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SUMMARY 

The initiation of cartilage degeneration has been  linked to the 

onset of subchondral bone remodelling and osteophyte 

formation at the cartilage-bone interface. As such, 

Osteoarthritis (OA) is defined as the thinning of cartilage 

and/or osteophyte formation. Cartilage adjacent to healthy 

bone has a characteristic stress distribution when loaded 

within a healthy range. This loading is then transferred to the 

subchrondal bone, where remodelling maintain a bone 

strength and structure to cope with everyday loads. We have 

developed a framework to model the cartilage bone interface 

using a hierarchy of models at the whole knee level, micro 

level and cellular level. Whole knee loads determine the 

boundary conditions for micro models. The micro models then 

capture the remodeling of bone and change in cartilage 

stiffness. The amount of bone forming cells (osteoblasts), 

bone resorbing cells (osteoclasts) and the rate of cartilage cell 

(chondrocyte) metabolism under the influence of 

inflammation cells (cytokines) are determined from cell 

models. The cell models respond to strain from the micro 

models. The current model predicts that altered loads initiate 

bone thickening (cartilage thinning), osteophyte formation, 

cartilage stiffening and ultimately cartilage degeneration.  

 

INTRODUCTION 

Osteoarthritis (OA) is the western world’s leading cause of 

disability. Yet OA is still untreatable with no drugs for proven 

disease modifying efficacy [1]. The cycle of OA disease 

progression has been described in Figure 1. Despite extensive 

research into the observed changes at the cellular, micro and 

macro level, the mechanisms of OA initiation are still widely 

debated. Traditionally, OA has been regarded as a disease of 

cartilage wear and tear. However, recent findings indicate that 

it is a disease of the whole joint because there are prominent 

changes in other components of the joint, most notably the 

subchondral bone.  More importantly, information from one 

scale informs the other spatial scales so a multiscale approach 

is essential. The aim of this study is to investigate the 

initiation of OA using a multiscale model of the cartilage-bone 

interface.  

 

METHODS 

We have developed an accurate subject-specific finite element 

(FE) model of the knee joint for characterising knee 

kinematics and kinetics during gait [2]. We have also 

developed a FE model of a chondrocyte embedded in a 

cartilage tissue block that can simulate chondrocyte 

deformation [3]. These two models have been linked together 

into a multiscale framework that spans from organ level to cell 

level, which can give an accurate description of the 

micromechanical environment of cells in cartilage.  
 

 
 

Figure 1: Cycle of OA progression. 

 

A set of computational cell models have also been developed 

that describe the interactions between key cytokines in 

cartilage remodelling based on a similar framework for bone 

remodelling [4]. Specifically, the actions of proinflammatory 

cytokines that promote cartilage degradation - Interleukin-1 

(IL-1) and Tumor Necrosis Factor α (TNFα) - and mediators 

that promote anabolic activities -prostaglandin E2 (PEG2) and 

bone morphogenic protein 2 (BMP2) [5, 6] - have been 

quantitatively described in this framework.  They were linked 

with the multiscale knee FE model using CellML [7] in order 

to simulate behaviors and interactions of these cytokines under 

physiological loading conditions (Figure 2).  

Loading transmitted through the cartilage to the 

subchondral bone gives rise to a characteristic bone strain 

pattern influenced by the Haversion canals. In order for 

remodelling to occur in subchondral bone a change in the 

loading pattern must occur. Cartilage thinning is one possible 

mechanism, but this has been shown in a finite element study 

not to initiate bone remodelling [8]. Another mechanism is 

altered loading pattern, highlighted in biomechanical FE 

studies by Andriacchi et al. [9]. A bone remodelling algorithm 

based on the work of Prendergast [10, 11] leads to bone 

formation near the interface driven by osteoblasts in areas 

above the mean homeostatic strain.  

 



 
Figure 2: Multiscale model of cartilage 

 

RESULTS AND DISCUSSION 
In Figure 3 (left) the FE knee model was loaded with key 

points of the gait cycle (heel-strike and contralateral toe-off). 

The loading pattern was observed and micro scale models 

were built from different regions of the lateral and medial 

cartilage. In this way the micro models captured the spatial 

and temporal loading patterns of the cartilage bone interface.  

At the micro level, the cartilage compression 

produced a tensile and compressive strain pattern that we 

defined as healthy. The load transferred through to the 

subchondral bone generated a Von Mises strain distribution 

that that we defined to put the bone in a state of homeostatic 

equilibrium. So the bone was maintained in order to cope with 

this healthy loading pattern.  

The load was then altered to represent an ACL 

deficient knee, known to be an initiator for cartilage 

degeneration. Using the same spatial locations and gait time 

points as the healthy knee we observed how the cartilage 

stress patterns and subchrondal bone strains were modified 

(Figure 3 right). The subchrondal bone was now loaded in 

previously unloaded regions causing the bone-cartilage 

interface to grow. This growth rate varied leading to bony 

spurs intruding into the cartilage. We related the bony spurs to 

the formation of osteophytes and the growth of subchondral 

bone to the thinning of cartilage from the bone upwards. 

The cartilage thinning and osteophyte formation 

altered the tensile and compressive strains within the cartilage 

producing strains that exceeded a damage threshold. This was 

related to increased cartilage inflammation. The cartilage cell 

model related increased inflammation to cartilage stiffening. 

Hence, future knee loading produced higher stresses and 

accelerated cartilage damage in further regions. The initial 

change in the cartilage loading led to a cyclic pattern of 

cartilage degeneration that once initiated could not return to a 

healthy state even after normal loading was reintroduced. 

 

 
 

Figure 3: (Left) Finite element model of the knee joint with 

articular cartilage and ligaments; (right) subchondral bone and 

simulation indicating sites of remodelling. 

 

CONCLUSIONS 

We have presented a framework that couples in a two-way 

manner the micro and cellular behavior of bone and cartilage 

adaption.  The key points were (i) altered mechanical loading 

leads to bone growth and osteophyte formation at the 

bone/cartilage interface; (ii) Cartilage stress exceeded a 

damage threshold initiating inflammation and cartilage 

stiffening; (iii) This created a self-propagating cycle of further 

damage regardless of the improved loading conditions. 
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