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A model to better understand the role of 
mechanical stimuli in regulating cell fate 
during osteochondral defect repair 
 

Abstract 
In a previous study, we developed a computational mechanobiological model to explore 

the role of substrate stiffness and local oxygen availability in regulating cell fate during 

spontaneous osteochondral defect repair. While this model successfully simulated many 

aspects of the regenerative process, it was unable to predict the spatial pattern of bone 

formation observed during the latter stages of the repair process. The objective of this study 

was,  therefore, to investigate the role of tissue strain in regulating the spatial and temporal 

patterns of stem cell differentiation during spontaneous osteochondral defect repair. 

Motivated by the findings of a number of prior in vitro studies, our computational 

mechanobiological model was updated to include rules based on the hypothesis that 

chondrocyte hypertrophy and endochondral ossification were inhibited in regions of high 

strain. The model also considered the hypothesis that excessively high magnitudes of local 

strain result in the formation of mechanically inferior fibrocartilage. These rules were first 

developed by attempting to simulate stem cell differentiation within an in vitro bioreactor 

system which was capable of controlling the levels of oxygen and mechanical cues within 

MSC-laden hydrogels. The updated model was able to predict the experimentally observed 

behaviour whereby the groups which were subjected to dynamic compression presented a 

reduction in chondrocyte hypertrophy and calcific deposition. Following this, the updated 

model was then used to simulate the pattern of tissue formation which had been 

experimentally observed during spontaneous osteochondral defect repair. As well as 

correctly predicting the spatial pattern of bone formation, the updated model also provided 

insights into the role that the mechanical environment plays on the spontaneous repair 

process; namely, that oxygen regulates endochondral ossification during the early phases of 

repair, while, during the latter stages, mechanics plays a key role in directing this process. 
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1 Introduction 
Osteochondral defects of a certain size have the capacity to repair spontaneously 1. This 

reparative response is mediated, at least in part, by mesenchymal stem cells (MSCs) which 

migrate from the bone marrow to the site of injury 2.  This reparative process forms the basis 

of a number of different surgical strategies designed to treat both osteochondral and 

chondral defects 3,4. All of the current options, however, have limited success in the long term, 

as the repair tissue which initially forms breaks down over time 3. In order to design novel 

tissue engineering strategies to overcome these issues, a better understanding of the factors 

which affect the formation of the repair tissue, as well as its subsequent failure, are required. 

To this end, we have recently developed a computational model of the spontaneous repair 

process within an osteochondral defect. The model made use of a previously developed tissue 

differentiation algorithm where MSC fate was governed by the local oxygen tension and 

stiffness of the surrounding substrate. While this model provided insight into the role that 

angiogenesis plays in the repair process, it was unable to predict the spatial formation of bone 

which has been experimentally observed during the latter stages of repair 5. In addition to 

this, it did not account for the putative role that mechanical loading plays in the outcome of 

osteochondral defect repair. This may explain its inability to accurately predict the patterns 

of tissue formation observed in the latter stages of the regenerative process whereby 

cartilage is converted into bone through the process of endochondral ossification. 

 Mechanical loading has long been implicated in directing tissue formation, and in 

particular, cartilage formation during osteochondral defect repair 6–10. Numerous studies 

have examined the effect that the magnitude and type of loading has on the repair tissue 

which forms within osteochondral defects 7–10. In general it has been shown that active 

loading applied at an early stage leads to the formation of fibrous tissue and fibrocartilage, 

while continuous passive motion has been shown to result in the formation of hyaline 

cartilage 7,8,11. A number of in vitro studies, where the levels of mechanical stimulation can be 

carefully controlled using bioreactor systems, have also demonstrated how compressive 

loading can regulate chondrogenesis of MSCs 12–16. For example, Thorpe et al. 17 showed that 

dynamic compressive loading of chondrogenically primed MSCs led to the upregulation of 

chondrogenic markers and also inhibited terminal differentiation and mineralisation. These 

findings suggest that mechanics plays a key role in regulating hypertrophy and endochondral 

ossification of cartilage. In addition, numerous in vitro studies have shown that MSCs exposed 
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to high magnitudes of dynamic tensile strain, when maintained in chondrogenic media, 

display markers of fibrocartilage 18–20. 

 Based on these studies, we sought to improve our previous model of stem cell 

differentiation by implementing a series of rules whereby the local mechanical environment 

affects the fate of the cartilaginous tissue formed in damaged bones or joints. In particular 

we hypothesised that during the spontaneous repair process, tissue level strains regulate 

chondrocyte hypertrophy and the rate of endochondral ossification, and that excessive local 

strain promotes the formation of fibrocartilage. In the first part of this study, a rule was 

implemented into the model whereby chondrocyte hypertrophy and endochondral 

ossification were inhibited in regions of high (> 5 %) octahedral shear strain. This was 

developed by modelling the findings of the in vitro bioreactor study conducted by Thorpe et 

al. 17, who modulated the levels of strain and oxygen through the depth of MSC-laden 

hydrogels. We then tested the predictive capacity of this updated model by attempting to 

simulate the time-course of the spontaneous repair process within an osteochondral defect. 

In the final part of the study an additional rule was developed whereby high magnitudes of 

octahedral shear strain (> 10 %), within an otherwise chondrogenic environment, leads to the 

formation of fibrocartilage. 

 

2 Method 

2.1 In vitro experiment to be simulated 
The details of this experiment are described in elsewhere 17. Briefly, porcine MSCs were 

seeded at a density of 20 x 103 cells/mm3 in cylindrical, 2 % agarose hydrogels of dimensions 

φ 6 mm x 4 mm. Constructs were cultured in chondrogenic media for 21 days before being 

split into an unconfined and a confined group which were then cultured for a further 3 weeks. 

The confined group were press-fitted in a PTFE chamber which served to confine the bottom 

half of the construct. During this time constructs from both groups either remained under 

free swelling conditions (FS) or were subjected to dynamic compression (DC) at an amplitude 

of 10 % strain and a frequency of 1 Hz for 4 hours per day, 5 day per week. Following culture, 

among other tests, histology and immunohistochemistry were performed to determine the 

spatial calcific deposition within the MSC-laden hydrogel. This was deemed to be indicative 

of chondrocyte hypertrophy. In addition to this, the oxygen tension was measured through 
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the depth of the constructs after 4 days of culture in both the confined and unconfined 

groups, using fibre optic oxygen microsensors. The results of this were then used in 

conjunction with a computational model to determine the Michealas-Menten parameters for 

the differentiated cells.    

2.2 Finite Element Models 
Three-dimensional Finite Element (FE) models were used to determine the biophysical 

stimuli generated in the cell-seeded constructs which were exposed to DC within the 

bioreactor system described above, as well as in an osteochondral defect. Both sets of models 

were implemented in the open source FE package FEBio (version 2.0, University of Utah, 

Technology Commercialization Office, 615 Arapeen Drive, Suite 310, Salt Lake City). All of the 

materials used in the models were bi-phasic and the material properties of each tissue type 

used are listed in Error! Reference source not found.. The model was run using an iterative 

procedure (Supplementary Material 8.1) and at the end of each iteration the material 

properties were updated based on the results of the cell differentiation algorithm described 

below. The new parameters were calculated using a rule of mixtures in conjunction with a 

temporal smoothing procedure 21.   

Table 1: Material Parameters 

Material Property Granulation 
Tissue 

Fibrous 
Tissue 

Fibro-
Cartilage 

Cartilage Hypertrophic 
Cartilage 

Immature 
Bone 

Mature 
Bone 

Cortical 
Bone 

Young’s Modulus 
(MPa) 

1a 2a,b 5 10a,b 20 1000a 6000c 20,000c 

Poisson’s Ratio 0.167 0.167 0.167 0.167 0.167 0.3 0.3 0.3 

Permeability 
(mm4/ Ns) 

0.01a 0.01a,b 0.01 0.005a,b 0.005 0.1a 0.37d 1e-5a 

Solid Volume 
Fraction 

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

a 22 
b 23 
c 24 
d25 

 

2.2.1 In Vitro Model 

Three Dimensional Finite Element models were developed for both the unconfined and 

the confined groups (Figure 1). Both models had a geometry of φ 6 mm x 4 mm and, using 

symmetry, were simplified to depict a quarter of the construct as it was revolved around the 

centre axis. For the confined group the confinement chamber was implemented using a 

sliding contact interface between the construct and the chamber. In both models a 10 % 



5 
 

compressive strain was applied to the top surface of the construct over a period of 0.5 s. At 

the onset of loading, the material parameters for cartilage were used, based on the 

assumption that chondrogenic differentiation had occurred (Table 1).  

 

Figure 1: FE Model and boundary conditions for the (A) Unconfined and (B) Confined in-vitro simulations. Displacement in 
the x and z directions and fluid velocity are shown as ux, uz and vf respectively. 

2.2.2 Osteochondral Defect 

A simplified 3D FE model of an osteochondral defect within the femoral condyle was 

developed (Figure 2). Similar to previous studies 26–28, the condyle was modelled as a flattened 

semi-sphere of radius 20 mm, consisting of a 1 mm-deep layer of cortical bone which overlaid 

mature cancellous bone. The condyle was covered with a 2 mm-thick layer of cartilage which 

was supported by the meniscus. The tibial plateau was modelled as a rigid contact layer, the 

permeability of which was assumed to be the same as cartilage. Due to convergence issues, 

the meniscus was treated as a solid material where a sliding interface was used to model the 

contact between it and the cartilage layer. This was treated as a transversely isotropic elastic 

material with a higher stiffness in the circumferential direction (Ex = Ez = 20 MPa; Ey = 140 

MPa; vxy = 0.2; vyz = 0.49; Gxy = 50 MPa) 28,29. At the centre of the FE model, a defect of size φ 
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5 mm x 5 mm was included. This was assumed to be initially filled with granulation tissue. A 

load of 2400 N was applied over 1 second, based on the assumption of five to six times subject 

weight (80 kg) spread evenly between the lateral and medial compartments 30. 

 

Figure 2: FE model and boundary conditions for the osteochondral defect simulations. 

2.3 Angiogenesis 
Angiogenesis was only considered in the osteochondral defect model. This was 

implemented using a lattice-based approach whereby the elements of the FE model were 

discretised into a sequence of lattice points, each of which represented a potential cell space 

31. Each lattice point had a diameter of 10 μm which corresponded with an overall lattice 

density of 1 x 106 lattice points/mm3. Blood vessels were then modelled as a sequence of 

adjoining lattice points, each of which represented an endothelial cell (EC) within a 

microvessel. Vessels were programmed to stop growing if the octahedral shear strain in the 

element exceeded a threshold limit (εoctahedral > εangio). Vessels were also able to branch 

should their length exceed a certain value (Lmin). The probability of branching then increased 

linearly until the vessel reached the maximum allowable length (Lmax), at which point the 

probability of branching occurring was 1 31. If two vessels crossed the same path, anastomosis 

occurred and the two vessels fused together. As an extension of our previous model, and 

similar to the method described by Carlier et al. 32, it was assumed that blood and nutrients 

could only flow through vessels which had formed a closed loop. Based on this, the ECs which 
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made up a blood vessel were considered inactive until anastomosis had occurred. The effect 

of this updated model on the predicted outcome of tissue formation was examined by 

comparing the simulation results from the previous model (where all vessels were considered 

active) with those obtained using the new model (Supplementary Material 8.2).   

Vessels grew at a constant rate (Vgrowth) and could grow into any neighbouring lattice 

point, provided that it was empty. Vessel direction was governed using strain-dependent rules 

which were developed by simulating  33 the in vitro study conducted by Matsumoto et al. 34. 

In these studies it was shown that, when cultured in 2D, endothelial cell migration was biased 

in the direction perpendicular to the applied strain. Following from this, it was hypothesised 

that, within a 3D environment, EC cells either align themselves in the direction perpendicular 

to the maximum principal strain or in the direction of the minimum principal strain (Burke & 

Kelly, 2014). In the developed model it was assumed that the latter was case, and as such, 

there were three potential options which determined the vessel direction: 1) continue 

growing in the previous direction; 2) move in the direction of minimum principal strain or; 3) 

move in a random direction. The probability that a vessel would continue to grow in the same 

direction as the previous iteration (Pprev) was 0.4. The probability that a vessel would grow in 

the direction of the minimum principal strain (Pstrain) was dependent upon the absolute 

magnitude of the strain. This was calculated using a simple linear model where Pstrain = 0 at 

εmin = 0 up to maximum of Pstrain = 0.6 at |εmin| ≥ 0.18. The final case where a vessel grew in a 

random direction was dictated by the remaining probability (1 – Pprev – Pstrain). 

At day 0, it was assumed that vessels grew into the callus from the exposed cancellous 

bone (Figure 1). This assumption is based on the findings that this tissue is highly vascularised 

and provides a nutrient supply to both itself and the articular cartilage 3. The initial number 

of vessels was governed by the parameter Nangio which denoted the proportion of lattice 

points on the cancellous bone surfaces which were invading blood vessels. 
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Table 2: Angiogenesis and MSC Differentiation Model Parameters 

Model Parameter Symbol Source Unit Value 
Octahedral shear strain threshold for 

inhibition of angiogenesis  

εangio Estimated - 0.1 

Blood vessel growth rate Vgrowth Estimated mm day-1 0.1 

Minimum length for branching Lmin 
31 Mm 0.2 

Maximum length without branching Lmax 
31 Mm 0.5 

Minimum cell age for MSC 

differentiation 

Agecell Estimated days 5 

Oxygen diffusion coefficient G 21,35 mm2 s-1 2.2E-03 

Initial oxygen tension O2
initial 36 mol mm-3 101.6E-12 

Oxygen tension for inhibition of 

differentiation 

O2
inhibition 37 mol mm-3 5E-12 

Oxygen limit for cartilage O2
cartilage 21 mol mm-3 30E-12 

Oxygen limit for differentiation of 

cartilage to  hypertrophic cartilage 

O2
hypertrophic Estimated mol mm-3 30E-12 

Oxygen limit for calcification of 

hypertrophic cartilage 

O2
endochondral Estimated mol mm-3 50.48E-12 

2.4 Cell Migration, Cell Proliferation and Cell Death 
The migration and proliferation of MSCs, osteoblasts (OBs), chondrocytes (CCs), 

fibroblasts (FBs), hypertrophic chondrocytes (HC) and fibrochondrocytes (FCs) was also 

modelled using a lattice approach 31,38. The migration of cells was implemented using ‘random 

walk’ theory 38. Cell proliferation was implemented in a similar fashion, provided that there 

was a vacant position beside the parent cell. Cell proliferation was inhibited in regions where 

the oxygen concentration fell below a specific threshold value (O2
prolif) (Error! Reference 

source not found.). The maximum number of cells allowed in any element was limited to  1 x 

105  cells/mm3
 
21. The migration rate (M) determined the number of attempted migration 

actions per time step while the doubling time (DT) was the age a cell had to be before it 

proliferated (Table 3). It was assumed that 5 % of the lattice points on the cancellous surface 

of the defect (Figure 2) and 0.5 % of the interior lattice points contained MSCs at day 0. If the 

oxygen concentration fell below a threshold value (O2
death) then cell death was initiated. 
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2.5 Oxygen Transport 
Oxygen transport was modelled using the FE package COMSOL Multiphysics (version 

4.3). For both the in vitro and in vivo simulations the same mesh was used for oxygen 

transport as was used for the stiffness models (Error! Reference source not found.).  The 

governing equation (Equation 1) was updated during each iteration based on the number of 

each cell type in a specific element. In this case the oxygen consumption term was updated 

based on the number of MSCs, CCs, OBs, FBs and HCs, while the oxygen production term was 

determined based on the number of active ECs. In the case of the in vitro simulations, the 

oxygen production term was not implemented as blood vessel formation was not considered.   

𝑑𝑂2

𝑑𝑡
= 𝐺∇2𝑂2 − ∑ 𝜌𝑛

𝑄𝑚𝑎𝑥,𝑛𝑂2

𝐾𝑚,𝑛 + 𝑂2

6

𝑛=1

 + 𝑄𝑣𝑒𝑠𝑠𝑒𝑙𝑠 

Equation 1 

The oxygen diffusion coefficient G = 2.2 x 10 -3 mm2 s-1. Oxygen consumption was 

modelled separately for each cell phenotype using Michealas-Menten kinetics 39–41. In the 

equation shown, each phenotype was represented by n, whereby n = 1 represents MSCs; n = 

2 represents CCs; n = 3 represents OBs; n = 4 represents FBs; n = 5 represents AB and; n = 6 

represents HCs (Error! Reference source not found.). For each cell type: ρn was the number 

of cells in the element; Qmax,n was the maximum oxygen consumption; and Km,n was the 

oxygen consumption at half maximum concentration.  

The oxygen supply from the blood vessels within each element was modelled with Qvessels 

which was calculated using the relationship outlined in equation 2.  

𝑄𝑣𝑒𝑠𝑠𝑒𝑙𝑠 = {

𝑂2
𝑣𝑒𝑠𝑠𝑒𝑙𝑠 −  𝑂2

𝐾𝑣𝑒𝑠𝑠𝑒𝑙𝑠
, 𝑂2 < 𝑂2

𝑣𝑒𝑠𝑠𝑒𝑙𝑠

0, 𝑂2 ≥ 𝑂2
𝑣𝑒𝑠𝑠𝑒𝑙𝑠

 

In this case Kvessels is a temporal smoothing term used to prevent irregular jumps in the oxygen 

concentration (Kvessels = 10 s) while O2
vessels was the minimum oxygen concentration within the 

element. O2
vessels was determined as a function of vdensity which in turn was the percentage of 

lattice points within the element which contained active ECs. A linear relationship was used 

to calculate O2
vessels where O2

vessels = 0 mol/mm3 for vdensity
 = 0 up to a maximum of O2

vessels = 

101.6 x 10-12 mol/mm3 at vdensity, max. 

For the in vivo simulations, in accordance with the fact that cancellous bone is highly 

vascularised 3, it was assumed that there was a constant oxygen tension of 10 % at the 
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exposed bone within the defect.  In addition to this a constant oxygen boundary condition of 

5 % was applied to the surface of the defect in order to simulate the nutrient supply from the 

synovial fluid 41,42. Finally, based on the in silico study conducted by Zhou et al. 41, the following 

three assumptions were made: 1) The synovial fluid was well mixed and as such any gradients 

within the fluid were negligible 2) Oxygen transport was steady-state, meaning that the 

effects of mechanical loading and cartilage deformation on oxygen transport were ignored 3) 

Gradients from the cell surface to the bulk tissue were negligible. 

For the in vitro simulations, in accordance with the experimental results of Thorpe et al. 

17, a constant oxygen boundary condition of 101.6 x 10-12 mol mm-3 (10 %) was applied at the 

exposed surfaces of the gel. Furthermore, based on the experimentally measured values for 

the Michealas-Menten parameters derived in the same study, in the in vitro simulations qmax 

= 48.6 x 10-15 mol cell-1 s-1 and Km = 5 x 10-11 mol mm-3.  

Table 3: Cell Model Parameters 

Model Parameter MSC CC OB FB HC FC 

Doubling Time [days] 0.5a 1.5a 1a 0.5a 1.5a 1.5 

Migration Rate [µm/hr] 26.6c N/A N/A 26.6c N/A N/A 

Anoxic Death Rate [% cells day-1] 20 20 20 20 20 20 

a43 
b44 
c45 

 

 

Table 4: Oxygen parameters for each cell phenotype 

Michealas - Menten 

Parameters 

MSC CC OB FB HC FC 

Cell type (n) 1 2 3 4 5 6 

Max Consumption Rate (Qmax) 

[mol cell-1 hr-1] 
93.2 x10-15 a  1.8 x10-15 a, b 93.2 x10-15 a 93.2 x10-15 a 1.8 x10-15 a 1.8 x10-15 a, b 

Oxygen Concentration at half 

max consumption 

[mol mm-3] 

22.5 x10-12  22.5 x10-12  22.5 x10-12  22.5 x10-12  22.5 x10-12  22.5 x10-12  

Oxygen Concentration for cell 

proliferation (O2prolif) [mol 

mm-3] 

40 x10-12 a  10 x10-12   80 x10-12 a 20 x10-12  30 x10-12  10 x10-12   

Oxygen Concentration for cell 

death (O2death) [mol mm-3] 
5 x10-12  5 x10-12  20 x10-12  5 x10-12 5 x10-12 5 x10-12  

a 32 

b 46 

2.6 MSC Differentiation and Chondrocyte Hypertrophy 
The rules governing MSC differentiation are outlined in detail elsewhere 21 and are 

graphically depicted in Figure 3B. Based on the assumption that the stiffness of the 
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granulation tissue is not low enough to facilitate adipogenesis, this was not considered in the 

osteochondral defect model.  

 

 

Figure 3: (A) A 3-dimensional finite element with corresponding lattice. Each lattice point represents a potential location for 
a cell. (B) Tissue differentiation algorithm as directed by the local oxygen tension and substrate stiffness. 

Endochondral ossification was modelled as a two-step process which first involved CCs 

becoming hypertrophic before ossification of the tissue began 47.  Based on the literature, it 

was assumed that the first step occurred in regions where the oxygen tension increased 

beyond a threshold value (O2
hypertrophic) 48–50. Following this, the second step depicted the 

ossification process whereby HCs either transdifferentiate into, or are replaced by invading 

OBs 47,51,52. In this model, HCs were replaced with OBs provided that: 1) they were in an 

element where the oxygen tension was greater than a threshold value (O2
endochondral) (to mimic 

the invading blood vessels) and 2) they were in the vicinity of an OB (which ensured that bone 

could only form in the vicinity of bone).  

Finally, once an element had committed to a particular phenotype (either bone, 

cartilage, or fibrous tissue), any remaining MSCs in that element differentiated along that 

phenotypic pathway. An element was said to have committed to a particular phenotype if 50 

% of the total allowable lattice points within the element contained cells (i.e. there had to be 

a minimum cell density of 0.5 x 105 cells/mm3). Following this, the element was said to belong 

to the particular phenotype which made up the majority of cells within the element. 
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2.7 Role of Strain in Cell Differentiation 
The tissue differentiation algorithm was updated to include a rule whereby chondrocyte 

hypertrophy was inhibited in regions where the local octahedral shear strain exceeded a 

threshold value (εoct, shear > εhypertrophy).  

Following the development of this rule, an additional cell phenotype was implemented 

within the model in order to differentiate between cartilage and mechanically inferior 

fibrocartilage. In this case MSCs differentiated into fibrochondrocytes (FCs) when the oxygen 

tension was hypoxic (O2
 ≤ O2

hypertrophic) and the magnitude of the local octahedral shear strain 

exceeded a threshold value (εoct, shear > εfibrocartilage). It was assumed that, when exposed to 

these stimuli, CCs transdifferentiated into FCs. Finally FCs acted in the same way as 

chondrocytes and thus, became hypertrophic when exposed to the appropriate conditions.   

2.8 Study design 
The results from the in vitro study conducted by Thorpe et al. 17 were used to develop 

the rule whereby chondrocyte hypertrophy is inhibited above a specific level of octahedral 

shear strain. To achieve this the model was used to predict chondrocyte hypertrophy within 

the different construct groups over the 21-day loading period (confined FS, unconfined FS, 

confined DC and unconfined DC). At the end of each simulation, the model was tested by 

comparing the predicted spatial arrangement of chondrocyte hypertrophy to histology slides 

depicting calcific deposition within the respective groups. In this case it was assumed that 

calcific deposition was indicative of chondrocyte hypertrophy. The simulations of the FS 

experimental groups were used to further test our previous hypothesis that chondrocyte 

hypertrophy is regulated by the local oxygen tension. Following this, the DC groups were then 

modelled to determine the value of the parameter εhypertrophy, and hence consider the role of 

mechanics in regulating hypertrophy in our mechanobiological model.  To achieve this, a 

parametric study was conducted where εhypertrophy was varied between 5 % and 15 %, and the 

results of simulations compared to experimental observations  

For each model a number of assumptions were made, based on the experimental 

findings. Firstly, as the authors did not observe a change in the cell number in any of the 

experimental groups, cell proliferation and cell death were not included in the simulations. It 

was also assumed that at the start of each simulation the constructs only contained CCs which 

could eventually undergo hypertrophy. Each simulation was run iteratively where each 

iteration represented a time period of 24 hours. Finally, based on studies which have shown 
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that chondrocyte hypertrophy is inhibited by DC 12,17 , the in vitro simulations were used to 

test whether different measurements of strain (e.g. miminum principal strain, hydrostatic 

strain) could be used to regulate hypertrophy (See Supplementary Material: Section 8.3).  

In the second part of the study the updated model was used to predict the course of the 

spontaneous repair process within an osteochondral defect over a time period of 14 weeks. 

Similar to the in vitro simulations each iteration modelled a time period of 24 hours. Following 

this the models were used to develop and validate the rule where fibrocartilage forms instead 

of cartilage if the octahedral shear strain exceeds a threshold value (εfibrocartilage). In this case 

the parameter εfibrocartilage was varied between 10 %, 12.5 % and 15 % strain. As an additional 

part of this study, based on reports that dynamic tensile strain is required to promote 

fibrocartilage formation 18–20, alternative measures of strain were  again examined (See 

Supplementary Material: Section 8.4).            

3 Results 

 

Figure 4: Experimental and simulation results for the In vitro FS groups. Alcian red staining was used to determine the 
spatial arrangement of calcific deposition (and chondrocyte hypertrophy) in the unconfined and confined groups following 
21 days of FS culture. These were compared to the predicted spatial distribution of chondrocyte hypertrophy and oxygen 
tension from the unconfined and confined in silico models of the FS groups. 

3.1 Simulation of In Vitro Models 
The tissue differentiation algorithm was able to predict the spatial distribution of 

chondrocyte hypertrophy (calcification) which was experimentally observed in the confined 
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and unconfined FS groups (Figure 4). As previously shown, partial confinement of MSC-laden 

hydrogels was predicted to lower oxygen levels within the bottom of these constructs (Figure 

4). In response to these lower levels of oxygen, hypertrophy was predicted to be confined to 

the exposed surfaces of the MSC-laden hydrogels. In the unconfined group, only the core of 

the construct did not calcify. These results provide support for the model hypothesis that 

chondrocyte hypertrophy is regulated by the local oxygen tension.  

Following this, the results of the DC experiments were used to develop the rule whereby 

hypertrophy is inhibited by the local octahedral shear strain. DC resulted in a decrease in 

hypertrophy and mineralisation. It also resulted, however, in a complex, and irregular spatial 

distribution of hypertrophic cartilage (Figure 5). In the unconfined DC group, hypertrophy was 

limited to the top half of the construct, while in the confined group mechanical stimulation 

nearly completely supressed calcification. The in silico models of the unconfined DC group 

predicted that hypertrophy was completely inhibited when the threshold value εhypertrophy was 

10 % or less (Figure 5B). Similarly, in the confined DC simulations, as the magnitudes of strain 

were much higher, hypertrophy was completely inhibited within the construct even if the 

value of εhypertrophy was increased to 30 % (data not shown). Based on these results it was 

hypothesised that for the in vivo simulations, the parameter εhypertrophy was within the range 

of 5 % and 10 % strain.       

Additional rules were also tested whereby hypertrophy was inhibited by the third 

principal strain and by a combination of the octahedral shear strain and the hydrostatic strain 

(Supplementary Material: Section 8.3). In the case of the third principal strain, the results 

were similar to those obtained using the octahedral shear strain rule (i.e. for both groups 

hypertrophy was inhibited below a threshold value) (Supplementary Figure 3). In the 

simulations for the final rule, where the deformation had to be compressive for hypertrophy 

to be inhibited (εhydrostatic < 0), the models were unable to predict the experimental behaviour 

(hypertrophy was not inhibited by DC) (Supplementary Figure 4). The reason for this was that 

the FE models predicted that the hydrostatic strain was approximately zero, due to the 

assumption that the fluid phase was incompressible.          
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Figure 5: Experimental and simulation results for the in vitro DC groups where chondrocyte hypertrophy was inhibited by 
the octahedral shear strain. (A; D) The spatial arrangement of calcific deposition (and chondrocyte hypertrophy) determined 
for the unconfined and confined groups after 21 days of DC. (B; E) The octahedral shear strain predicted by the unconfined 
and confined FE models at the day 0 of DC. (C; F) The predicted spatial arrangement of chondrocyte hypertrophy for the 
unconfined and confined in silico models after 21 days of DC for different values of εhypertrophy. 

3.2 Simulation of spontaneous repair; inhibition of chondrocyte hypertrophy in 

response to tissue strain 
The spontaneous repair process within an osteochondral defect was first simulated 

using our original computational model which assumed that mechanics indirectly affects 

tissue formation by regulating angiogenesis (Figure 6A). In the simulation, by week 2, 

osteogenesis at the exposed cancellous bone was predicted.  Due to the limited oxygen 

supply, however, most of the MSCs in this region differentiated into chondrocytes. At the 

same time, as a result of the oxygen supplied by the synovial fluid, fibrous tissue was 

predicted to form above a layer of cartilage at the defect surface. By week 4, as blood vessels 

penetrated further into the defect, the cartilage in the base became hypertrophic and was 

converted to bone by endochondral ossification. At this stage, the ossified tissue had formed 

in a cylindrical shape. By week 8 the advancing bone formed in an infundibuliform (funnel) 

shape as it approached the chondral region. This infundibuliform shape was retained for the 
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remainder of the simulation. Finally, by week 18 the majority of the tissue in the defect (> 90 

%) was predicted to be bone. 

The tissue differentiation algorithm was then updated to include the condition whereby 

hypertrophy was inhibited in regions of high octahedral shear strain (Figure 6B – D). The 

threshold value (εhypertrophy) was set at either 5 %, 7.5 % or 10 %. Up until week 8, all three 

models predicted the same spatial and temporal pattern of healing as that predicted using 

the original tissue differentiation algorithm. Beyond this time point, however, the updated 

model predicted a different pattern of tissue formation. Firstly, as the subchondral plate 

advanced towards the chondral region, chondrocyte hypertrophy and endochondral 

ossification were inhibited at the peripheries of the defect as a result of the high strains in 

this region. In conjunction with this, stress-shielding from the native tissues ensured that the 

magnitude of the strain in the core of the defect remained low. The result of this was that 

bone advanced towards the surface through the centre of the defect. This ensured that, from 

week 12 the advancing bone plate began to become plane with the native subchondral bone. 

Following this, the bone front was predicted to adopt a convex phase as it advanced into the 

chondral region of the defect. The main effect that the parameter εhypertrophy then had on the 

model predictions was that it determined the distance that the subchondral plate had 

advanced by week 18. This distance was smallest for εhypertrophy = 5 % (Figure 6B); by week 18 

a region of cartilage remained in the chondral phase of the defect when this value was 

implemented. Conversely, when εhypertrophy = 10 % (Figure 6D), very little cartilage was 

predicted in the defect by this time point.  

Similar results were obtained for the simulations where the different measures of strain 

were used to inhibit hypertrophy. In the case where the 3rd principal strain was used, the 

spatial pattern of bone first adopted a cylindrical shape, then infundibuliform, then planer 

and finally, a convex arrangement as the subchondral plate advanced towards the surface of 

the defect (Supplementary Figure 5B - D). Furthermore, the threshold value (εhypertrophy) 

determined the distance that the subchondral plate had advanced by week 18. This behaviour 

was also observed in the simulations where a combination of the hydrostatic strain and the 

octahedral strain were used to inhibit hypertrophy (Supplementary Figure 6B – D). In these 

simulations however, unlike in the models where hypertrophy was inhibited by either the 

octahedral shear strain or the 3rd principal strain, the advancing bone front adopted a jagged 

appearance.  
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Figure 6: Model predictions of cell differentiation at different times during the spontaneous repair of an osteochondral 
defect using: (A) our previous tissue differentiation algorithm where chondrocyte hypertrophy was regulated solely by the 
oxygen tensiom (B – D) an updated algorithm where chondrocyte hypertrophy was regulated by the oxygen tension and the 
octahedral shear strain. The parameter εhypertrophy was varied between (B) 5 %, (C) 7.5 % and (D) 10 %:  

3.3 Simulation of spontaneous repair; formation of fibrocartilage in response 

to tissue strain 
In the final part of this study the tissue differentiation algorithm was further updated to 

include the condition whereby fibrocartilage formed, in an otherwise chondrogenic 

environment, when the octahedral shear strain exceeded a critical value εfibrocartilage (Figure 7). 

The parameter εhypertrophy was fixed at 5 %, while the parameter εfibrocartilage was set at either 

10 %, 12.5 % or 15 %. The value of εfibrocartilage had a large effect on the model predictions. In 

the simulation where εfibrocartilage = 10 %, a mixture of fibrous tissue and fibrocartilage formed 

at the surface of the defect as early as week 2 (Figure 7A). By week 8, as the vascular network 

was restored to the subchondral region, bone filled the majority of the osseous phase of the 

defect and hyaline cartilage formed below the fibrocartilage within the chondral phase of the 

defect. As the simulation progressed, the subchondral plate advanced above the native 

tidemark and the hyaline cartilage was replaced with bone by endochondral ossification. 



18 
 

Hypertrophy was inhibited within the fibrocartilage, however, as a result of the high strain 

environment. By week 18 no hyaline cartilage remained in the defect. Instead the chondral 

phase was composed entirely of osseous tissue covered by a thin layer of fibrocartilage and 

fibrous tissue. 

A different pattern of tissue formation was predicted in the simulation where εfibrocartilage 

= 12.5 % (Figure 7B). In this model, by week 2, a mixture of hyaline cartilage, fibrocartilage 

and fibrous tissue formed at the surface of the defect. Furthermore, by week 8, the majority 

of the chondral phase was composed of hyaline cartilage with only a small region of 

fibrocartilage predicted at the surface of the defect. As the bone plate advanced into the 

chondral phase, however, the magnitude of the strains within this tissue were amplified and 

the hyaline cartilage was converted into fibrocartilage. By week 18, the spatial distribution of 

tissues predicted by the model was the same as that predicted in the simulation where 

εfibrocartilage = 10 %. Finally, in the model where εfibrocartilage = 15 %, very little fibrocartilage 

formed and by week 18, only a small region was predicted at the surface of the defect (Figure 

7C). 

 

Figure 7: Model predictions of cell differentiation at different times during the spontaneous repair of an osteochondral 
defect using the updated algorithm where chondrocyte hypertrophy was regulated by the oxygen tension and the 
octahedral shear strain (εhypertrophy= 5 %) and fibrocartilage could form based on the local octahedral shear strain. The 
parameter εfibrocartilage was varied between (E) 10 %, (F) 12.5 % and (G) 15 %.   
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Alternative measures of strain were used to regulate the formation of fibrocartilage 

(section 8.4), in the same way as for the hypertrophy rule. These included the first principal 

strain (Supplementary Figure 7) and a combination of the hydrostatic strain and the 

octahedral shear strain (Supplementary Figure 8). Both of these conditions produced similar 

results to the simulations where fibrocartilage was regulated by the octahedral shear strain. 

When the threshold value was sufficiently low the majority of fibrocartilage formed prior to 

week 8. When it was sufficiently high, the majority of fibrocartilage formed after the 

subchondral plate had advanced beyond the native tissue, and when it was too high no 

fibrocartilage formed within the defect.    

4 Discussion 
In a previous study we developed a computational mechanobiological model which 

predicted cell fate during the spontaneous repair process within an osteochondral defect. 

While this model successfully simulated many aspects of the regenerative process, it was 

unable to predict the spatial pattern of bone formation observed during the latter stages of 

repair. The objective of this study was thus to improve the predictive capacity of the model 

by including a series of rules whereby the local mechanical environment affected the fate of 

cartilage. Based on the findings of a number of in vitro studies which have shown that 

mechanical loading can either prevent hypertrophy and endochondral ossification of cartilage 

12–16, or promote the formation of fibrocartilage 18,19, it was hypothesised that the fate of the 

cartilage that forms within an osteochondral defect depends on both oxygen availability and 

the local mechanical environment. It was postulated that hypertrophy was supressed by 

appropriate magnitudes of local strain, while fibrocartilage formed in regions where the local 

strain was excessively high. These rules were developed by first modelling the in vitro 

bioreactor study conducted by Thorpe et al. 17. In this study, dynamic compression of agarose 

hydrogels which were seeded with MSC-derived chondrocytes led to a reduction in 

chondrocyte hypertrophy and calcification of the engineered tissue. The updated tissue 

differentiation algorithm was then used to model the spontaneous repair process within an 

osteochondral defect. The pattern of tissue formation predicted by these simulations 

matched the behaviour experimentally observed in a number of in vivo models. In addition to 

this, the models also provide insights into how mechanical loading benefits the spontaneous 

repair process by inhibiting chondrocyte hypertrophy and endochondral ossification during 



20 
 

the latter stages of repair. The models also point to the deleterious effect that loading can 

have on the process by inducing the formation of fibrocartilage in place of hyaline cartilage.   

The first objective in modelling the in vitro study conducted by Thorpe et al. 17  was to 

simulate the hypertrophic progression observed within unloaded MSC laden hydrogels, in 

order to provide additional support for our previous hypothesis that chondrocyte 

hypertrophy is inhibited by low oxygen availability. In this case, using our original tissue 

differentiation algorithm, where chondrocyte hypertrophy was regulated solely by the local 

oxygen tension, the simulations were able to predict the experimentally observed spatial 

distribution of mineralisation within the confined and unconfined constructs. Following this, 

the experimental findings that the application of DC supressed mineralization of MSC-laden 

hydrogels were used to develop the rules whereby chondrocyte hypertrophy is inhibited by 

the local strain environment. In the developed models chondrocyte hypertrophy was not 

predicted in either of the DC groups when the threshold parameter, εhypertrophy, was below a 

specific value. The model was therefore unable to predict the spatial pattern of hypertrophy 

observed in the unconfined group. This was most likely caused by the assumption that the 

constructs contained a homogeneous distribution of extra cellular matrix (ECM) components 

at the onset of DC. In reality, histological staining performed prior to the DC loading protocol 

showed that the ECM was distributed in a heterogeneous arrangement (data not shown) 17. 

In addition to this, as a result of the high oxygen tension within the top half of the construct, 

prior to the application of DC, cells within this region may have undergone hypertrophy and 

begun mineralising their surrounding tissue. These factors may then have resulted in the 

upper section of the construct being stiffer than the bottom section of the construct at the 

onset of loading. This strain shielding effect would have reduced the strains in the top half of 

the construct (where chondrocyte hypertrophy was experimentally observed) and amplified 

the strains in the bottom half of the construct (where chondrocyte hypertrophy was not 

observed). Despite these simplifications, however, the developed models were able to predict 

the general trends observed by Thorpe et al.17 whereby the application of DC led to a 

reduction in chondrocyte hypertrophy.  

In addition to the octahedral shear strain, the third principal strain and the hydrostatic 

strain were examined as inhibiters of chondrocyte hypertrophy (Supplementary Material: 

Sections 8.3 and 8.4). In the case of the latter approach, hypertrophy was inhibited in regions 

where the magnitude of the 3rd principal strain exceeded a threshold value (εmin ≥ εhypertrophy). 
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The predicted results from these simulations followed the same trends as the models where 

the octahedral shear strain was used to inhibit hypertrophy. Conversely, in the case of 

hydrostatic strain, hypertrophy was inhibited in regions where the deformation was 

compressive (εhydrostatic < 0) and appropriately high (εoct,shear ≥ εhypertrophy). These simulations 

were unable to predict the experimentally observed behaviour because the calculated 

hydrostatic strain was approximately zero in all of the models. This arose due to the 

assumptions that the fluid phase was incompressible and that the constructs had the same 

material parameters as native cartilage (i.e. low permeability). Based on these findings, the 

octahedral shear strain was considered as an appropriate measure of strain for use in the 

updated tissue differentiation algorithm where tissue strain directly influenced chondrocyte 

fate.      

Following the development of the in vitro simulations, the updated tissue differentiation 

algorithm was then used to model the spontaneous repair process within an osteochondral 

defect. The purpose of this was, firstly, to determine a value for the parameter εhypertrophy and, 

secondly, to develop an additional rule whereby excessive magnitudes of strain, coupled with 

chondrogenic conditions, resulted in the formation of fibrocartilage. By performing a series 

of parametric studies it was determined that the model where εhypertrophy = 5 % and εfibrocartilage 

= 12.5 % was most representative of the experimentally observed behaviour (Figure 8). This 

model was validated by comparing the spatial patterns of bone formation predicted in the 

simulation with those experimentally observed during the different stages of the 

spontaneous repair process 5. In this in vivo study it was reported that the osseous tissue first 

forms in a cylindrical arrangement, then an infundibuliform shape, before becoming plane 

with the native bone and eventually advancing into the chondral phase in a convex 

arrangement (Figure 8A). These different arrangements were predicted at various time points 

within the updated model.  
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Figure 8: Model Predictions for the simulations where εhypertrophy = 5 % and εfibrocartilage = 12.5 %. (A) The spatial pattern of 
bone formation within an osteochondral defect observed at different stages of the spontaneous repair process by Orth et al. 
5. (B – D) The model predictions of the spatial pattern of (B) blood vessel growth, (C) oxygen tension, (D) cell differentiation 
and (E) tissue formation at different stages of the spontaneous repair process within an osteochondral defect. 

The developed model also provides insights into the effect that the changing 

environment within the osteochondral defect has on the spontaneous repair process. Firstly, 
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during the initial stages of the repair process (< 8 weeks), as a result of stress shielding from 

the surrounding tissues, bone formation was controlled largely by oxygen. As the subchondral 

plate advanced into the chondral phase, however, the mechanical environment began to play 

a much larger role in directing endochondral ossification, most notably by inhibiting 

chondrocyte hypertrophy in the peripheries of the defect. These results imply that an 

appropriate loading regime may improve the treatment of osteochondral defects by inhibiting 

terminal differentiation and endochondral ossification within the chondral phase. This 

feature has been explored in a number of in vivo studies which have examined the effect that 

both the magnitude 7,8,11 and the timing of loading 53 has on the outcome of the spontaneous 

repair process. In all of these studies it was reported that an appropriate loading regime 

benefited the repair process by promoting the formation of stable hyaline cartilage.  

 The altering environment also affected the formation of fibrocartilage during the repair 

process. In the first 8 weeks of the simulation only a small region of fibrocartilage was 

predicted to form within the chondral phase of the defect. As the subchondral plate advanced 

above the native tidemark, however, the magnitude of the strains within this phase increased 

and the remaining hyaline cartilage was converted to fibrocartilage. These results agree with 

a number of long term in vivo studies which have reported that the hyaline cartilage which 

initially forms in the chondral phase of the defect eventually breaks down 5,54. It may thus be 

the case that, the magnitude of the strains within the newly formed chondral tissue increases, 

as the bone front advances towards the surface of the defect, as observed in the simulations. 

This may in turn lead to the formation of mechanically inferior fibrocartilage which is unable 

to withstand the loading environment of the knee joint.  

The main limitation of the current study were the FE models which were used to 

determine the local mechanical environment within the in vitro and the in vivo cases. These 

models were simplified by assuming that all of the tissues involved could be characterised as 

isotropic elastic materials. In reality, however, biological tissues are much more complex and 

require sophisticated mathematical models to accurately predict their behaviour. As a result 

of this simplification, it was only possible to predict the general behaviour rather than the 

exact magnitudes of the strain within the deforming tissue. For this reason, the threshold 

values εhypertrophy and εfibrocartilage are exclusive to the models in which they were developed and 

as a result may change as the model is used to simulate different regenerative events within 

the in vivo setting.        
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A final simplification which may limit the predictive capacity of the developed model  

arises in relation to the algorithm which was used to predict angiogenesis within the defect. 

As part of this study, our previous model of angiogenesis was updated to include a feature 

whereby blood vessels had to form a closed loop before they were considered active 32. The 

benefit of this updated algorithm was that it made the model more physiologically relevant. 

Despite this feature however, angiogenesis was still considered to be governed largely by the 

mechanical environment and the contribution of growth factors was, therefore not 

considered. Studies have shown that during regenerative events there exists a ‘cross-talk’ 

between the differentiating cells and the forming blood vessels which may affect tissue 

formation 55–58. Such a relationship has been explored as a potential mechanism which may 

be used to direct the course of endochondral ossification during the repair of osteochondral 

defects in a number of tissue engineering studies 59–61. Future work will involve updating the 

current model to include this behaviour in order to better understand the mechanisms 

involved in such approaches.   

 

Figure 9: Updated tissue differentiation algorithm where (A) MSC fate is governed by a combination of the substrate 
stiffness and local oxygen tension and (B) chondrocyte fate is governed by the octahedral shear strain and the local oxygen 
tension. 

Despite these limitations, the developed model was able to predict the pattern of tissue 

formation which has been experimentally observed during the spontaneous repair process 

within an osteochondral defect. Based on these results we propose an updated version of the 

tissue differentiation algorithm developed by Burke et al.21 where MSC fate is governed by 
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the substrate stiffness and the local oxygen tension while the chondrogenic phenotype is 

affected by the magnitude of the local octahedral shear strain and the local oxygen tension 

(Figure 9). This model is able to account for the role that mechanical loading plays on the 

quality of the repair tissue. In particular, the model provides insights into how an appropriate 

loading regime can improve the repair process by promoting the formation of stable hyaline 

cartilage. Future work will involve using the developed model to better understand the 

mechanisms involved in successful and unsuccessful tissue engineering strategies designed to 

treat osteochondral defect.   
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8 Supplementary Material 

8.1 Iterative Model 
Tissue differentiation within the osteochondral defect was simulated via an iterative 

procedure similar to the one outlined by Burke et al. 21 (Error! Reference source not found.). 

Briefly, a finite element model was used to predict the strain environment within the defect. 

The results of this were then used an inputs to a model of angiogenesis which was run in 

conjunction with models of cell migration, proliferation and death. Both the angiogenesis and 

cell models then provided inputs to an oxygen diffusion model which determined the oxygen 

environment within the defect. In this case the angiogenesis model was used to update the 

oxygen boundary condition while the cell model was used to update the oxygen consumption 

terms. Following this, cell differentiation was simulated, based on the results of the oxygen 

and cell models. Using the tissue differentiation algorithm, the phenotype of each element 

was calculated. Finally, the results of this were used to update the material parameters of 

each element of the FE model before the next iteration was run. 

 

8.2 Comparison of Angiogenesis Models 
The extent of the effect that implementing the updated model of angiogenesis had on 

the predicted course of cell differentiation was examined by comparing the results obtained 

using our original model of blood vessel growth (as outlined in our earlier study) and the 

updated model (as outlined by Carlier et al.). In the original model, all vessels were considered 

active while in the updated model, vessels only became active once they had formed a closed 

loop. Both models predicted that blood vessels had penetrated the same distance within the 

defect at Days 14, 28, 56, 84 and 126. Despite this, in the updated model, as vessels 

penetrated further into the chondral phase the number of active vessels began to decrease 

as the rate of vessel fusion exceeded the rate of vessel branching. The result of this was that, 

although both models predicted the same pattern of stem cell differentiation up until day 56, 

beyond this time point the spatial distribution of the cellular phenotypes began to differ 

between the two models. By day 84 the original model had predicted that all of the remaining 
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cartilage had become hypertrophic while in the updated model a region of cartilage remained 

above the advancing hypertrophic cartilage. Finally, by day 126, the original model had 

predicted that the entire defect had become bone while in the updated model a small region 

of fibrous tissue (< 5 % defect volume) remained at the surface of the defect. 

Overall, implementing the fusion model of angiogenesis had a small effect on the 

predicted course of tissue formation during the spontaneous repair process. Despite this, the 

fusion model was more physiologically relevant, as it ensured that the advancing bone was 

preceded by a thin region of hypertrophic cartilage. In contrast to this, in the original model, 

the preceding front of hypertrophic cartilage was much thicker and resulted in the entire 

chondral phase becoming hypertrophic prior to the advancement of the subchondral plate 

beyond the native bone.   

 

8.3 Alternative Rules for Strain Regulation of Hypertrophy 
Alternative rules for the strain regulation of hypertrophy were examined based on the 

results of in vitro studies which have reported that dynamic compressive loading inhibits 

chondrocyte hypertrophy 17,62. In the first of these, hypertrophy was inhibited in regions 

where the local third principal strain was less than a threshold value (εmin < εhypertrophy) (Note: 

the third principal strain is negative and therefore had to be less than the threshold value).  

The second rule which was examined was that hypertrophy was inhibited in regions where 

the hydrostatic strain was negative (εhydrostatic < 0) and the octahedral shear strain exceeded a 

threshold value (εoctahedral > εhypertrophy).  
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These rules were tested by using them to model both the in vitro and in vivo behaviours (Supplementary Figure 3, 
Supplementary Figure 4, 

 

Supplementary Figure 5B - D and Supplementary Figure 6B - D). For the in vitro models 

the value of third principal strain threshold (εhypertrophy) was varied between -5 %, -10 % and -

15 %. For the in vivo models these values were varied between -2.5 %, -5 % and -7.5 %. For 

the hydrostatic strain rule, in the in vitro model the threshold value (εhypertrophy) was varied 

between 5 %, 10 % and 15 % while for the in vivo model this was varied between 5 %, 7.5 % 

and 10 %.    

 

8.4 Alternative Rules for Strain Regulation of Fibrocartilage 
Alternative rules for the strain regulation of fibrocartilage were examined based on in 

vitro studies which reported that dynamic tensile loading was required to promote the 

formation of fibrocartilage. In the first of these, fibrocartilage formed in regions where the 

local first principal strain exceeded a threshold value (εmax > εfibrocartilage).  The second rule 

which was examined was that fibrocartilage formed when the hydrostatic strain was positive 
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(εhydrostatic > 0) and the octahedral shear strain exceeded a threshold value (εoctahedral > 

εfibrocartilage).  

These rules were tested by using them to model both the spontaneous repair process within an osteochondral defect (
within an osteochondral defect (

 

Supplementary Figure 5E - G and Supplementary Figure 6E - G). The value of first 

principal strain threshold (εhypertrophy) was varied between 2.5 %, 5 % and 7.5 % while for the 

hydrostatic strain rule, the threshold value (εhypertrophy) was varied between 5 %, 7.5 % and 10 

%.    
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Supplementary Figure 1: Iterative procedure for the model of the spontaneous repair process within an osteochondral defect. 
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Supplementary Figure 2: Comparison of the vascular network and course of cell differentiation predicted at Days 14, 28, 56, 
84 and 126, obtained using the early model of angiogenesis where all vessels were considered active (A, B), and the 
updated model of angiogenesis where vessels had to form a closed loop before they were considered active (C, D).  
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Supplementary Figure 3: Experimental and simulation results of the In vitro DC groups. Alcian red staining was used to 
determine the spatial arrangement of calcific deposition (and chondrocyte hypertrophy) in the (A) unconfined and (C) 
confined groups following 28 days of DC. These were compared to the predicted spatial distribution of chondrocyte 
hypertrophy from the (B) unconfined and (D) confined in silico models of the DC groups for different values of εhypertrophy 

where hypertrophy was inhibited by the 3rd principal strain. 
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Supplementary Figure 4: Experimental and simulation results of the In vitro DC groups. Alcian red staining was used to 
determine the spatial arrangement of calcific deposition (and chondrocyte hypertrophy) in the (A) unconfined and (C) 
confined groups following 28 days of DC; These were compared to the predicted spatial distribution of chondrocyte 
hypertrophy from the (B) unconfined and (D) confined in silico models of the DC groups for different values of εhypertrophy 

where hypertrophy was inhibited by a combination of the hydrostatic strain and the octahedral shear strain. 
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Supplementary Figure 5: Model predictions of cell differentiation at different times during the spontaneous repair of an 
osteochondral defect using the: (A) previous tissue differentiation algorithm where chondrocyte hypertrophy was regulated 
solely by the oxygen tension (B – D) The updated algorithm where chondrocyte hypertrophy was regulated by the oxygen 
tension and the 3rd principal strain. The parameter εhypertrophy was varied between (B) 2.5 %, (C) 5 % and (D) 7.5 %. 
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Supplementary Figure 6: Model predictions of cell differentiation at different times during the spontaneous repair of an 
osteochondral defect using: (A) our previous tissue differentiation algorithm where chondrocyte hypertrophy was regulated 
solely by the oxygen tension (B – D) an updated algorithm where chondrocyte hypertrophy was regulated by the oxygen 
tension, the hydrostatic strain and the octahedral shear strain. The parameter εhypertrophy was varied between (B) 5 %, (C) 7.5 
% and (D) 10 %. 
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Supplementary Figure 7: Model predictions of cell differentiation at different times during the spontaneous repair of an 
osteochondral defect using an updated algorithm where chondrocyte hypertrophy was regulated by the oxygen tension and 
the octahedral shear strain (εhypertrophy= 5 %) and fibrocartilage could form based on the local 1st principal strain. The 
parameter εfibrocartilage was varied between (E) 2.5 %, (F) 5 % and (G) 7.5 %. 
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Supplementary Figure 8: Model predictions of cell differentiation at different times during the spontaneous repair of an 
osteochondral defect using an updated algorithm where chondrocyte hypertrophy was regulated by the oxygen tension, the 
hydrostatic strain and the octahedral shear strain (εhypertrophy= 5 %) and fibrocartilage could form based on a combination of 
the local hydrostatic strain and octahedral shear strain. The parameter εfibrocartilage was varied between (E) 10 %, (F) 12.5 % 
and (G) 15 %. 


