 301 753 
 Age 65-74 4049 202 405 1012 
 Age >75 2151 108 215 538 

Male      
 Overall 4692 235 469 1172 
 Age 18-54 381 19 38 95 
 Age 55-64 1412 71 141 353 
 Age 65-74 1986 99 199 496 
 Age >75 913 46 91 228 

Female      
 Overall 5036 252 504 1259 
 Age 18-54 418 21 42 105 
 Age 55-64 1372 69 137 343 
 Age 65-74 2037 102 204 509 
 Age >75 1209 60 121 302 
Obesity*      

Total      
 Overall 14287 716 1428 3572 
 Age 18-54 852 43 85 213 
 Age 55-64 4633 232 463 1158 
 Age 65-74 6331 317 633 1583 
 Age >75 2471 124 247 618 

Male      
 Overall 6093 304 610 1523 
 Age 18-54 381 19 38 95 
 Age 55-64 2126 106 213 532 
 Age 65-74 2768 138 277 692 
 Age >75 818 41 82 204 

Female      
 Overall 8009 401 801 2002 
 Age 18-54 459 23 46 115 
 Age 55-64 2393 120 239 598 
 Age 65-74 3499 175 350 875 
 Age >75 1658 83 166 414 
*Obesity indicates BMI≥30kg/m2. 
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CHAPTER FOUR 

 

 

Horizontal fissuring at the osteochondral 

interface: a novel and unique pathological 

feature in patients with obesity-related 

osteoarthritis 

 

 
This chapter is based on the published article 

Horizontal fissuring at the osteochondral interface: a novel and unique 
pathological feature in patients with obesity-related osteoarthritis 

 
Published in 

Annals of the Rheumatic Diseases  

2020;79:811-818 
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4.1 Abstract 

Objectives 

Obesity is a well-recognized risk factor for osteoarthritis (OA). Our aim is to characterize 

body mass index (BMI)-associated pathological changes in the osteochondral unit and 

determine if obesity is the major causal antecedent of early joint replacement in patients 

with OA. 

 

Methods 

We analyzed the correlation between BMI and the age at which patients undergo total 

knee replacement (TKR) in 41,023 patients from the Australian Orthopaedic Association 

National Joint Replacement Registry. We then investigated the effect of BMI on 

pathological changes of the tibia plateau of knee joint in a representative subset of the 

registry.  

 

Results 

More than 57% of patients in Australia who had TKR were obese. Patients with 

overweight, obese class I & II or obese class III received a TKR 1.89, 4.48 and 8.08 years 

earlier than patients with normal weight, respectively. Microscopic examination revealed 

that horizontal fissuring at the osteochondral interface was the major pathological feature 

of obesity-related OA. The frequency of horizontal fissure was strongly associated with 

increased BMI in the predominant compartment. An increase in one unit of BMI (1 kg/m2) 

increased the odds of horizontal fissures by 14.7%. Over 80% of the horizontal fissures 

were attributable to obesity. Reduced cartilage degradation and alteration of subchondral 

bone microstructure were also associated with increased BMI. 
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Conclusions 

The key pathological feature in OA patients with obesity is horizontal fissuring at the 

osteochondral interface. Obesity is strongly associated with a younger age of first TKR, 

which may be a result of horizontal fissures.
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4.2 Introduction 

Obesity affects more than a quarter of the global population. Despite numerous public 

health initiatives aimed at tackling this issue, the incidence of obesity continues to rise 

[135]. Obesity is a well-recognized risk factor for osteoarthritis (OA) and contributes 

to 45% of the OA burden in Australia [1, 160-162]. Obese patients with total knee 

replacement (TKR), have a high risk of perioperative complications, which may lead 

to surgical revision, and pose a high direct medical cost [163-166].  

 

The underlying mechanism of obesity-related OA is complex and controversial [159]. 

Abnormal mechanical loading and meta-inflammation are factors considered to 

contribute to the pathogenesis of OA [167]. Studies on the etiology of obesity-related 

OA among obese animal models generally suggest metainflammation as the main 

cause of obesity-related OA [168-170]. On the other hand, epidemiological studies on 

human OA suggest that excessive abnormal mechanical loading on articular joints is 

the main risk factor on OA progression [7, 162].  A recent population-based cohort 

study in the Netherlands also supported the concept that obesity-related mechanical 

stress is the most important risk factor for knee OA [7].  

 

While current understanding on the impact of abnormal mechanical loading in obesity-

related OA patients is mostly limited to epidemiological data, we proposed that the 

pathological changes in the osteochondral units in the joints of these patients could 

provide insights into the mechanism underlying OA in obesity. A functional 

osteochondral unit plays a central role on biomechanical function as it distributes the 

loading on the joint surface [20]. The interface also prevents movement of large 

molecules between these structural components [28]. During OA development, the 
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integrity of the osteochondral unit is breached by neurovascular invasion, increasing 

the crosstalk between cartilage and subchondral bone [171, 172]. At present, however, 

the pathological changes at the osteochondral interface in OA patients with obesity 

remain unclear.  

 

To determine the impact of obesity on OA, we analyzed the correlation between BMI 

and the age at which patients undergo TKR in 41,023 cases of patients from the 

Australian Orthopaedic Association National Joint Replacement Registry 

(AOANJRR). We then investigated the effect of BMI on histopathological changes of 

the knee joint in a representative subset of the registry, to search for a link between 

BMI, histopathological changes of the osteochondral unit and its interface, and the 

subsequent age at which first TKR was performed.  

 

4.3 Methods 

4.3.1 Study population 

We obtained de-identified data on all primary TKR procedures performed for primary 

OA from 1st September 1999 to 31st December 2015 from the AOANJRR. Summary 

data, including age, BMI and gender, for 41,023 cases were collected. Data were 

categorized by BMI using the following WHO definition: “Underweight and Normal 

weight” (<24.9 kg/m2), “Overweight” (25-29.9 kg/m2), “Obese class I & II” (30-39.9 

kg/m2) and “Obese class III” (≥40 kg/m2).  

 

We also collected specimens from 88 patients with primary OA who had a TKR as a 

representative subset from this registry. We selected patients from each of the four 

categories of BMI without the knowledge of the registry cohort data. Samples size in 



74 
 

each group was determined by availability and patient consent. Comparison between 

the cases and the registry cohort showed that the average age at the time of TKR in 

each category was similar, but the percentages of cases in each BMI category between 

the groups were different. Patient clinical data including BMI, age, gender and 

radiographic information were recorded. The diagnosis of OA was made according to 

the classification of the American College of Rheumatology.[173] All radiographs 

were assessed according to the Kellgren and Lawrence (K&L) criteria by an 

experienced assessor, who was blinded to patients’ BMI [174]. The most severe OA 

compartment, either medial or lateral, was identified as the predominant compartment 

[175].  Informed written consent was obtained from all patients and all studies received 

approval from AOANJRR and Human Research Ethics Committee of the University 

of Western Australia. 

 

4.3.2 Micro-computed tomography (Micro-CT) 

A cylindrical specimen of osteochondral tissue was extracted from both the center one 

third of the medial and lateral tibial plateaus by a precision bone trephine under 

continuous water irrigation[176]. After fixation, all tissue blocks were examined using 

a micro-CT scanner (Skyscan 1174, Bruker, Kontich, Belgium) according to previous 

publication [177, 178].   

 

The following parameters were calculated: bone volume fraction (BV/TV, %), 

trabecular thickness (Tb.Th, μm), trabecular separation (Tb.Sp, μm), trabecular 

number (Tb.N, 1/mm), structure model index (SMI), degree of anisotropy (DA), and 

connectively density (Conn.Dn, 1/mm3). Bone mineralized density (BMD, mg/cm3) 



75 
 

of subchondral bone (SCB) was calibrated by using the attenuation coefficient of two 

defined BMD phantoms of 0.25 and 0.75 g/cm3. 

 

4.3.3 Histological specimen processing 

All tissue blocks were processed for histological evaluation. Each was infiltrated and 

embedded in methyl-methacrylate, 5μm-thickness sections were obtained and 

stained with Goldner’s Trichrome for the morphological and histomorphometric 

examination of SCB and the osteochondral interface and Safranin-O/Fast Green for 

evaluation of cartilage degradation [177, 178].  

 

4.3.4 Histomorphometric measurements of SCB 

Histomorphometry was performed using Bioquant Osteo Histomorphometry software 

(Bioquant Osteo, Nashville, TN, USA). The following parameters were measured: 

thickness of osteoid (O.Th, μm), percent osteoid volume (OV/BV,%), percent osteoid 

surface (OS/BS,%), specific osteoid surface (OS/BV,mm2/mm3), percent eroded 

surface (ES/BS,%), specific eroded surface (ES/BV,mm2/mm3), eroded surface in 

bone tissue volume (ES/TV,mm2/mm3), and the ratio of osteoid surface to eroded 

surface (OS/ES) [177].  

 

4.3.5 Histological evaluation of articular cartilage and osteochondral interface 

The assessment was performed by histopathologists (MHZ & JP), blinded to the BMI 

of each patient, using the Osteoarthritis Research Society International (OARSI) 

grading system [22]. A fissure at the osteochondral interface was defined as a gap in 

the cartilage-bone interface containing at least two of the following characteristics: 1) 

cartilage erosion; 2) free cartilage/bone debris; 3) fibro-granulation tissue infiltration; 
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4) rupture of microcapillaries and presence of red blood cells and leukocytes within 

the fissures. The definition and location of the fissures were mutually agreed by 

qualified investigators (MHZ, LC and JP). The length is characterized by the surface 

of the calcified cartilage immediately beneath the separation. The area of fissures is 

characterized by an area of the splitting at the osteochondral interface. These two 

parameters were measured by Bioquant Osteo Histomorphometry software.  

 

4.3.6 Statistical analysis 

Registry cohort data was expressed as mean± standard deviation (SD). Data were 

tested for normality using the Shapiro-Wilks test. One-way ANOVA followed by post-

hoc comparison was applied to analyze differences in age at TKR between the four 

weight categories. 

 

Among the 88 cases collected for microstructural and pathological analyses, an 

independent sample t-test was applied to compare the mean age at TKR between each 

category and its represented category. Fisher’s exact test and One-way ANOVA were 

used to respectively compare the categorical and continuous variables of the 

demographic characteristics among four categories based on BMI in the case series 

subset. 

 

Univariable and multivariable general linear regression models were used to 

investigate the association between BMI and the parameters of bone microstructure, 

remodeling and cartilage OARSI grading (all as continuous variables). Univariable 

and multivariable logistic regression models were applied to explore the effect of BMI 

on the frequency of the fissures in osteochondral interface. In logistic regression 
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models, we defined dummy variables using 0 to indicate cases without horizontal 

fissures and 1 to indicate cases with horizontal fissures. Multivariable linear regression 

and logistic regression were adjusted for sex and age. Odds Ratios (OR) and 95% 

confidence intervals are reported. The relationship between horizontal fissures 

(including area and length) and BMI were assessed by Spearman’s correlation. 

 

To estimate the proportion of horizontal fissures attributable to obesity, we calculate 

the attributable fraction among the exposure (AFex) by using the formula AFex= (OR-

1)/OR [179-181]. The OR value was obtained by multivariable logistic regression to 

estimate the odds ratios (ORs) for the association between the horizontal fissures and 

normal weight, overweight and obesity. 

 

Variables were expressed as mean ± SD, median (25th, 75th percentiles) and 

frequencies (percentage), respectively. All statistical methods were applied by and 

Prism 7 software and IBM SPSS Statistics (Version 25). All hypotheses were two-

tailed tested, and P<0.05 was considered statistically significant. 

 

4.4 Results 

4.4.1 Obese patients with OA received TKR at younger age than those of normal 

weight 

We analyzed the characteristics of 41,023 cases of primary OA patients receiving TKR 

and grouped them into four categories according to their BMI.  As shown in Table 4-

1, 57% of patients who had a TKR were obese. The age at which OA patients had a 

TKR differed significantly within their BMI groups. A negative correlation between 

age at TKR and BMI category was observed (p<0.0001) with post hoc testing showing 



78 
 

the age at TKR significantly decreased with each increase in BMI category. Patients 

in the overweight, obese class I&II and class III categories received a TKR 1.89, 4.48 

and 8.08 years earlier than patients in the normal weight category respectively. The 

association is independent of sex. Comparison of age at TKR between the case series 

and AOANJRR cohort showed no significant age differences in each category 

(Supplementary Figure 4-1). Table 4-2 summarizes the demographic characteristics of 

the case series subset.
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Table 4-1. Relationship between BMI and mean age of patients undergoing TKR. 
 Normal weight Overweight Obese Class I &II Obese Class III One-way ANOVA 

P (age)  N (%) Age N (%) Age N (%) Age N (%) Age 

Overall 4 533 (11.05) 71.70±9.43 12 867 (31.37) 69.81±9.07 19 432 (47.37) 67.22±8.34 4 191 (10.21) 63.62±7.77 <0.0001 

Male 1 797 (9.9) 71.77±9.75 6 808 (37.4) 69.24±9.08 8 441 (46.4) 66.63±8.27 1 149 (6.3) 63.60±7.80 <0.0001 

Female 2 736 (12.0) 71.66±9.42 6 059 (26.5) 70.45±8.56 10 991 (48.1) 67.67±8.39 3 042 (13.3) 63.63±8.27 <0.0001 

Data are represented as mean ± SD or number (percentage). Mean ages among four categories in each registry were significantly different at p<0.001 by post-hoc comparison. BMI=body mass index; TKR=total knee replacement. 
 

 
 
 

 
 
 
 
 
 
 
 

Table 4-2. Demographic and clinical characteristics of the subset of patients undergoing TKR 

 
Normal Weight Overweight Obese Class I&II Obese Class III 

P value 
(n=26) (n=19) (n=31) (n=12) 

Women (N/%)  8(30.8) 12(63.2) 15(48.4) 8(66.7) 0.413 

Age/year a 72.46±8.31 69.00±8.03 66.84±9.28 61.42±6.49 0.003 

X-ray/ K-L b 2.5(2, 3) 2 (1, 3) 2 (2, 4) 2 (2, 3.75) 0.725 

Predominant Compartment      0.093 

Medial (N/%)  17 (65.4) 18 (94.7) 24 (77.4) 8 (66.7)  

Lateral (N/%)  9 (34.6) 1 (5.3) 7 (22.6) 4 (33.3)  

Abbreviations: K-L: Kellgren and Lawrence. The comparisons of continuous parameters were performed using One-way ANOVA analysis. Comparison of 
categorical data were performed using Fisher’s exact test.  
a Values presented as mean± standard deviation). 
b Value presented as median (25th, 75th percentiles) 
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4.4.2 Increased BMI is associated with less articular cartilage degradation  

We then investigated the histopathology of a representative subset of 88 cases from 

the AOANJRR. Patients with higher BMI displayed less disruption and matrix loss in 

the articular cartilage surface in the predominant compartment, as well as overall in 

both medial and lateral compartments, when compared to patients with lower BMI. 

Patients in the normal weight category displayed cartilage erosion and degenerative 

changes, starting from the superficial layer and extending to the deeper layers, while 

patients in the obese categories had less cartilage erosion on the articular surface 

(Table 4-3). In the predominant compartment, lower OARSI scores were associated 

with increased BMI in unadjusted (p=0.003) and multivariable linear regression (p 

adjusted=0.004). Similar results were obtained in both medial and lateral compartments 

(Medial p=0.011, p adjusted =0.016 & Lateral p=0.030, p adjusted=0.044). These results 

suggest that obese patients with OA have less cartilage degradation compared to OA 

patients of normal weigh. 
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Table 4-3. BMI-associated changes of cartilage degradation and SCB remodeling.  

   
Unadjusted  Age- and sex- adjusted 

β (95% CI) P value  β (95% CI) P value 

Predominant 
 

Cartilage evaluation OARSI -0.046 (-0.076 to -0.016) 0.003  -0.048 (-0.081 to -0.016) 0.004 

Bone formation 

OV/BV (%) 0.001 (0.000 to 0.001) 0.019  0.001 (0.000 to 0.001) 0.014 

OS/BS (%) 0.004 (0.001 to 0.007) 0.022  0.004 (0.001 to 0.008) 0.024 

O.Th (µm) 0.327 (0.161 to 0.492) 0.000  0.293 (0.112 to 0.454) 0.002 

Bone resorption 

ES/BS (%) 0.000 (-0.001 to 0.000) 0.349  0.000 (-0.001 to 0.000) 0.254 

ES/BV (mm2/mm3) -0.003 (-0.009 to 0.002) 0.228  -0.004 (-0.010 to 0.002) 0.178 

ES/TV (mm2/mm3) -0.001 (-0.003 to 0.001) 0.190  -0.001 (-0.003 to 0.001) 0.173 

OS/BV (mm2/mm3) -0.148 (-0.015 to 0.069) 0.199  0.032 (-0.015 to 0.079) 0.181 

OS/ES 0.776 (-0.080 to 1.632) 0.075  0.788 (-0.171to 1.747) 0.106 

Medial 

Cartilage evaluation OARSI -0.035 (-0.062 to -0.008) 0.011  --0.037 (-0.066 to -0.007) 0.016 

Bone formation 

OV/BV (%) 0.001 (0.000 to 0.001) 0.014  -0.001 (0.000 to 0.001) 0.011 

OS/BS (%) 0.004 (0.001 to 0.007) 0.014  0.004 (0.001 to 0.008) 0.015 

O.Th (µm) 0.345 (0.181 to 0.510) 0.000  0.311 (0.133 to 0.490) 0.001 

Bone resorption 

ES/BS (%) 0.000 (0.000 to 0.000) 0.579  0.000 (0.000 to 0.000) 0.596 

ES/BV (mm2/mm3) -0.002 (-0.007 to 0.002) 0.237  -0.002 (-0.007 to 0.002) 0.310 

ES/TV (mm2/mm3) -0.001 (-0.002 to 0.001) 0.396  -0.001 (-0.002 to 0.001) 0.423 

OS/BV (mm2/mm3) 0.030 (-0.012 to 0.071) 0.163  0.036 (-0.011 to 0.082) 0.399 

OS/ES 0.772 (-0.084 to 1.629) 0.077  0.764 (-0.197 to 1.724) 0.118 

Lateral 

Cartilage evaluation OARSI -0.033 (-0.062 to -0.003) 0.030  -0.033 (-0.064 to -0.001) 0.044 

Bone formation 

OV/BV (%) 0.001 (9.915E-5 to 0.001) 0.020  0.001 (0.000 to 0.001) 0.009 

OS/BS (%) 0.004 (0.001 to 0.007) 0.024  0.004 (0.001 to 0.008) 0.017 

O.Th (µm) 0.320 (0.161 to 0.479) 0.000  0.319 (0.143 to 0.495)  0.001 

Bone resorption 
ES/BS (%) 0.000 (-0.001 to 0.000) 0.226  0.000 (-0.001 to 0.000) 0.235 

ES/BV (mm2/mm3) -0.004 (-0.010 to 0.001) 0.137  -0.004 (-0.011 to 0.002) 0.167 
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ES/TV (mm2/mm3) -0.001 (-0.003 to 0.001) 0.153  -0.001 ( -0.003 to 0.001) 0.199 

OS/BV (mm2/mm3) 0.027 (-0.016 to 0.069) 0.218  0.034 (-0.013 to 0.081) 0.149 

OS/ES 0.768 (-0.087 to 1.632) 0.078  0.823 ( -0.119to 1.766) 0.086 

Dependent variable: Histomorphomectric parameters (continuous variable). Independent variable: BMI (kg/m2, continuous variable). Method: Linear regression. OARSI=osteoarthritis research society international grading; 
O.Th=thickness of osteoid; OV/BV=percent osteoid volume; OS/BS=percent osteoid surface; OS/BV=specific osteoid surface, ES/BS=percent eroded surface, ES/BV=specific eroded surface, ES/TV=eroded surface in bone tissue 
volume, OS/ES=the ratio of osteoid surface to eroded surface.  
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4.4.3 Impact of increased BMI on SCB microstructure 

We next examined if increased BMI had an impact on SCB microstructure. In the 

predominant compartment, linear regression adjusted for sex and age showed that 

BV/TV and BMD were negatively associated with BMI, while SMI was positively 

associated with BMI. Interestingly, without justification of the predominant 

compartment, there was nonlinear correlation between BMI and the microarchitectural 

parameters by both univariable and multivariable linear regression in both medial and 

lateral compartments (Supplementary Table 4-1). 

 

Histomorphometric assessment revealed that BMI was significantly and positively 

associated with parameters representing the formation of osteoid, including OV/BV, 

OS/BS and O.Th in both univariable and multivariable linear regression models in the 

predominant, lateral and medial compartments (Table 4-3). BMI was not associated 

with bone surface erosion, as demonstrated by bone resorption parameters, including 

ES/BS, ES/BV, ES/TV and OS/ES, in neither predominant, medial nor lateral 

compartments. These results showed that whilst obesity increased osteoid formation 

and SMI in SCB, total bone volume and BMD were decreased.  

 

4.4.4 Obesity causes horizontal fissuring and cartilage erosion at the osteochondral 

interface  

We next examined the integrity of the osteochondral interface between cartilage and 

SCB [100]. We observed that obese patients displayed horizontal fissures with 

cartilage erosion at the osteochondral interface (Figure 4-1), characterised by irregular 

cartilage erosion, fibro-granulation tissue infiltration, the presence of cartilage/bone 

debris and rupture of microcapillaries within the fissures at the osteochondral interface 
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(Figure 4-2). The presence of red blood cells and leukocytes within the fissures 

situated between the non-mineralized and calcified cartilage regions indicated that the 

fissures were not artefacts or damage during sample preparation. While not all patients 

with obesity had these pathological changes, patients with obesity showed higher 

frequency of horizontal fissuring, compared to those with normal weight. Horizontal 

fissures were a unique feature of OA pathology in patients with obesity. In the 

predominant compartment, 75% of patients in the obese class III category displayed 

horizontal fissures with cartilage erosion at the osteochondral interface of the 

predominant compartment, compared to only 7.7% of patients in the normal weight 

group. Over 58% of patients in the obese class III category displayed fissuring in both 

medial and lateral compartments of the tibial plateau, compared to none in the medial 

compartment and 19.2% in the lateral compartment of patients with normal weight 

(Table 4-4). Measurement of the length and area of fissures showed that there were 

significant correlations between fissures and BMI in the predominant compartment or 

medial and lateral compartments without justification of the predominant 

compartment (Table 4-5). The association between BMI and the presence of horizontal 

fissuring was significant after adjusting for sex and age (Table 4-5). An increase in 

one unit of BMI (1 kg/m2) increased the odds of horizontal fissures by 14.7% [OR 

(95% CI): 1.147 (1.055 to 1.246)] in the predominant compartment. Sub-analysis of 

attributable fraction showed that obesity increases the attributable fraction of 

horizontal fissures. The AFex of obesity was 84.4%, estimating that over 80% of the 

horizontal fissures in the predominant compartment were attributable to obesity. 

Together, these results suggest that abnormal overload in patients with obesity 

strongly contribute to horizontal fissures at the osteochondral interface. 
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Figure 4-1. Representative images of horizontal fissures in the osteochondral units from 

OA patients with normal weight and morbid obesity. In patients with normal weight (A), 

cartilage is firmly attached on calcified cartilage. In patients with Obese Class III (B), a 

horizontal fissure is observed in the osteochondral surface between the articular cartilage and 

subchondral bone. AC, articular cartilage; CC, calcified cartilage; SCB, subchondral bone. 

Free bone debris (black arrowhead) and cartilage erosion (empty arrow) are presented within 

the fissure. 
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Figure 4-2. Representative cases of horizontal fissures in the osteochondral interface. 

Figure 4-2A. Free cartilage (*) and bone debris (black arrowhead) observed in the horizontal 

fissures. Presence of plasma cells (white arrowhead) is seen. Figure 4-2B. Cluster of red blood 

cells (black arrow) and leukocyte (white arrowhead) within the fissure. Cartilage erosion 

toward the articular surface (empty arrow) was observed in the horizontal interface between 

hyaline cartilage and the mineralized tissue. Figure 4-2C. Fibrous infiltration (white arrow), 

cartilage (*) and bone debris (black arrowhead) were observed within the fissures. Figure 4-

2D. Fibro-granulation tissue infiltration (white arrow) was present in the horizontal fissures. 

Free cartilage debris (*) was also seen. Staining method: Goldner’s Trichrome.  
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Table 4-4. Pathological changes of horizontal fissuring in osteochondral interface among BMI categories. 

 Cartilage erosion 
N (%) a 

Fibro-granulation 
tissue infiltration 

N (%) a 

RBC/leukocyte 
infiltration 

N (%) a 

Bone/cartilage 
debris 
N (%) a 

Total b 
N (%) 

Length of fissures 
(μm) 

Area of fissures 
(mm2) 

Mean Median c Mean Median c  

Predominant          

  Normal weight 2 (7.7%) 2 (7.7%) 0 (0) 1 (3.8%) 2 (7.7%) 27.11±97.02 0 (0, 0) 0.002±0.006 0 (0, 0) 

  Overweight 3 (15.8%) 3 (15.8%) 0 (0) 3 (15.8%) 3 (15.8%) 58.70±171.08 0 (0, 0) 0.01±0.03 0 (0, 0) 

  Obese Class I & II 6 (19.4%) 7(22.6%) 1 (3.2%) 7(22.6%) 7 (22.6%) 72.75±143.29 0 (0, 30.25) 0.01±0.03 0 (0, 0.002) 

  Obese Class III 9 (75.0%) 6 (50.0%) 1 (8.3%) 8 (66.7%) 9 (75.0%) 483.38±493.48 423.30 (0, 693.60) 0.02±0.03 0.02 (0, 0.04) 

Medial          

  Normal weight 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 0 (0, 0) 0 0 (0, 0) 

  Overweight 2 (10.5%) 2 (10.5%) 0 (0) 2 (10.5%) 2 (10.5%) 55.62±166.81 0 (0, 0) 0.006±0.020 0 (0, 0) 

  Obese Class I & II 8 (25.8%) 8 (25.8%) 1 (3.2%) 8 (25.8%) 9 (29.0%) 87.28±163.30 0 (0, 133.31) 0.01±0.03 0 (0, 0.004) 

  Obese Class III 7 (58.33%) 6 (50%) 1 (8.3%) 5 (41.7%) 7 (58.33%) 434.65±470.20 411.31 (0, 693.60) 0.03±0.03 0.014 (0.096) 

Lateral          

  Normal weight 4 (15.4%) 5 (19.2%) 0 (0) 3 (11.5%) 5 (19.2%) 66.85±146.38 0 (0, 0) 0.003±0.01 0 (0, 0) 

  Overweight 4 (21.1%) 5 (26.3%) 0 (0) 4 (21.1%) 5 (26.3%) 118.98±243.15 0 (0, 0) 0.01±0.03 0 (0, 0.012) 

  Obese Class I & II 9 (29.0%) 10 (32.3%) 0 (0) 7 (22.6%) 10 (32.3%) 147.52±348.71  0 (0, 253.65) 0.02±0.04 0 (0, 0.016) 

  Obese Class III 7 (58.33%) 4 (33.3%) 0 (0) 7 (58.33%) 7 (58.33%) 364.67±431.92 221.51 (0, 789.39) 0.03±0.03 0.025 (0, 0.047) 

Abbreviations: RBC, red blood cells.     

a Data were presented as Number (N) and percentage (%) of cases with the described pathology  

b Total number of cases with horizontal fissures.  
c Data were presented as median and interquartile range.  
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4.5 Discussion 

We showed that 57% of patients in Australia who had a TKR were obese.  Patients 

with overweight, obese class I & II or obese class III received a TKR 1.89, 4.48 and 

8.08 years earlier than patients with normal weight, respectively. While the altered 

microstructure in SCB and the reduced cartilage degradation were observed in patients 

with higher BMI, horizontal fissuring at the osteochondral interface was the key 

pathological feature of obesity-induced OA. The frequency of horizontal fissures at 

the osteochondral interface was positively associated with increased BMI. Sub-

analysis of attributable fraction showed that 84.4 % of the horizontal fissures in the 

predominant compartment were attributable to obesity. 

 

Table 4-5. Body mass index (BMI)-associated horizontal fissuring in osteochondral interface. 

 Unadjusted P value  Age- and sex-adjusted P value 

 Predominant      

Incidence of Fissures [OR (95% CI)]* 1.144 (1.061 to 1.233) <0.001  1.147 (1.055 to 1.246) 0.001 

 Length of Fissures (µm) (R)† 0.403 <0.001  0.417 <0.001 

Area of Fissures (mm2) (R)⁑ 0.400 <0.001  0.391 <0.001 

Medial       

Incidence of Fissures [OR (95% CI)]* 1.173 (1.081 to 1.273) <0.001  1.186 (1.081 to 1.302) <0.001 

 Length of Fissures (µm) (R)† 0.463 <0.001  0.507 <0.001 

Area of Fissures (mm2) (R)⁑ 0.467 <0.001  0.518 <0.001 

Lateral      

Incidence of Fissures [OR (95% CI)]* 1.086 (1.017 to 1.159) 0.013  1.078 (1.004 to 1.157) 0.038 

 Length of Fissures (µm) (R)† 0.264 0.013  0.240 0.027 

Area of Fissures (mm2) (R)⁑ 0.286 0.007  0.224 0.040 

Abbreviations: OR, odds ratios; CI, confidence interval.  
*Logistic regression between BMI (kg/m2, continuous variable) and incidence of fissures.   
†Spearman’s rank correlation analysis between BMI (kg/m2) and the length of fissures (µm)   
⁑ Spearman’s rank correlation analysis between BMI (kg/m2) and the area of fissures (mm2)   
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Previous studies have shown that more than two thirds of obese individuals have OA 

and eventually undergo TKR [2, 162, 182]. Changulani et al., who showed that the 

mean age at which morbidly obese (BMI≥40 kg/m2) patients underwent TKR was 13 

years younger than patients with normal BMI, based on data from 344 patients [183]. 

The data is similar with our large cohort study that age at TKR in patients with class 

III obesity was nearly 8 years younger than in those of normal weight. Due to the life 

span of knee prostheses, our study suggested that a weight-loss strategy prior to TKR 

in obese patients is warranted.  

 

Abnormal mechanical loading is an important mechanism in accelerating the 

progression of obesity-related OA [69, 92, 98]. The present study has shown that 

patients with obesity have more mechanically-related pathological changes at the 

osteochondral interface. The osteochondral unit is a functional complex with cartilage 

having a higher Poisson’s ratio than the underlying mineralized bone [184, 185]. 

Under high compression loading, cartilage displays a larger lateral deformation, 

however the deformation is restrained by its underlying calcified bed and the SCB 

[186]. This results in the generation of secondary shear force to the cartilage-bone 

interface, creating fissures and exacerbating OA progression [186]. Interestingly, the 

pathogenesis of horizontal splitting of osteochondral interface in human OA was 

initially reported in 1915 and later confirmed by Meachim and Bentley in 1978. 

Animal studies in the 1980s of the overload-induced OA also showed induction of 

horizontal splitting of osteochondral interface [57, 187]. However, little attention has 

been paid to this observation over the last two decades. It is also noteworthy that 

horizontal fissures differ from cartilage delamination. The latter is caused by acute 

trauma in younger adults due to the sudden introduction of shear forces to the 
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subchondral interface [188, 189]. Delamination is an isolated chondral lesion, 

normally causing complete separation of cartilage from the subchondral bone and 

results in the formation of a cartilage flap in the joint [190, 191]. On the other hand, 

horizontal fissures are a condition of chronic inflammation, causing cartilage erosion 

at the subchondral interface due to secondary shear force generated by compressive 

stress. No cartilage flaps or complete separation is seen. Our study showed that 

microscopic horizontal fissures are characterised by horizontal cartilage erosion, 

inflammation and rupture of microcapillaries at the osteochondral interface. 

 

The effect of obesity on the microstructure of SCB seems somewhat contradictory 

[192, 193]. Previously it has been shown that lower subchondral thickness in the SCB 

of femoral heads from overweight/obese patients compared to normal-weight patients 

[194]. On the other hand, Reina et al. showed that increased bone volume and more 

plate-like trabeculae was associated with increased BMI [15]. In our study, we 

observed that obese patients have relatively higher osteoid formation and lower 

BV/TV in predominant compartment as compared to those in non-obese patients, 

suggesting that obesity alters the SCB microstructure in OA patients.  

 

There are, however, limitations in this study. Firstly, the sample size collected for 

histopathological evaluation was relatively small as compared to the registry cohort 

and selection of cases was intentional, according to the category of BMI. Nevertheless, 

the mean age of the case series in all four categories was identical to those from the 

registry data, suggesting insignificant impact bias on sample size and collection. 

Secondly, there is lack of control subjects. The main source of control subjects in this 

setting can only be cadaveric specimens or those obtained as results of amputation, 
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which are often unsatisfactory specimen, and cannot be reliably controlled. Thirdly, 

this is a cross-sectional observational study.  

We hypothesize that obesity induces shear forces on the osteochondral interface 

causing horizontal fissures at this interface in obese patients with OA (Figure 4-3). As 

hyaline cartilage, calcified cartilage and SCB have different mechanical properties, 

high compression loading generates excessive shear forces and thus induces fissuring 

on the surface of the interface. The structural deterioration enhances the 

metainflammatory reactions, attracts the ingrowth of vessels and nerves into the 

cartilage and further aggravates the symptoms of obese patients during joint motion. 

 

Our study has shown that the key pathological feature in OA patients with obesity is 

horizontal fissuring at the osteochondral interface. Obesity is strongly associated with 

a younger age of first TKR, which may be due to horizontal fissures. Whilst the causal 

relationship between this pathological change and earlier TKR seen in obese patients 

remains unclear, our observation provides a possible explanation between BMI and 

age of OA patients undergoing TKR. 
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Figure 4-3. Hypothetic model of shear force induced horizontal fissures in OA patients 

with obesity. Osteochondral unit is a multiphasic materials structure. The unit may receive 

direct loading from cartilage to subchondral bone in OA patients with normal weight. 

However, in patients with obesity, articular cartilage experiences a large lateral deformation 

due to the high compressive stress, the deformation being restrained by the underlying 

calcified cartilage and subchondral bone, which generates secondary shear stress to induce 

horizontal fissures and cartilage erosion at the osteochondral interface. AC, articular cartilage; 

CC, calcified cartilage; SCB, subchondral bone. 
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4.6 Supplementary Materials 
 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4-1. No significant age differences in each category between the case series 
and the large cohort from AOANJRR.  
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Supplementary Table 4-1. BMI-associated change of microstructural parameters in SCB 
Compartment Parameter Unadjusted  Age- and sex-adjusted 

  β (95% CI) P value  β (95% CI) P value 
Predominant BV/TV （%） -0.343 (-0.668 to -0.018) 0.039  -0.469 (-0.821 to -0.118) 0.009 

Tb.Th （µm) -0.001 (-0.002 to 0.000) 0.117  -0.001 (-0.003 to 0.000) 0.117 

Tb.Sp （µm) 0.000 (-0.003 to 0.002) 0.901  0.001 (-0.002 to 0.004) 0.669 

Tb.N (1/mm) -0.001 (-0.012 to 0.011) 0.908  -0.005 (-0.017 to 0.007) 0.382 

SMI 0.021 (-0.011 to 0.054) 0.189  0.037 (0.004 to 0.069) 0.026 

DA 0.000 (-0.007 to 0.006) 0.877  -0.001 (-0.008 to 0.006) 0.829 

Conn.Dn (1/mm3) 6.692E-7 (0.000 to 0.000) 0.381  2.610E-7 (-1.388E-6 to 1.910E-6) 0.754 

BMD (mg/cm3) -0.003 (-0.007 to 0.000) 0.083  -0.004 (-0.009 to 0.000) 0.041 

Medial BV/TV （%） -0.183 (-0.525 to 0.159) 0.291  -0.343 (-0.711 to 0.024) 0.067 

 

Tb.Th （µm) -0.001 (-0.002 to 0.001) 0.412  -0.001 (-0.001 to 0.001) 0.227 

Tb.Sp （µm) -0.001 (-0.003 to 0.002) 0.714  0.001 (-0.002 to 0.004) 0.655 

Tb.N (1/mm) 0.003 (-0.008 to 0.015) 0.595  -0.002 (-0.014 to 0.011) 0.759 

SMI 0.003 (-0.032 to 0.037) 0.885  0.017 (-0.019 to 0.052) 0.359 

DA -0.003 (-0.009 to 0.003) 0.377  -0.002 (-0.009 to 0.005) 0.601 

Conn.Dn (1/mm3) 1.184E-6 (-3.472E-2 to 2.716E-6) 0.128  7.990E-7 (-8.809E-7 to 2.479E-6) 0.347 

BMD (mg/cm3) -0.002 (-0.006 to 0.002) 0.401  -0.003 (-0.008 to 0.001 ) 0.136 

Lateral BV/TV （%） -0.015 (-0.327 to 0.297) 0.924  -0.131 (-0.473 to 0.210) 0.447 

 

Tb.Th （µm) -0.001 (-0.002 to 0.000) 0.123  -0.001 (-0.003 to 0.000) 0.099 

Tb.Sp （µm) -0.002 (-0.005 to -0.000) 0.100  -0.001 (-0.004 to 0.002) 0.379 

Tb.N (1/mm) 0.008 (-0.002 to 0.017) 0.111  0.003 (-0.008 to 0.013) 0.626 

SMI -0.005 (-0.032 to 0.021) 0.696  0.005 (-0.024 to 0.033) 0.736 

DA -0.001 (-0.008 to 0.007) 0.862  -0.002 (-0.010 to 0.007) 0.702 

Conn.Dn (1/mm3) 6.366E-7 (-1.084E-7 to 1.382E-6) 0.093  6.023E-7 (-2.285E-7 to 1.433E-6) 0.153 

BMD (mg/cm3) 0.000 (-0.004 to 0.003) 0.854  -0.002 (-0.006 to 0.002) 0.424 

Dependent variable: microstructural parameters (continuous variable). Independent variable: BMI (kg/m2, continuous variable); 
Method: Linear regression. BMI=body mass index; SCB=subchondral bone; BV/TV=bone volume by tissue volume; 
Tb.Th=trabecular thickness; Tb.Sp=trabecular separation; Tb.N=trabecular number; SMI=structure model index; DA=degree of 
anisotropy; Conn.Dn=connectively density; Bone mineralized density (BMD, mg/cm3). 
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CHAPTER FIVE 

 

 

Cell apoptosis and its association with 

transforming growth factor-β in 

osteochondral units of obesity-related knee 

osteoarthritis 
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5.1 Introduction 

The causal relationship between obesity and knee osteoarthritis (OA) has been well 

established [149, 195]. Abnormal joint loading has long been assumed to play a 

considerable impact on this relationship [159]. Osteochondral unit, including articular 

cartilage, calcified cartilage and subchondral bone (SCB), exerts an important function 

of distributing forces on the joint surface [196]. In OA, the pathological changes of 

the osteochondral unit are characterized by cartilage degradation and subchondral 

bone (SCB) sclerosis [20, 197]. We have previously reported that horizontal fissuring 

at the osteochondral interface is a unique pathological feature of obesity-related knee 

OA [10]. However, there is a lack of available study explaining the underlying 

mechanism of the pathological change in OA patients with obesity. 

 

Cell apoptosis, or programmed cell death, is a physiological progress for maintaining 

the tissue homeostasis, however, it also contributes to the progression of OA.[198] An 

increased level of chondrocyte apoptosis was found in patients with OA, compared to 

the control subjects with normal cartilage [198]. Zamli et al. observed that in the 

guinea pig OA model, increased chondrocyte apoptosis was associated with a reduced 

number of chondrocytes and an increased number of empty lacunae in the articular 

cartilage [199]. In SCB, the death of the mechanosensing cell osteocyte, was also 

reported to be associated with elevated bone remodelling and further contributes to 

OA progression [200]. It was reported that excessive repetitive mechanical loading 

resulted in chondrocyte and osteocyte apoptosis, which mediated the development of 

OA [201, 202]. However, there is still limited understanding about whether obesity 

affects the cell apoptosis in the osteochondral units in OA patients. 
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The role of transforming growth factor- β1 (TGF-β1) in the progression of OA has 

drawn an increasing attention.  TGF- β1 seems to play distinct roles on the metabolism 

of cartilage and subchondral bone during the OA development. TGF-β exerts anabolic 

effects on articular cartilage by stimulating the production of extracellular matrix and 

chondrocyte proliferation [203]. Madej et al. has demonstrated that application of 

dynamic mechanical compression on the cartilage can activate the TGF- β-induced 

Smad 2/3P signalling, preventing the cartilage degradation, while inflammatory 

condition can impair this signalling, resulting in the cartilage deterioration in ex vivo 

[204, 205]. On the other hand, the high concentration of TGF- β1 in SCB contributes 

to the osteophyte formation and the progression of OA. Zhen et al. has observed that 

increased activated TGF-β1 in SCB led to abnormal osteoid formation, which led to 

the degradation of the articular cartilage in the osteoarthritic mice model [203]. In our 

previous cross-sectional study on the pathological changes in patients with end-stage 

OA, we reported that obesity was associated with increased formation of osteoid but 

decreased mineralization in SCB of the tibial plateaus. Therefore, these previous 

studies suggest that the alteration of microstructural change in the osteochondral unit 

in OA patients with obesity might be associated with the activation of TGF- β 

signalling [10]. In addition, several in vivo and vitro studies have proven that TGF- β 

is a crucial inducer of apoptosis in many cells including osteocytes [206-208].  

Therefore, the expression of TGF-β and its potential impact on the apoptosis of 

chondrocytes and osteocytes in the osteochondral unit during the development of 

obesity-related OA remain to be elucidated. 

 

In this study, we aimed to further characterize the histopathological change of 

osteochondral units in obesity-related knee OA patients, by comparing the structural 



98 
 

features between two groups of patients with and without obesity. We also comparing 

the cell apoptosis and the local accumulation of TGF-β in the osteochondral unit by 

immunohistochemistry between these two groups of patients. We hypothesized that 

obesity may induce increased apoptosis of chondrocytes and osteocytes in the 

osteochondral units in patients with OA, and this effect is associated with the local 

accumulation of TGF-β.  

 

5.2 Methods 

5.2.1 Patients 

The study included 22 patients who had donated tibial plateaus following TKR surgery 

for primary OA from Hollywood Private Hospital, Western Australia. For each patient 

in this case series study, clinical data including body mass index (BMI), age, gender, 

radiographic information were collected. Patients were categorized by BMI into two 

groups using the World Health Organization (WHO) definition of obesity: 9 patients 

without obesity (BMI<30kg/m2) and 13 patients with obesity (BMI≥30 kg/m2).  

 

All patients fulfilled the classification of the American College of Rheumatology. 

Patients were excluded if they had a history as follows: 1) other known arthritis 

disease, and metabolic or bone diseases, which could affect bone metabolism, bone 

microstructure and bone remodeling, such as thyroid or parathyroid disease, severe 

renal impairment, bone tumors, rheumatoid arthritis, Paget’s disease, knee-joint 

trauma and secondary OA; 2) receiving any medications affecting bone metabolism, 

bone microstructure and bone remodeling such as anti-resorptive drug, calcitonin, 

thyroid or parathyroid hormone therapy, or hormonal replacement therapy. All 

radiographs were assessed according to the Kellgren and Lawrence (K&L) 
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criteria[174] by an experienced radiologist, who was blinded to patients’ demographic 

characteristics. Informed consent was obtained from each recruited patient. Study 

protocol was approved by the Human Research Ethics Committee of the University of 

Western Australia (RA/4/20/4067) and Hollywood Private Hospital Research Ethics 

Committee (HPH361).   

 

5.2.2 Sample processing  

A cylindrical specimen containing articular cartilage and beneath subchondral bone 

was extracted from the centre one third of medial tibial plateau (the most important 

weight-bearing area affected by knee OA) by using a precision bone trephine under 

water irrigation. After fixation in neutral buffered formalin and then decalcification in 

10% EDTA, all specimens were embedded in paraffin and sectioned into 5μm-

thickness for further experiments.  

 

5.2.3 Histology and grading  

Three sections were collected from different depths of the tissue blocks and stained 

for histopathological assessment. Sections were stained with hematoxylin and eosin 

(H&E). Subchondral bone marrow replacement by fibrovascular tissue was identified 

as present or absent.  Horizontal fissuring was identified as present or absent according 

the definition we described previously [10]. The density of the vascular channels 

penetrating the tidemark was expressed as the number of vascular channels penetrating 

the tidemark per 1mm [16]. 

 

To analyse the impact of obesity on the structural and cellular features in cartilage, 

sections were also stained by Safranin-O and Fast Green. Mankin scoring system, with 
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sub-analysis of cartilage integrity, chondrocyte appearance, tidemark integrity and 

proteoglycan loss, was applied to analyse the cartilage condition in each patient [209, 

210]. 

 

To assess the heterogeneity in the network of collagen fibres in hyaline cartilage, we 

stained extra slides with Picro-Sirius Red staining and examined the slides under 

polarized light by 3 pathologists blinded to the patients’ BMI information. PLM-CO 

scoring system was applied to quantify the zonal architecture. This score system is 

ranging from disorganized (score 0) to healthy zonal architecture (score 5) [211].  

 

5.2.4 Immunohistochemistry 

To analyse the local expression of TGF-β1 in articular cartilage and SCB, sections 

were prepared for immunohistochemistry analysis. Three sections were collected from 

different depths of the tissue blocks and stained for assessing the local accumulation 

of TGF- β1. Each stained sections were observed under the microscopy, with at least 

5 randomly selected fields (20X magnification). Number of positive stained 

chondrocytes and negative stained chondrocytes were counted. The percentage of 

positive cells were calculated. To quantify the level of TGF- β1 in SCB, the entire 

SCB region underneath articular cartilage was contoured and the staining intensity was 

quantified by the mean grey value after thresholding using ImageJ software. The mean 

grey value of the patients in non-obese group was used as a reference (indicated as 

100). The relative intensity of TGF- β1 in each patient was then measured and 

normalized by the reference [212].  
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5.2.5 Detection of cell apoptosis 

To assess the cell apoptosis in the osteochondral interface, sections from each patient 

were prepared for TUNEL assay. Three sections were collected from different depth 

of the tissue blocks and prepared for TUNEL staining. Each stained section was 

observed under the microscopy, with at least 5 randomly selected fields (20X 

magnification). Numbers of TUNEL-positive and negative chondrocytes and 

osteocytes were determined. The proportions of apoptosis in chondrocytes and 

osteocytes were calculated in the articular cartilage and subchondral bone, 

respectively. The assessment was conducted by 3 researchers blinded to the patients’ 

information.  

 

5.2.6 Statistical analysis  

All continuous and categorical variables were expressed as mean± SD and frequencies 

(percentage), respectively. Continuous data were tested for normality by using the 

Shapiro-Wilks test. To explore the demographic characteristics of recruited patients, 

an independent sample t-test was applied to compare the age, BMI and X-ray severity 

difference and Fisher’s exact test was applied to compare the difference of gender 

distribution between two groups. Student t-test was performed to compare the 

differences of TGF-β1 expression and cells apoptosis between two groups. The 

relationship between the proportion of apoptosis in osteocytes and the staining 

intensity of TGF- β1 was assessed by Pearson correlation analysis. All hypotheses 

were two-tailed tested, and p<0.05 was considered statistically significant.  
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5.3 Results 

5.3.1 Patients’ demographic characteristics 

Patients’ demographic characteristics are presented in Table 5-1. Gender distribution 

is similar between the patients in obese and non-obese groups (p>0.05). No significant 

differences were found regarding patients’ age, X-ray severity between patients these 

two groups (p>0.05).  

 

 

5.3.2 Disorganized cartilage collagen alignment and loss of osteochondral interface 

integrity was associated with obesity  

Firstly, we investigated the differences in general histologic characteristics of 

osteochondral units between patients in two groups (Table 5-2). In the region of 

articular cartilage, despite total Mankin score was similar in the two groups, patients 

Table 5-1. Demographics of patients undergoing TKR.  

 Non-obese 

(n=9) 

Obese 

(n=13) 

P value 

Women (N/%) a 6 (66.67) 5 (38.46) 0.39 

Age/year b 67.22± 10.64 64.23± 6.81 0.16 

BMI (kg/m2) b 23.50 ±3.77 40.10±61.15 <0.01 

X-ray/K-L c 3.0 (3,3) 3.5 (2.75, 4) 0.70 

Abbreviations: K-L: Kellgren and Lawrence.  

The comparison of continuous parameters was performed using unpaired student t-test analysis. 

Comparison of categorical data were performed using Fisher’s exact test.  
aValues presented as N (percentage, %). 
bValues presented as mean± standard deviation). 
cValue presented as median (25th, 75th percentiles) 
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with obesity showed less tidemark integrity than non-patients (p=0.03). Obese patients 

showed less aligned collagen fibre in hyaline cartilage (Figure 5-1), with significantly 

less PLM-CO score (Table 5-2, p=0.02) than those without obesity. An increased 

density of vascular channels penetrating the tidemark structure (Figure 5-2A) and an 

increased frequency of horizontal fissuring at the osteochondral interface (Figure 5-

2C) were also observed in patients with obesity (Table 5-2). Furthermore, thicker 

calcified cartilage was observed in patients with obesity (Table 5-2, p=0.04). In the 

region of SCB, the thickness of subchondral plate and the proportion of cases with 

fibrovascular marrow replacement (Figure 5-2B) were similar in two groups (Table 5-

2, p>0.05). These observations suggest that excessive mechanical loading 

predominantly leads to disorganized collagen network and the damages the integrity 

of osteochondral interface in patients with obesity-relative OA.  
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Table 5-2. Histologic characteristics of osteochondral units   

 
Non-obese 

(n=9) 

Obese 

(n=13) 
P value 

Total Mankin Score, 0-14 7.63±4.03 7.38±3.02 0.88 

Cartilage surface integrity, 0-6 3.50 ±1.93 3.89±1.45 0.88 

Chondrocyte appearance, 0-3 1.75±0.89 1.46±0.88 0.47 

Tidemark integrity, 0-1 0.22±0.44 0.69±0.48 0.03 

Proteoglycan loss, 0-4 2.13±1.36 1.85±0.27 0.59 

PLM-CO score a 2.75±1.58 1.27±1.01 0.02 

Horizontal Fissuring at the 

osteochondral interface b 
1 (11.11%) 8 (61.54%) 0.03 

Vas. Channel penetrating TM 

density (#/mm) 
0.15±0.27  1.30±2.15 <0.01 

CC thickness (um2/um) a 160.61±67.43 206.49±50.23 0.04 

SBP thickness (um2/um) a 554.39±487.02 585.78±321.96 0.56 

SCB marrow replacement b 5 (55.56%) 9 (64.29%) 0.56 

Abbreviations: HC: hyaline cartilage; CC: calcified cartilage; SBP: subchondral bone plate; BV/TV: 

Vas: Vascular; TM: tidemarks.   

The comparison of continuous parameters was performed by using unpaired student t-test.  

Comparison of categorical data were performed using Fisher’s exact test.  

Bold text indicates a statistical difference with a p-value<0.05 

Continuous values were presented as mean± standard deviation); categorical values were presented as N 

(percentage, %). 
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Figure 5-1. Representative histological slides of OA patients with 

non-obesity and obesity stained with Picro Sirius Red and 

visualized under the transmitted light and polarized light for 

assessing the network of collagen firers. Under the transmitted light, 

cartilage showed similar condition (A-B), while under the polarized 

light, more disorganized collagen structure was observed in patients 

with obesity. Non-obese patients showed healthier zonal architecture 

with better organized collagen alignment (C). Patients with obesity 

showed randomly isotropic collagen alignment (D). In the cartilage 

region, green indicates areas with fibres aligned perpendicular to the 

surface, while black indicates randomly isotropic alignment. 

Magnification: 4x. 
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Figure 5-2. Representative image of histological characteristics in the 

osteochondral units. (A) Fibrovascular channels breaching the tidemark (black 

arrow) at the osteochondral interface. Blood vessels (*) were observed within 

the channel; (B) Subchondral bone marrow replacement by fibrovascular tissue. 

Blood vessel is presented in the fibrovasucular tissue. (C) Horizontal fissuring 

(empty arrow) at the osteochondral interface in patients with obesity. Duplicated 

tidemarks (black arrow) were observed at the osteochondral interface. Staining: 

Hematoxyline & Eosin. AC, articular cartilage; CC, calcified cartilage; SCB, 

subchondral bone; BM, bone marrow. 
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5.3.3 Obesity was associated with increased chondrocyte apoptosis 

Previously, it was reported that mechanical injuries caused by compression induced 

chondrocyte apoptosis [213], therefore we investigated whether increased 

chondrocyte apoptosis occurred in articular cartilage in OA patients with obesity, 

compared to those without obesity. We compared the proportion of apoptosis in 

chondrocytes between the non-obese and obese groups by TUNEL assay (Figure 5-

3A, B). There are significantly increased number of chondrocytes with labelling nuclei 

from the OA patients with obesity than those without obesity (Figure 5-3E). As 

indicated by TUNEL assay, 58.14 (SD ±12.52) % of the chondrocytes were shown as 

apoptosis in the cartilage from obese patients (p<0.01), while only 31.96 (SD ±20.79) 

% of chondrocytes were apoptosis in the cartilage of non-obese patients.  

 

It was reported that TGF-β involved in cartilage health and also can activate the 

downstream pathway, regulating the chondrocyte apoptosis [214]. To further 

investigate whether the elevated chondrocyte apoptosis is associated with the local 

accumulation of TGF-β1, we compared the expression of TGF-β1 in chondrocytes 

between the non-obese and obese groups by immunohistochemistry (Figure 5-3 C, D). 

Our results showed that there was no significant difference in the proportion of 

chondrocytes with TGF-β1 expression between OA patients with obesity and those 

without obesity (p=0.81, Figure 5-3F). These results suggest that the elevated 

chondrocyte apoptosis in patients with obesity is independent with the effect of TGF-

β1 expression in cartilage.



108 
 

  

 

Figure 5-3. Effect of obesity on chondrocyte apoptosis and TGFβ1 expression in 

articular cartilage. A-B, Representative images of TUNEL staining in articular cartilage 

of patients with non-obesity (A) and obesity (B). TUNEL-positive chondrocytes are marked 

by black arrows; TUNEL-negative chondrocytes are marked by empty arrows. C-D, 

Immunohistochemistry staining of TGF-β1 in chondrocytes in non-obese (C) and obese (D) 

patients. TGF-β1-postive chondrocytes are marked by black arrowheads; TGF-β1-negative 

chondrocytes are marked by empty arrowheads. E-F, Quantitative analysis of TUNEL (E) 

and TGF- β1 (F). Increased apoptotic chondrocytes is shown in obese patients compared to 

non-obese patients. No significant differences of TGF-β1 staining in chondrocytes between 

two groups. **p<0.01; ns: p>0.05.  
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5.3.4 Increased osteocyte apoptosis and local accumulation of TGF-β1 in SCB of 

obese patient tibia plateaus.  

Since it was reported that mechanical loading induced the osteocyte apoptosis [215], 

we then further investigated whether obesity was associated with increased osteocyte 

apoptosis in SCB. The proportion of apoptosis in osteocytes in SCB of patients in 

obese group was compared to those in non-obese group by TUNEL assay (Figure 5-

4A, B). There was a greater proportion of osteocytes showing apoptosis in patient with 

obesity, compared to those without obesity (p<0.001, Figure 5-4E). For patients from 

obese group, 73.78 (SD±14.63)% of osteocytes was shown apoptosis, while this 

proportion was only 39.47 (SD±17.01)% in patients from the non-obese group.  

 

As it was previously reported that osteocyte apoptosis can be induced by activation of 

TGF-β signalling in vitro study [207], we then further investigated whether the 

increased osteocyte apoptosis in obese patients was related to the local accumulation 

of TGF-β1 in SCB. The local accumulation of TGF-β1 in the mineralized bone matrix 

was compared between obese and non-obese patients by immunohistochemistry 

staining (Figure 5-4C, D). Stronger staining intensity of TGF-β1was observed in 

patients with obesity than those without obesity (p<0.01, Figure 5-4F). Furthermore, 

Pearson correlation analysis showed that the staining intensity of TGF- β1 was 

positively correlated with the proportions of apoptosis in osteocytes (Pearson’s 

R=0.443, p=0.04). These results suggest that obesity leads to increased osteocyte 

apoptosis in SCB from patients with OA. This effect might be associated with 

increased local accumulation of TGF- β1 in the mineralized bone matrix in patients 

with obesity. 
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Figure 5-4. Effect of obesity on osteocyte apoptosis and TGFβ1 expression in subchondral bone 

(SCB). A-B, Representative images of TUNEL staining in SCB of patients with non-obesity (A) 

and obesity (B). TUNEL-positive osteocytes are marked by black arrows; TUNEL-negative 

osteocytes are marked by empty arrows. C-D, Immunohistochemistry staining of TGF-β1 in the 

mineralized bone matrix of SCB in non-obese (C) and non-obese (D) patients. Quantitative analysis 

of TUNEL (E) and TGF- β1 (F) staining. Increased apoptotic chondrocytes is shown in obese 

patients compared to non-obese patients. A greater accumulation of TGF- β1 in SCB of obese 

patients than non-obese patients. **p<0.01.  
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5.4 Discussion 

In this study, we identified the effect of obesity on pathological changes in 

osteochondral units of OA patients undergoing TKR. We demonstrated that 

disorganized collagen alignment, less tidemark integrity, increased frequency of 

horizontal fissuring and thicker calcified cartilage were associated with obesity. The 

cartilage region exhibited an increased proportion of apoptosis in chondrocytes in 

obese patients as compared with non-obese patients, while two groups of patients 

shared similar local expression of TGF-β1 in chondrocytes. In SCB region, patients 

with obesity showed greater proportion of osteocyte apoptosis and elevated TGF-β1 

immunoactivity, compared to non-obese patients. Positive correlation was shown 

between the local expression of TGF-β and ratio of osteocyte apoptosis. Our finding 

suggest that obesity induces elevated chondrocyte and osteocyte apoptosis in the 

osteochondral units of knee OA. In SCB, this effect was potentially associated with 

increased local accumulation of TGF- β1 in the bone matrix.  

 

The pathogenesis of obesity-related OA involves the integrity and homeostasis of the 

osteochondral unit, including the cartilage degradation, alteration of subchondral bone 

microstructure and the damage in the osteochondral interface [10]. Abnormal 

mechanical loading has been widely reported as a vital contributor to this process [143, 

182]. In the cartilage region, excessive loading leads to the direct damage of collagen 

in cartilage [216]. For example, Moger et al. observed that collagen continuity in 

cartilage can be interrupted and reoriented in response to high compressive mechanical 

loads applying on the equine cartilage surface. In this ex vivo study, structural failure 

at a high load was characterized by splitting in the deep zone and tidemark, while the 

surface zone remained intact [217]. In the present study, we showed that obesity was 
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associated with less organized collagen alignment, implied that excessive mechanical 

loading generated by high body weight in obese patients has resulted in irreversible 

damage in collagen fibre in the articular cartilage. In our previous study, we identified 

a unique pathological change – horizontal fissuring at the osteochondral interface in 

patients with obesity related OA [10]. In the present study, our finding is consistent 

with the previous study, showing that obesity led to increased frequency of horizontal 

fissuring in OA patients.  Additionally, we also observed that obesity was associated 

with increased loss of tidemark integrity as well as increased fibrovascular channels 

penetrating this structure. These histopathological changes in the osteochondral unit 

suggest a central role of mechanical loading on obesity-related OA [143]. 

 

As the sole resident cell in cartilage, chondrocytes are pivotal regulators of cartilage 

metabolism. A number of studies have reported that chondrocyte apoptosis and 

cartilage degradation were related [218, 219]. An increased number of chondrocytes 

with apoptosis was observed in OA patients and animal OA models, compared to their 

corresponding control subjects without OA [198, 220]. Areas with apoptotic 

chondrocytes were showed to be associated with a reduced content of 

glycosaminoglycan in human OA, demonstrating the strong anatomical link between 

chondrocyte apoptosis and ECM degradation [221]. In the present study, we found 

that there was increased proportion of apoptotic chondrocytes in patients with obesity. 

Our results showed consistent with an animal study, reporting a higher ratio of 

apoptotic chondrocytes in high fat diet induced OA mice, compared to normal diet OA 

mice [222]. In the present study, no significant difference of local expression of TGF-

β in cartilage was observed between patients with and without obesity. This may be 

explained by the protective effect of TGF-β1 on maintaining cartilage health [203]. 
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By using OA animal model, Wu et al. showed that decreasing the TGF- β signalling 

resulted in the spontaneous OA development. We speculate that the elevating 

chondrocyte apoptosis may be induced by other cytokines, such as leptin. Previous 

studies demonstrated that the increased apoptosis of chondrocytes could be regulated 

by the leptin [223, 224]. Therefore, our results suggest that the increased chondrocyte 

apoptosis in OA patients with obesity is independent to the effect of TGF-β1.  

 

Osteocytes are terminally differentiated from osteoblasts and make up over 90% of 

bone cells in adult bone [225]. Osteocytes are widely known as mechanosensing cells, 

delivering the biomechanical response and maintaining the bone homeostasis [226]. 

During the progression of OA, the osteocyte dendritic network is disrupted and 

osteocyte apoptosis occurs [20]. In the present study, we observed an increased 

proportion of apoptosis in osteocytes in OA patients with obesity, suggesting that 

increased osteocyte apoptosis contributed to the structural changes in subchondral 

bone. Similarly, Jaiprakash et al. demonstrated an association between cell apoptosis 

and subchondral bone sclerosis in end-stage OA patients, suggesting the dysfunction 

of osteocyte contributes to subchondral bone sclerosis [200]. Interestingly, it was 

believed that the link between mechanical stimulation and osteocyte viability follows 

a U-shape curve. In a rodent model, it was found that unloading was associated with 

increased osteocyte apoptosis, while mechanical strain at levels that enables in cause 

bone formation reduce the prevalence of apoptotic osteocytes. A peak compressive 

strain of 3000-4000 microstrain led a reduction of 40% in apoptotic osteocytes, 

compared to the control limbs [202]. Therefore, our data suggested that the elevated 

level of osteocyte apoptosis in SCB in obese patients is due to the excessive weight 
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loading, which could be potentially associated with the structural change in obesity-

related OA.  

 

In contrast to the protective effect of TGF- β1 on maintaining cartilage homeostasis, 

TGF- β1 in SCB enhances the abnormal bone remodelling and exacerbates the OA 

progression [227]. Zhen et al. showed that in response to abnormal mechanical loading 

in mice with anterior cruciate ligament transection model, increased TGF- β were 

released to activate the signalling, stimulating the aberrant formation of osteoid in SCB 

[203]. In the present study, we showed that increased TGF- β1 accumulated in SCB 

of patients with obesity, compared to those patients without obesity. In addition, we 

have previously observed that obesity was associated with structural alteration in SCB. 

Increased osteoid but less bone mineralized density was found in the tibia plateaus of 

OA patients with obesity [10]. TGF-β1 signalling was found to promote the early 

differentiation of osteoprogenitors but inhibit the mineralization function of 

osteoblasts [228]. Therefore, our results suggested that increased expression of TGF-

β1 in the mineralized matrix in SCB may potentially mediate the structural alteration 

in OA patients with obesity. Furthermore, in the present study, we also observed a 

positive correlation between osteocyte apoptosis and level of TGF- β1. Although there 

is no direct evidence showing that increased levels of TGF-β1 induced osteocyte 

apoptosis in the present study, a previous study has showed that increased osteocyte 

apoptosis can be stimulated by TGF- β expression in the osteocyte-like cells in vivo 

[207]. Together with the previous evidence, we suggested that increased osteocytes 

apoptosis in the SCB in patients with obesity can be potentially mediated by the 

activation of TGF-β signalling.  
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One limitation of the current study is the lack of control subjects without OA disease. 

The main source of control subjects is the cadaveric specimen, however, the condition 

of the setting is not always satisfied, as the degenerative changes occurs during the 

aging processing, and even the asymptomatic subjects always come with pathological 

changes [209]. The second limitation of the present study was the absence of patients 

with early-stage OA. This was unavoidable, as the TKR is the treatment of end-stage 

OA. The third limitation is the limited number of study cases.   

 

In summary, our results have shown that obesity was associated with less organized 

collagen alignment in cartilage. Patients with obesity showed less integrity of 

osteochondral interface compare to patients without obesity, with more fibrovasucular 

channels penetrating the tidemarks and increased frequency of the horizontal fissuring. 

Our finding showed increased chondrocyte apoptosis in articular cartilage of patients 

with obesity, while this effect was not associated with the local accumulation of TGF- 

β1. In SCB, we observed increased osteocyte apoptosis and local accumulation of 

TGF- β1 in OA patients with obesity. Positive correlation was found between the local 

accumulation of TGF- β1 and the ratio of osteocyte apoptosis. Our findings extended 

the previous study showing that mechanical loading directly affected the pathological 

change of osteochondral units in patients with obesity-related OA. We also suggested 

that obesity upregulated the cell apoptosis in cartilage and SCB by distinct molecular 

mechanism in the pathology of OA. We proposed the reduction and the effect of TGF- 

β1 on osteocyte apoptosis may be an attractive treatment attenuate the abnormal bone 

formation and improve the mechanical property in subchondral bone. 
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Discussion and Future Directions
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6.1 General Discussion 

The dramatic increased prevalence of obesity has become a global health issue, 

causing a great health and economic burden [133]. Obesity is a major risk factor for 

many chronic diseases, and has contributed to the overall mortality [139]. It was 

reported that obese individuals had a higher risk of coronary heart disease, 

cerebrovascular disease, and heart failure than healthy individuals [140].  

 

OA is degenerative disease, leading to joint pain and disability. OA is already one of 

the ten most disabling diseases, which was estimated affected 9.6% of men and 18.0% 

of women aged over 60 years globally. Obesity is an established risk factor for 

accelerating knee OA development and increasing the demand for total knee 

replacement (TKR) [1, 229]. Obese patients with TKR, have a high risk of 

perioperative complications, which may lead to surgical revision, and pose a high 

direct medical cost [164-166]. The high economic and medical burden of obesity-

related OA urges us to understand how many TKR procedures for OA can be 

potentially decreased by reducing the overweight or obesity prevalence at the 

population level. Hence, to achieve this goal, the calculation of the population 

attributable fraction (PAF) is of significance. 

 

Despite the high prevalence of obesity-related OA, it is still unclear that whether 

abnormal mechanical loading or meta-inflammation factors is the main cause. Several 

epidemiological studies have shown a strong correlation between obesity and 

development of OA in load-bearing joints (knee and hip) compared to non-load-

bearing joints (such as the small joints of the hand), suggesting that mechanical 

loading was a strong risk factor mediating the development of OA [162]. Increased 
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mechanical loading on the articular joints can lead to joint structural destruction [51, 

62]. On the other hand, the increased volume of adipose tissue in obesity leads to 

increased levels of inflammation, which can also contribute to the development of OA 

[159]. Adipocytokines, such as IL-6, may be produced by adipose tissue, and therefore 

contribute to cartilage degradation [168, 230]. Whilst these factors could have an 

important contributory role, the fundamental causes of obesity-related OA, compared 

to OA in patients of normal weight, remain unclear.  

 

While our current understanding on the impact of abnormal mechanical loading in 

obesity-related OA patients is mostly limited to epidemiological data, to understand 

the pathological changes of osteochondral unit incurred in these patients is significant 

to provide insights into the mechanism underlying OA in obesity. Osteochondral unit 

is a functional unit, which comprised of hyaline cartilage, calcified cartilage and 

subchondral bone [20]. Osteochondral unit plays a central role on distributing 

mechanical loading on the joint surface with the support from the underlying 

subchondral bone. The interface between hyaline cartilage and calcified cartilage 

appears as a structure called “tidemark”, preventing the large molecules transporting 

between uncalcified and calcified structures [28]. During OA development, the 

integrity of osteochondral unit is breached by neurovascular invasion, increasing the 

crosstalk between cartilage and subchondral bone [171, 172]. It was reported that the 

increased osteoclasts in subchondral bone of OA model is associated with sensory 

innervation and cartilage degradation, contributing the joint pain [231]. However, the 

pathological change of osteochondral interface in OA patients with obesity is still 

unclear.  
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To address these knowledge gap, the thesis has revealed burden of end-stage OA 

associated with obesity by investigating the TKR caused by obesity at the population 

level in Australia. Furthermore, this thesis also characterized the impact of obesity on 

the pathological change of osteochondral units in OA patients, and detected the 

potential molecular mechanism.  

 

Obesity is associated with increased risk of TKR for primary OA in younger and 

female population (Chapter 4). 

To provide more insights into the burden of obesity in knee OA, we estimated the 

effect of BMI on incidence of TKR related to the populations with different age strata 

and genders. In this cross-sectional population-based study, we included 

approximately 200,000 patients who had primary knee OA and undertook TKR in 

Australia, using data from Australian Orthopaedic Association National Joint 

Replacement Registry (AOANJRR) and Australian Bureau of Statistics (ABS).  

 

OA has been one of the most common and costly chronic conditions [232]. Globally, 

the latest prevalence of OA was about 3,700 per 100,000 population, increased by 

almost 10% from 1990 [233]. In Australia, the number of primary TKR for OA is 

almost double in the last decades, reaching an additional 45,147 procedures in 2019 

[234]. Although the risk of obesity on the development of OA has been well 

documented, less is known about the medical burden of TKR for primary OA caused 

by obesity. In this chapter, the data showed that obesity is a strong predictor of the 

incidence of TKR, and the impact of obesity on TKR is even stronger in the younger 

population. Our data demonstrated that obesity has caused a great demand of TKR in 

Australia, particular in the younger patients. Our finding based on the national 
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population level has extended a prior longitudinal community study, which showed 

that obesity is associated with more rapid OA progression and increased TKR in 

younger OA patients [182]. The predominant effect of obesity on elevated the risk of 

TKR at younger population could be explained by the rapid OA development in 

patients with obesity. Heavy body weight in obese patients generated excessive 

chronic loading, accelerating the OA progression [9]. However, joint replacements in 

OA patients with obesity are commonly accompanied with more complications, 

poorer outcomes and higher revision rates [149]. Implementations of TKR in younger 

population with obesity will lead more demand of revision surgeries, due to the limited 

lifespan of the prosthesis and the obesity-associated peri-surgical complications. 

Therefore, the data in this chapter emphasized the significance of weight management 

at young population. Direct weight reduction, including diet management and bariatric 

surgery, which enable to relieve the pain and disability need to be considered to 

reduce/delay TKR for patients with obesity [92, 235].  

 

In our study we also showed that female population with obesity class III has over 2-

fold higher risk for TKR than male. The risk of OA has been widely investigated in 

previous studies, and showed that female gender is strongly associated with an 

increased incidence of OA [150]. The mechanism about how female gender increases 

the risk of OA is still a puzzle. Sex-related neuromuscular imbalance could be the 

potential mechanism. Women is more likely to demonstrate include ligament 

dominance, quadriceps dominance and leg dominance. With lack of coordinated 

muscular control, this will lead to high forces on knee joints [151, 154, 236]. Greater 

anterior and posterior shear forces, greater extension and malalignment were also 

observed in female than male [153]. A prospective study based on 347 participants 
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conducted by Adam et al. has shown that lower thigh muscle strength significantly 

increased the risk of incident knee OA in female but not in male [152]. Slemenda et 

al. also showed that a greater reduction of quadriceps strength was observed in more 

obese female patients with knee OA, while this association was not significant 

observed in male OA patients [79]. Therefore, we suggested that excessive mechanical 

loading, which is caused by obesity, may be enhanced by the anatomic and 

neuromuscular imbalances in female patients, leading to more detrimental effect on 

OA progression. Our data implied that additional management including the dynamic 

neuromuscular training and joint alignment correction may need to be considered for 

female patients with obesity-related OA. 

 

According to these data, the need for TKR could be reduced by over 30% if the 

overweight and obesity population could be encouraged to reduce their weight to 

normal weight. If the prevalence of obesity in Australia were 25% lower in 2018, it is 

estimated that approximately 3,000 cases of TKR surgeries for primary OA could have 

been prevented. To conclude, this chapter emphasized that weight-loss strategy for 

patients with obesity-related OA should be a priority concern in young population, and 

additional muscle training should be gaining more considerations in female patients. 

This study will also be helpful to clinicians and policy makers for considering 

application of TKR for patients with OA in the future. 

 

Horizontal fissuring at the osteochondral interface could be the potential 

mechanism of early TKR for obesity-related OA (Chapter 5). 

To determine the impact of obesity on OA, we analysed the correlation between BMI 

and the age at which patients undergo TKR in 41,023 cases of patients from the 
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Australian Orthopaedic Association National Joint Replacement Registry 

(AOANJRR). To further explore the impact of obesity on knee joints, a represented 

cohort of OA patients who received TKR was recruited for analysing histopathological 

changes in the osteochondral units of tibial plateaus.  

 

According a prospective cohort study, overweight and obese patients have been shown 

at over 40% and 100% increased risk of knee replacement surgery, respectively, 

compared to those with normal weight [182]. Our data reported that 57% of patients 

who had a TKR in Australia were obese. Patients in the overweight, obese class I&II 

and class III categories received a TKR 1.89, 4.48 and 8.08 years earlier than patients 

in the normal weight category, respectively. This result is consistent with a previous 

prospective cohort study. Based on data from 344 patients, Changulani et al. showed 

that the mean age at which morbidly obese (BMI≥40 kg/m2) patients underwent TKR 

were 13 years younger than patients with normal BMI [183]. The study in this chapter 

has demonstrated that obesity heralds the early need of TKR for primary OA. 

 

Abnormal mechanical loading played a central role in accelerating the progression of 

obesity-related OA [69, 92, 98]. Conventionally, it was commonly believed that the 

development of OA is started from the cartilage surface deterioration by “wear and 

tear”. The deterioration then further extended to the deep layer and exposed the 

subchondral bone [12]. In this chapter, our data showed that less cartilage damage 

from the superficial layer was associated with increased BMI in OA patients. 

However, this observation is balanced by the novel pathological finding that horizontal 

fissuring at the osteochondral interface. The presence of the horizontal fissuring at the 

cartilage-bone interface is a chronic pathological change, attracting the ingrowth of 
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vessels and nerves in this regions, resulting in pain in patients with obesity. We 

speculate that this pathological change occurs prior to complete “burnt-out” of the 

cartilage, leading to early need for total knee replacement. This will explain the 

reasons that obese patients showed “better” cartilage condition when they received 

total knee replacement, compared to non-obese patients. 

 

In this chapter, the horizontal fissuring at the osteochondral interface was identified as 

a unique pathological change on obesity-related OA. OA patients with obesity 

displayed horizontal fissures with cartilage erosion at the osteochondral interface, 

characterized by irregular cartilage erosion, fibro-granulation tissue infiltration, the 

presence of cartilage/bone debris and rupture of microcapillaries within the fissures at 

the osteochondral interface. The frequency of horizontal fissures at the osteochondral 

interface was positively associated with increased BMI. Sub-analysis of attributable 

fraction showed that 84.4 % of the horizontal fissures in the predominant compartment 

were attributable to obesity.  

 

This observation provided direct evidence demonstrating that patients with obesity 

have more mechanically-related pathological changes at the osteochondral interface. 

It is suggested that horizontal fissuring at the osteochondral interface is induced by 

secondary shear stress, generated by excessive compression loading from high body 

weight. Interestingly, the pathogenesis of horizontal splitting of osteochondral 

interface in human OA was firstly reported in 1915 and later confirmed by Meachim 

and Bentley in 1978. Animal studies in the 1980s of the overload-induced OA also 

showed induction of horizontal splitting of osteochondral interface [57, 187]. 

However, little attention has been paid to this observation over the last two decades.  
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Based on our observations and the previous studies, we proposed a hypothesis to 

explain the development of obesity-related OA. Compared to patients with normal 

weight, obesity induces shear forces on the osteochondral interface causing horizontal 

fissures at this interface in obese patients with OA. Since osteochondral interface is a 

gradient tissue between stiff bone and viscoelastic cartilage, high compression force 

creates excessive shear forces and thus induces horizontal fissuring at the 

osteochondral interface. Structural damages at the osteochondral interface enhances 

the meta-inflammatory reactions, attracts the ingrowth of vessels and nerves into the 

cartilage and further aggravates the symptoms of obese patients during joint motion. 

 

However, there are still limitations in this study. One of the major limitation is the 

sample size collected for histopathological analysis are is relatively small compared 

to the registry data. We selected patients from each of the four categories of BMI 

without the knowledge of the registry cohort data. Samples size in each group was 

determined by availability and patient consent. The mean age of the case series in all 

four categories was identical to those from the registry data, suggesting insignificant 

impact bias on sample size and collection. Lack of control subjects is another 

limitation in this study. However, the main source of control subjects in this setting 

can only be cadaveric specimens or those obtained as results of amputation, which are 

often unsatisfactory specimen, and cannot be reliably controlled. In addition, this new 

pathological change has been verified in animal study. It was reported in a rabbit 

model that only the limbs receiving compressive loading showed horizontal splitting 

at the osteochondral interface, while no damage at this region was observed in the 

control limbs. Therefore, we speculate that the result of new histological observation 

will not be affected if the control group is included.  
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Previous studies on the effect of obesity on the microstructure of SCB showed 

inconsistent results. Reina et al. based on 21 patients with OA following TKR showed 

that increased BMI was associated with increased bone volume and more plate-like 

trabeculae [15]. While Philp et al. showed that SCB from obese hip OA patients 

exhibited reduced trabecular thickness [194]. In this chapter, the histomorphometric 

assessment in SCB region revealed that increased BMI was associated with increased 

formation of osteoid, indicating that obesity led to increased bone modelling. One the 

other hand, 3D microstructure analysis by micro-CT showed that bone volume and 

bone mineral density are negatively associated with BMI. Therefore, our results 

showed that obesity altered the SCB microstructure in patients with OA.  

 

Interestingly, subchondral sclerosis is a hallmark of the progression of OA. However, 

its role in OA progression as a driving force or as a consequence of the cartilage 

degradation of articular cartilage has been disputed for decades. While increased 

evidence has shown that bone changes may occur earlier than cartilage deterioration. 

It was found that cartilage deform more in regions over lying less dense parts of 

subchondral bone plate than in regions over denser portions of the plate. Cartilage is 

more likely to fail in the junction between the stiffer regions and the less stiff regions 

of subchondral bone where sites of stress concentration [237]. These results suggested 

that the alteration in the density and stiffness of underlying subchondral bone can 

cause different levels of cartilage damage during the OA progression. Other animal 

models also demonstrated that a thickened subchondral plate prior to the development 

of apparent cartilage damage [238]. Increased mechanical loading can cause micro-

damage in subchondral bone, which is the nidus for initiation of new remodelling 
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event. During this process, abnormal joint loading causes micro-damage in 

subchondral bone. The micro-damage in subchondral bone leading to an initial 

increase in bone remodelling and alteration of mechanical property in subchondral 

bone. The process accompanies with increased vascular invasion and bone-cartilage 

crosstalk. The thickening and sclerosis of subchondral bone leads to increased loading 

in cartilage, resulting in cartilage degradation. The damage in cartilage further leads 

to increased mechanical loading in subchondral bone, feeding back to increased bone 

remodelling in subchondral bone. Thus, the alteration in cartilage and subchondral 

bone concurrent during the progression of OA.  

 

To conclude for this chapter, obesity heralds an early TKR in patients with obesity. 

Horizontal fissuring at the osteochondral interface is the major pathological feature of 

OA patients with obesity. The presence of obesity-related horizontal fissuring at the 

osteochondral interface could be the reason to bring forward demand of TKR for OA 

patients.  

 

Increased chondrocyte and osteocyte apoptosis was associated with obesity in knee 

OA (Chapter 6).  

Next, the chondrocyte and osteocyte apoptosis and the potential association with TGF-

β in the osteochondral units in the obesity-related OA was further explored in this 

chapter.  

 

As the sole resident cell in cartilage, chondrocytes are pivotal regulators of cartilage 

metabolism [218]. Thomas et al. demonstrated that chondrocyte apoptosis is positively 

associated with the degree of cartilage matrix in cartilage harvested from equine joints 
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[219]. Strong anatomical link between chondrocyte apoptosis and ECM degradation 

was also documented as areas with apoptotic chondrocytes has been showed with a 

reduced content of glycosaminoglycan in human OA [221]. In this chapter, our data 

showed that the less integrity of collagen network in the articular cartilage in OA 

patients with obesity, compared to those without obesity. Furthermore, obesity was 

also found to be associated with increased chondrocyte apoptosis in OA patients. We 

speculated that the disorganized collagen fibres in obese patients may be associated 

with increased chondrocyte apoptosis. Despite the effect of obesity on the chondrocyte 

apoptosis on human study is very limited, this observation is consistent with an animal 

study, which reported a ratio of apoptotic chondrocytes in high fat diet induced OA 

mice.[222] In this chapter, our data also showed that no difference in local 

accumulation of TGF-β1 between obese and non-obese patients. This may be 

explained by the protective effect of TGF-β1 on maintaining the cartilage health [203].  

As TGF-β showed anabolic effects on articular cartilage by stimulating the production 

of extracellular matrix and chondrocyte proliferation [203]. Interestingly, several 

studies demonstrated that the increased apoptosis of chondrocytes is regulated by 

leptin [223, 224]. Our study demonstrated that elevated chondrocyte apoptosis in 

cartilage from OA patients with obesity was independent from the impact of TGF- β1. 

As the most abundant mechanosensing cells in bone matrix, osteocytes play a 

significant role on delivering the biochemical response and maintaining the bone 

homeostasis [226]. During OA progression, the osteocyte dendritic network disrupted 

and osteocyte apoptosis occurs [20]. It was believed that the link between mechanical 

stimulation and osteocyte viability follows a U-shape curve: proper mechanical 

loading reduces the osteocyte apoptosis, while mechanical loading with high 

magnitude induces microdamage, as well as increased apoptosis of osteocytes [202]. 
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In this chapter, the increased osteocyte apoptosis in patients with obesity suggesting 

that excessive mechanical loading generated by obese patients may contribute to the 

increased osteocyte apoptosis.  

 

In contrast to the protective effect of TGF- β1 on maintaining cartilage homeostasis, 

TGF- β1 in SCB leads to the abnormal bone remodelling and exacerbates the OA 

progression [227]. As the discussion above, increased osteoid but less bone 

mineralized density was found in OA patients with obesity in the chapter 5. In this 

chapter, our data observed increased local accumulation of TGF- β1 in the SCB region 

in OA patients with obesity. It has been well documented that TGF-β1 signalling 

promote the early differentiation of osteoprogenitors but inhibit the mineralization 

function of osteoblasts [228]. Therefore, our results suggested that increased 

expression of TGF-β1 in the mineralized matrix in SCB may mediate the structural 

alteration in OA patients with obesity. Our results also showed that positive trend was 

shown between the local expression of TGF-β and ratio of osteocyte apoptosis. 

Although there is no direct evidence showing that increased osteocyte is induced by 

increased local accumulation of TGF-β1, Notsu et al. has showed that increased 

osteocyte apoptosis can be stimulated by TGF- β expression in the osteocyte-like cells 

in vivo. Therefore, our data demonstrated that increased mechanical loading in 

patients with obesity appears to the increased osteocyte apoptosis in SCB of patients 

with OA. The increased local accumulation of TGF- β1 could contribute to osteocyte 

apoptosis in SCB.  

 

To conclude, data in this chapter showed that obesity was associated with increased 

chondrocyte and osteocyte apoptosis in the osteochondral units. Increased local 
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accumulation of TGF- β1 could be the potential mechanism of the increased osteocyte 

apoptosis. These resulted suggested that reducing the effect of TGF- β1 on osteocyte 

apoptosis may be a potential therapeutic target for obesity-related OA by attenuating 

the abnormal bone formation and improving the mechanical property in subchondral 

bone.  

 

6.2 Future Directions 

The results from this thesis have generated several future directions for further 

understanding the mechanism of obesity-related OA. 

 

Impact of obesity-related metabolic disorders on incidence of TKR for end-stage 

OA.  

According to the annual report from AOANJRR, the utilization of TKR has increased  

12 fold in the last 20 years [234].  Previously there was a population-based study 

showing that the increased utilization of TKR in US cannot be fully explained by the 

increased general population and prevalence of obesity [148]. In the Chapter 4, our 

data showed that the obese population was increased by approximately 18% in 

Australia from 2015-2018, while the utilization of TKR for primary OA increased by 

28%, suggesting that the rapid increase in the demand of TKR could be also due to the 

improvement of life quality.  

 

Furthermore, in Chapter 5, our estimated population attributable risk assumed that 

there is a causal relationship between obesity and the outcome (having TKR) and the 

calculation of the estimated risk ratio is a good approximation of the effect of obesity 

removal on the TKR incidence. However, obesity-related OA is a complex, 
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multifactorial condition, affected by mechanical stress, chronic inflammation and 

metabolic factors [1, 143, 176, 239]. Our estimates did not include other potential 

modifiable risk factors, such as metabolic disorder, diabetes and hypentension. For 

example, metabolic disorders like hypertension and diabetes, those strongly linked to 

obesity, also contribute to the development of OA [176, 239]. For further study, 

patients’ post-traumatic records, hypertension, diabetes and the time period of patients 

been diagnosed as obesity and/or OA will also need to be collected as adjusted 

covariates when calculating the relative risk of obesity for the use of TKR for primary 

OA.  

 

In addition, in this study we showed that the obese patients who had total knee 

replacement had less cartilage erosion from the superficial layer. Our observation of 

the horizontal fissuring at the osteochondral interface explains that this could be the 

reason for obese patients having total knee replacement but do not show advanced 

change of OA. The presence of horizontal fissuring at the osteochondral interface may 

attract the ingrowth of nerve and blood vessels in the subchondral plate, leading to 

pain in obese patients. However, the association of horizontal fissuring related to the 

ingrowth of nerve and vessels need to be further investigated. Also, it is still unclear 

whether the horizontal fissuring the main cause of pain in patients with obese, and it 

will be an important future direction to investigate the pathogenesis of OA. 

 

Ultrastructural characteristics of the obesity-associated horizontal fissuring at the 

osteochondral interface 

Based on the presence of horizontal fissuring at the osteochondral interface, we have 

raised a hypothetical model that obesity accelerates the progression of OA by 
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increased shear stress in this region. Therefore, it is important to further understand 

the ultrastructural and mechanical characteristics of osteochondral interface [27, 197].  

 

The Osteochondral interface is a gradient tissue between the stiff bone and viscoelastic 

cartilage. In this region, calcified cartilage is identified by two boundary structures: 

tidemarks and cement line, from the hyaline cartilage and subchondral plate, 

respectively [197]. Tidemarks represent the mineralization front between hyaline 

cartilage and calcified cartilage. Mechanical stress concentrates at the region around 

tidemarks, due to the sudden change in elastic modulus [186, 240]. The region around 

tidemarks is characterized by the obvious alteration of discordant mechanical 

properties but a high degree of the structure similarity at the fibrillar level [241]. 

However, collagen fibers (mainly collagen II) in articular cartilage is organized as a 

“sheet-like” structure perpendicular and continuous with the calcified cartilage 

through the tidemarks [241, 242]. Conversely, the region surrounding cement line 

showed a similar mechanical stiffness but a high degree of structural discontinues. 

Both bone and calcified cartilage shared the similar mineral apposition (primary 

hydroxyapatite), while no collagen fibers continue through the cement line. This may 

be due to the difference of collagen type between these two regions. Subchondral plate 

consists mainly of type I collagen, which is different from the overlying cartilage 

mainly with type II collagen [241].  

 

Because of the concentration of mechanical stress and the specific structural 

characteristics, osteochondral interface established significant structural changes in 

response to the mechanical loading. Collagen fiber displacement and disruption are 

most obviously observed at the deep zone of cartilage in response to the high 
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compressive loading, while no strain was shown in the calcified cartilage [217]. As 

we previously discussed, the high body weight in obesity increased the compressive 

loading on the tibia surface, the alteration of collagen structure at the osteochondral 

unit resulted by mechanical loading may be reason for initiating or accelerating the 

OA progression. The re-orientation/ disruption of the collagen fibers at the 

osteochondral interface caused by excessive weight loading may be the onset of the 

horizontal fissuring at the osteochondral interface.  However, there is still lack of study 

showing how obesity affects the collagen alignment or even disrupts the continuity of 

collagen fiber at the osteochondral units. Therefore, further study is required to 

understand the ultrastructural changes of the osteochondral units. To further 

understanding the ultrastructural changes of the horizontal fussing, a larger study 

cohort covering a larger regional population is still required.  

 

Mechanism of obesity-associated microstructural changes in subchondral bone of 

OA patients.  

The microstructure of subchondral bone changed by obesity affects the OA 

developments [12]. Subchondral bone, including the subchondral bone plate and 

subchondral trabecular bone, exerts a stress-absorbing function and supports the 

metabolism of healthy joints [1]. Commonly, increased compressive stresses on 

weight-bearing is thought to induce rapid bone remodelling and mineralization, 

leading the subchondral bone sclerosis, and this was believed to influence the OA 

progression [238]. However, in Chapter 5, we observed that BMI was positively 

associated with increased osteoid formation, but negatively associated with total bone 

volume and bone mineral density in the predominant compartment of knee OA [10]. 

This may possibly be explained by the metabolic disorders in patients with obesity. 
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The insufficiency/deficiency of vitamin D, which showed high prevalence in obese 

individuals, can also lead to the low bone mineral density [34]. 

 

To explore the potential mechanism of the subchondral bone microstructural changes 

in OA patients with obesity, in Chapter 6, we observed that the microstructural 

changes in subchondral bone may be related to the increased local accumulation of 

TGF- β1. The prior study has shown that increased TGF- β1 can stimulate the aberrant 

formation of osteoid in subchondral bone and TGF-β1 inhibited the bone 

mineralization [203, 227]. Furthermore, increased serum TGF-β1 levels was also 

reported in patients with vitamin D deficiency [243]. Together, this evidence implies 

that obesity inhibits the bone mineralization in SCB of patients with OA, and this may 

be mediated by vitamin D deficiency and increased local accumulation of TGF- β. To 

further address these hypotheses, oral tetracycline hydrochloride given to patients to 

identify bone mineralization, immunohistochemistry to identify the activity of 

osteoblasts and osteoclasts, and enzyme-linked immunosorbent assay (ELISA) to 

identify the serum level of TGF- β1 and 25-OH vitamin D3 could be used to gather 

under the ethics approval and patients’ consent. The further study direction will 

address the knowledge gaps and help to further understand the relationship between 

obesity-related OA and osteoporosis. 

 

The role of TGF-β/SMAD Signal pathway in the pathogenesis of obesity-related OA 

For a more comprehensive future study, the function of the TGF-β1 pathway need to 

further verify in OA patients with obesity. TGF-β /SMAD pathway plays key role 

during OA development. In the mice ACLT model, it was shown that abnormal 

mechanical loading activates the Smad 2/3 downstream signal of the TGF-β pathway, 
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resulting in the abnormal bone formation in subchondral bone. It was reported in the 

mice ACLT models that inhibition of TGF- β type II receptor (TβRII, also known as 

activin receptor-like kinase 5, ALK1) in the nestin-positive mesenchymal stem cells 

(MSCs) resulted in reduced abnormal osteoid formation, which enable to attenuate 

development of OA. However, it is unclear whether the effect of TGF-β on OA 

progression in patients was activated by the ALK1-Smad 2/3 downstream signals. Our 

study demonstrated that excessive mechanical loading plays a primary role in obesity-

related OA, and increased accumulation of TGF-β was also observed in OA patients 

with obesity. Based on the animal studies and our pilot study, we showed that 

activation of TGF-β signal plays an important role on the pathogenesis of obesity-

related OA. It is reasonable to hypothesize that excessive mechanical loading may 

affect the bone remodelling and mineralization in the subchondral region by activating 

the TGF-β/ SMAD pathway. To examine this hypothesis, the activation of the Smad-

dependent signalling pathway, including the TGF-β ligands, receptors and Smads, and 

the expression of markers related the bone remodelling, including ALP, osteocalcin 

and TRAP need to be further investigated in patients with obesity-related OA.   

 

6.3 Conclusions 

In this thesis, population-based studies and case series studies were conducted to 

investigate the effect of obesity on the end-stage OA. We revealed that: 

x There was an association between obesity and the increased incidence in 

Australia, of which the effect is most prominent in the population aged 18-54 

years old and in females. 

x The implementation of TKR in males and females can be prevented by 35% 

and 30% if the population was not exposed to the risk of overweight or obesity. 
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x Obesity heralds the early TKR for patients with osteoarthritis. Patients with 

overweight, obese class I & II and obese class III received a TKR 1.89, 4.48 

and 8.08 years earlier than patients with normal weight, respectively.  

x The key pathological feature in OA patients with obesity is horizontal fissuring at 

the osteochondral interface. 

x Reduced cartilage degradation and alteration of SCB microstructure were 

associated with increased BMI in patients with end-stage OA.  

x OA patients with obesity demonstrated increased apoptosis of chondrocyte and 

osteocyte, compared to those without obesity. The increased local 

accumulation of TGF-β1 in SCB maybe the potential mechanism for excessive 

osteocyte apoptosis in obese patients with end-stage OA.   
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x Appendix A Laboratory-based Materials and Methods 

1. Reagents 

1.1 Chemical reagents and general materials 

Chemical Reagent Company 

Acetic acid (glacial, ≥99.85%) Sigma-Aldrich Co., USA 

Acid Fuchsin Sigma-Aldrich Co., USA 

Aluminum sulfate Sigma-Aldrich Co., USA 

Dibutyl Phthalate Sigma-Aldrich Co., USA 

DPX Mountant for histology Sigma-Aldrich Co., USA 

Disodium hydrogen phosphate (Na2HPO4) Sigma-Aldrich Co., USA 

Ethanol (100%), analytical grade Hurst Scientific Pty Ltd., Australia 

Ethylenediaminetetraacetic acid Sigma-Aldrich Co., USA 

Ethylene glycol Sigma-Aldrich Co., USA 

Eosin Y Sigma-Aldrich Co., USA 

Fast Green FCF Sigma-Aldrich Co., USA 

Fetal bovine serum Gibco by Thermo Fisher Scientific 

Inc., USA 

Formalin solution, neutral buffered, 10% Sigma-Aldrich Co., USA 

Hematoxylin Sigma-Aldrich Co., USA 

HistoReveal Abcam Co., UK  

Hydrochloric acid (HCl, 37%) Chem Supply, Australia 

Hydrogen Peroxide (30%, w/w) Sigma-Aldrich Co., USA 

Iron (III) chloride Sigma-Aldrich Co., USA 

Lithium Carbonate Sigma-Aldrich Co., USA 
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Methanol Sigma-Aldrich Co., USA 

Methyl methacrylate Sigma-Aldrich Co., USA 

2-Methoxyethyl Acetate Sigma-Aldrich Co., USA 

Orange G Sigma-Aldrich Co., USA 

Perkadox 16 Sigma-Aldrich Co., USA 

Phloxine B Sigma-Aldrich Co., USA 

Phosphotungstic acid hydrate Sigma-Aldrich Co., USA 

Ponceau 2R (Ponceau Xylidine) Sigma-Aldrich Co., USA 

Proteinase K Promega Co. USA 

Safranin O Sigma-Aldrich Co., USA 

Sodium chloride (NaCl) Sigma-Aldrich Co., USA 

Sodium hydroxide Sigma-Aldrich Co., USA 

Sodium iodate Sigma-Aldrich Co., USA 

Sodium phosphate monobasic (NaH2PO4) Sigma-Aldrich Co., USA 

Technovit® 3040 Kulzer Co., Germany 

Technovit Universal Liquid Kulzer Co., Germany 

Tinogard® TT BASF, Germany 

Trizma base Sigma-Aldrich Co., USA 

Tween-20 Sigma-Aldrich Co., USA 

Xylene Hurst Scientific Pty Ltd., Australia 
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1.2 Commercially purchased kits and molecular products 

Items Suppliers 

DAB+ Substrate chromogen system) Dako Agilent Technologies Inc., USA 

In Situ Cell Death Detection Kit, POD Sigma-Aldrich Co., USA 

 

1.3 Commercially purchased antibodies 

Antibodies Suppliers 

Polyclonal anti-TGF β1  Santa Cruz Biotechnology Inc., USA 

Anti-rabbit IgG -peroxidase, antibody 

produced in goat 

Sigma-Aldrich Co., USA 

 

2. Buffers and solutions 

All general buffers and solution were prepared with the MilliQ double distilled water, 

unless otherwise indicated.  

 

Acetic acid (1%, v/v) 

10 ml 100% acetic acid was dissolved in 1L distilled water. Solution was stocked in 

room temperature.   

Ethylenediaminetetracetic acid (EDTA) decalcification solution (12%, w/v, PH 7.4) 

120g EDTA (power) was dissolved in 1L distilled water, followed by adjusting the 

PH=7.4 by using sodium hydroxide. Filter the solution after it became clearly. 

Eosin working solution 

Eosin stock solution: 1g Eosin Y (powder) was dissolved in 100 mL distilled water.  

Phloxine stock solution: 1g Phloxine B (powder) was dissolved in 100 mL distilled 

water.  
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Eosin-Phloxine B working solution: 100 ml Eosin stock solution, 10 ml Phloxine stock 

solution, 780 mL 95% Ethanol (v/v) and 4 ml glacial acetic acid were mixed.  

Gill’s Haematoxylin 

Stock solution: Dissolve 250 ml ethylene glycol in distilled water, followed by adding 

6g haematoxylin (powder) then 0.6g sodium iodate (powder) into. Then add 80g 

aluminium sulfate (powder) and 20 ml glacial acetic acid into the mixture. Stir for 1 

hour at room temperature. Working solution: Dilute the stock solution in 1/5 with 

distilled water, and filter it before use.    

3% [v/v] Hydrogen peroxide in Methanol 

3ml 30% hydrogen peroxide was diluted in 27mL methanol.  

Ferric Chloride (30%, w/v) 

30g Iron (III) chloride (powder) was dissolved with 100g distilled water. Solution was 

stored in room temperature.  

Fast Green (0.2%, w/v)  

0.2g Fast Green (powder) was dissolved with 0.2 mL pure acetic acid and 100 mL 

distilled water. Solution was stored in room temperature.  

Lithium Carbonate (Saturated) 

1.54g Lithium carbonate was mixed to dissolve in 100 mL distilled water.  

Methyl Methacrylate (MMA)-embedding solution 

1g Perkadox 16 and 0.01g Tinogard tt was dissolved in 89 mL Methyl Methacrylate 

and 10mL Dibutyl Phthalate. Well mixed and stored at 4℃ till further required.  

Phosphate-buffered solution (PBS; 10X, 1X) 

10× PBS stock solution: 3.6g Sodium phosphate monobasic [NaH2PO4, 30mM], 9.93g 

Disodium hydrogen phosphate [Na2HPO4, 70mM] and 76g Sodium chloride [NaCl, 

1,3M] were dissolved in distilled water, adjusted to 1L and stored in room temperature.  
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1× PBS working solution: Diluted 10× PBS with distilled water and adjusted PH to 

7.4 with appropriate NaOH or HCL 

Phosphotungstic Acid-Orange G 

4g Phosphotungstic acid (powder) and 2g Orange G (powder) were dissolved in 100 

mL distilled water. Solution was stored in room temperature.  

Picro-Sirius Red Solution 

0.5g Sirius red F3B (powder) was dissolved in 500 ml saturated aqueous solution of 

picrid acid. Solution was stored in room temperature. 

Ponceau Acid Fuchsin 

Stock Solution A: 1g Ponceau 2R (powder) was dissolved in 100 mL distilled water; 

Stock Solution B: 1g Acid Fuchsin (powder) was dissolved in 100 ml distilled water;  

Stock solution was restored in room temperature.  

Working solution was made fresh, consisting of 6 ml Solution A and 2 ml Solution B, 

9 ml 2% acetic acid (v/v), to 73 mL distilled water.  

Safranin O 

0.1g Safranin O (powder) was dissolved in 100 ml distilled water.  

Tris Buffered saline (TBS; 10× and 1×) and TBS-Tween (TBS-T; 1×) 

10× TBS stock solution: 60.57g Trizma base and 87.66g NaCl were dissolved in 

distilled water, adjusted PH to 7.4, then adjusted to 1L; 

1× TBS solution: 10× TBS stock solution was diluted by 1/10 dilution with distilled 

water.  

1× TBS-Tween: 1ml Tween-20 was dissolved in 1L 1×TBS solution.  

Weigert’s Haematoxylin 

Stock Solution A: 1g Hematoxylin (powder) was dissolved in 100mL 96% Ethanol 

(v/v);  
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Stock Solution B: 4 ml 30% Ferric Chloride (w/v) and 1mL 37% Hydrochloric acid 

(v/v) was added into 100 mL distilled water; 

Working solution was made fresh, consisting of equal ratios of Stock Solution A and 

Stock Solution B.  

 

3. Methods 

3.1 Histology and histomorphometry 

3.1.1 Sample preparation for staining (MMA embedding) 

Samples were fixed in 10% neutral buffered formalin for 24 hours at 4 ºC followed by 

1-hour wash with 1x PBS. After fixation, samples were placed in tissue cassettes, and 

transferred into Leica TP 1020 tissue processor. The following protocol was used for 

tissue processing.  

 

Chemical Condition Time 

70% [v/v] Ethanol Room Temperature (RT)/Vacuum 2 hours 

80% [v/v] Ethanol RT/Vacuum 2 hours 

95% [v/v] Ethanol RT/Vacuum 2 hours 

100% [v/v] Ethanol RT/Vacuum 2 hours 

100% [v/v] Ethanol RT/Vacuum 2 hours 

100% [v/v] Ethanol RT/Vacuum 2 hours 

Xylene RT/Vacuum 1 hours 

Xylene RT/Vacuum 6 hours 

Xylene RT/Vacuum 6 hours 

TOTAL: 25 hours 
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After processing, cassettes were removed, and samples were transferred to 5ml 

labelled tubes containing MMA embedding solution for infiltration. The tissue 

infiltration is under the vacuum condition at 4 ºC for 72 hours.  

 

After 72 hours infiltration, samples were placed into a polymerisation Teflon moulds, 

which were filled with the MMA embedding solution and covered with metal lids. 

Embedding moulds were placed in the water bath at 29-30 ºC for 48 hours to allow 

embedding solution to polymerize slowly.  

 

After embedding solution polymerized, embedding rings were attached on the solid 

MMA tissue blocks by using the mixture of Technovit 3040 and MMA-based 

universal liquid at a ratio of 2:1 (powder/liquid). The Technovit 3040 mixture liquid 

solidified in 30 minutes, then tissue blocks were able to be removed from the Teflon 

moulds and ready to be sectioned.  

 

Embedded samples were sectioned by microtome (Leica RM2255) into 5um thickness 

and placed onto the coated glass slides. Glass slides were covered by Polyethylene 

films and pressed by object press holder at 37 ºC for 72 hours.  

 

3.1.2 Sample preparation for staining 

Samples were fixed in 10% neutral buffered formalin for 24 hours at 4 ºC followed by 

1-hour wash with 1x PBS. After fixation, samples were transferred into 12% EDTA 

solution (PH 7.4) for decalcification. Samples were placed in the shaker at 37 ºC. The 

decalcification solution was changed in every three days. After complete 

decalcification (end point check by micro-CT), samples were then rinsed by PBS 
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solution, placed in tissue cassettes, and transferred into Leica TP 1020 tissue 

processor. The following protocol was used for tissue processing. 

 

Chemical  Condition Time 

70% [v/v] Ethanol Room Temperature 

(RT)/Vacuum 

3 hours 

80% [v/v] Ethanol RT/Vacuum 1.5 hours 

95% [v/v] Ethanol RT/Vacuum 1.5 hours 

100% [v/v] Ethanol RT/Vacuum 1 hour 

100% [v/v] Ethanol RT/Vacuum 1 hour 

100% [v/v] Ethanol RT/Vacuum 1 hour 

Xylene RT/Vacuum 1 hour 

Xylene RT/Vacuum 2 hours 

Xylene RT/Vacuum 2 hours 

Wax RT/Vacuum 2.5 hours 

Wax RT/Vacuum 2.5 hours 

Wax RT/Vacuum 2.5 hours 

TOTAL: 21.5 hours 

 

3.1.3 Safranin O/ Fast Green staining 

The MMA-embedded tissue samples were processed by following protocol: 

Chemicals Time 

2-Methoxyethyl Acetate  10 min 

2-Methoxythyl Acetate 10 min 

2-Methoxythyl Acetate 10 min 
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Xylene 5 min 

Xylene 5 min 

100% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

95% [v/v] Ethanol 2 min 

80% [v/v] Ethanol 2 min 

70% [v/v] Ethanol 2 min 

Distilled Water  1 min 

Weigert’s Hematoxylin 10 min 

Washed in running water till clean 

Light Green 10 min 

Rinse in 1% [v/v] Acetic Acid till clean 

95% [v/v] Ethanol 2 min 

95% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

Xylene 2 min 

Xylene 2 min 

Mount in DPX 

 

3.1.4 Goldner’s trichrome staining 

Resin in the MMA-embedded tissue sections was removed by using 2-Methoxyethyl 

Acetate, Xylene. After that, sections were rehydrated by using graded Ethanol as 

described in Safranin O/Fast Green staining and processed according to the following 

protocol: 
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Chemicals Time 

Weigert’s Hematoxylin 15 min 

Washed in running water till clean 

Ponceau Acid Fuchsin 10 min 

Rinse in 1% [v/v] Acetic Acid till clean 

Phosphomolybdic Acid- Orange G 5 min 

Rinse in 1% [v/v] Acetic Acid till clean 

Light Green 10 min 

Rinse in 1% [v/v] Acetic Acid till clean 

2-propanol 2 min 

2-propanol 2 min 

Methylcyclohexane 2 min 

Methylcyclohaxane 2 min 

Mount in DPX 

 

3.1.5 H&E staining 

The paraffin-embedded tissue samples were processed by following protocol.  

Chemicals Time 

Xylene 5 min 

Xylene 5 min 

100% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

95% [v/v] Ethanol 2 min 



179 
 

80% [v/v] Ethanol 2 min 

70% [v/v] Ethanol 2 min 

Distilled Water  1 min 

Gill’s Hematoxylin 5 min 

Washed in running water till clean 

Lithium Carbonate 1 min 

Distilled Water 1 min 

Eosin 30 sec 

Washed in running water till clean 

70% [v/v] Ethanol 1 min 

80% [v/v] Ethanol 1 min 

95% [v/v] Ethanol 1 min 

100% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

Xylene 5 min 

Xylene 5 min 

Xylene 5 min 

Mount in DPX 

 

3.1.6 Picro-sirius Red staining 

The paraffin-embedded tissue samples were processed by following protocol.  

Chemicals Time 

Xylene 5 min 

Xylene 5 min 
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100% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

95% [v/v] Ethanol 2 min 

80% [v/v] Ethanol 2 min 

70% [v/v] Ethanol 2 min 

Distilled Water  1 min 

Gill’s Hematoxylin 8 min 

Washed in running water till clean 

Picro-sirius Red Solution 1 hour 

Rinse in 1% [v/v] Acetic Acid till clean 

Vigorous shaking to remove most of the water from the slides 

100% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

100% [v/v] Ethanol 2 min 

Xylene 5 min 

Xylene 5 min 

Xylene 5 min 

Mount in DPX 

 

3.2 Immunohistochemistry 

Paraffin-embedded sections were processed for dewaxing and rehydrating using 

xylene and graded Ethanol as described in H&E staining.  

 

Before staining, sections were incubated with HistoReveal at 37 ºC for 10 minutes for 

antigen retrieval. Then sections were rinsed with TBS-Tween for 3 times, with 5 
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minutes each time on the shaker. After completed rinsing, sections were processed by 

the following protocol.  

 

Chemicals Condition Time 

3% [v/v] Hydrogen Peroxide in Methanol RT 10 min 

1xTBS-Tween  RT 3x 5 min 

10% Fetal bovine serum in 1xTBS-Tween RT 5 min 

1x TBS-Tween RT 3x 5 min 

Polyclonal anti-TGF β1 1:250 4 ºC Overnight 

1x PBS RT 3x 5 min 

Biotinylated goat anti-rabbit antibody 1:250 RT 1 hour 

1x PBS RT 3x 5 min 

Dako DAB stain RT 5 min 

1x PBS RT 3x 5 min 

Gill’s Haematoxylin RT 5 min 

Rinse with distilled water till clean 

Lithium Carbonate RT 1 min 

Rinse with distilled water till clean 

70% [v/v] Ethanol RT 1 min 

80% [v/v] Ethanol RT 1 min 

95% [v/v] Ethanol RT 1 min 

100% [v/v] Ethanol RT 2 min 

100% [v/v] Ethanol RT 2 min 

Xylene RT 5 min 
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Xylene RT 5 min 

Xylene RT 5 min 

Mount in DPX 

 

 

3.3 TUNEL assay 

Paraffin-embedded sections were processed for dewaxing and rehydrating by using 

Xylene and graded Ethanol as described in H&E staining. After that, sections were 

processed according to the following protocol. 

Chemicals Condition Time 

3% [v/v] Hydrogen Peroxide in Methanol RT 10 min 

PBS RT 3x 5 min 

20 μg/mL proteinase K RT 15 min 

PBS RT 3x 5 min 

TUNEL reaction mixture 37 ºC 1 hour 

PBS RT 3x 5 min 

Converter-AP RT 30 min 

1x PBS RT 3x 5 min 

Dako DAB stain RT 5 min 

1x PBS RT 3x 5 min 

Gill’s Haematoxylin RT 5 min 

Rinse with distilled water till clean 

70% [v/v] Ethanol RT 1 min 

80% [v/v] Ethanol RT 1 min 
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95% [v/v] Ethanol RT 1 min 

100% [v/v] Ethanol RT 2 min 

100% [v/v] Ethanol RT 2 min 

Xylene RT 5 min 

Xylene RT 5 min 

Xylene RT 5 min 

Mount in DPX 

 

4. Software 

Software Supplier 

Bioquant Osteo Histomorphometry 

software 

Bioquant Osteo, USA 

CT Analysis v1.12.0.0+ Bruker Co., Belgium 

CTVox  Bruker Co., Belguim 

DataViewer v1.4.4+ (32-bit) Bruker Co., Belgium 

ImageJ 1.52k National Institutes of Health, USA 

ImageScope Leica, Germany 

NRecon v1.6.4.1+ Bruker Co., Belguim 

GraphPad Prism Version 7.0a GraphPad Software Inc., USA 

SPSS® Statistics Version 24 IBM Co., USA 
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5. Equipment 

Equipment Supplier 

Automated Rotary Microtome RM2255 Leica Biosystems Co., Germany 

Jung Biocut 2030 Rotary Manual 

Microtome 

Leica Biosystems Co., Germany 

LabChEM-pH Rowe Scientific Pty Ltd., Australia 

Magnetic Stirrer/Hot Plate AIM Scientific Co., Australia 

Micro-CT Skyscan 1174 Bruker Co., Belgium 

ImageScope XT Leica, Germany 

Tissue-TEK® III Embedding Centre Miles Scientific Co., USA 

TP1020 Tissue Processor Leica Biosystems Co., Germany 

TP1020 Tissue Processor Leica Biosystems Co., Germany 

Olympus IX8 Inverted Microscope Olympus Co. Japan 
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