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A Computational Model of Osteochondral 
Defect Repair Using a Tissue Engineered 
Scaffold. 
 

Abstract 
Tissue engineering (TE) has recently emerged as a potential method with which to 

treat osteochondral defects. In order to improve these strategies, an understanding is 

required of how the cells within an implanted scaffold interact with their local environment. 

To this end, the objective of this study was to develop a computational model of an 

osteochondral defect following the implantation of a tissue engineered scaffold. In particular, 

the purpose of this was to systematically explore the relationship that scaffold design has on 

the spatial formation of cartilage and bone within the defect. In this study, tissue formation 

was predicted using a previously developed algorithm in which cell fate was dependent upon 

the local oxygen tension and the local mechanical environment. In the first part of this study, 

the model was updated to include a condition whereby mature cartilage was resistant to both 

terminal differentiation and vascularisation. The updated model was then tested by using it 

to predict tissue formation during the spontaneous repair process within an osteochondral 

defect. Following this, the model was used to simulate an osteochondral defect treated with 

different variations of a previously developed multiphasic scaffold. By comparing the results 

of the different simulations it was possible to elucidate a mechanism by which the scaffold 

promoted robust bone and cartilage formation. In particular, support was provided for a 

previous hypothesis which proposed that osteochondral defect repair can be enhanced by 

actively confining angiogenesis to within the subchondral region of the defect for a sustained 

period of time. Based on the results of this study, it was possible to expand on this by 

suggesting that this time period be no less than 10 weeks. It is possible to reduce this, 

however, by pre-culturing MSCs under chondrogenic conditions prior to implantation within 

the defect. 
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1 Introduction 
In recent years tissue engineering (TE) has emerged as a viable strategy for the 

treatment of osteochondral defects (1). The goal of these strategies is to use cells, scaffolds 

and growth factors to regenerate the damaged tissue and thus provide long term relief to the 

patient (2). While numerous advances have been made in the design of multiphasic scaffolds 

(3–5), cell culture protocols (6,7) and growth factor releasing materials (8,9), a number of 

issues still exist which limit the widespread implementation of these techniques. One of the 

most prominent of these is promoting the formation of stable bone and cartilage within the 

osseous and chondral regions of the defect respectively. In particular, the cartilage that forms 

within the chondral region of an osteochondral defect must be resistant to terminal 

differentiation in order to prevent the upward migration of the bone plate (10), a phenomena 

which has been hypothesised to contribute to the eventual break down of the repair tissue 

(11).  

In an effort to better understand the factors which promote a stable cartilage 

phenotype, a number of studies have explored the influence of various environmental and 

culture conditions on chondrogenesis and hypertrophy of adult stem cells (6,12–14). Liu et al. 

(12) demonstrated that mesenchymal stem cell (MSC) derived chondrocytes were resistant 

to both mineralisation and vascularisation if cultured in chondrogenic media for 12 weeks in 

vitro prior to subcutaneous implantation. As an extension of this, it was then demonstrated 

that MSCs maintained in vitro in hypoxic conditions remained cartilaginous in vivo, 

demonstrating that oxygen tension is a key regulator of the chondrogenic phenotype (15). 

Recognising such a relationship between vascularisation, oxygen and chondrocyte 

hypertrophy (16,17), a number of studies have reported improved cartilage formation in an 

osteochondral defect following the application of anti-angiogenic factors (18–21). Other 

studies have attempted to alter the physical characteristics of scaffolds to mimic the calcified 

layer that separates cartilage and bone in the osteochondral unit (22), thereby creating 

unique oxygen and nutrient environments in each region of a regenerating osteochondral 

defect.  

While together such studies have improved the understanding of how environmental 

factors regulate MSC fate, it is particularly difficult to systemically explore how the design of 

scaffolds and engineered constructs regulates osteochondral defect regeneration. The 

objective of this study was thus to provide a mechanistic approach to explain how design 
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changes to scaffolds might either enhance or impair osteochondral defect regeneration. To 

this end, a previously developed computational model of osteochondral defect repair was 

utilised. As part of this model, cell fate was regulated by the local oxygen tension and the 

mechanical environment (substrate stiffness and tissue strain). In the first part of this study, 

motivated by the findings of Liu et al. (12), the model of angiogenesis was extended to include 

a rule whereby blood vessel growth into regions of mature cartilage was inhibited. This model 

was developed by using it to predict the observed course of tissue formation during the 

spontaneous repair process within an osteochondral defect. The utility of the model was then 

demonstrated by using it to simulate osteochondral defect repair following the implantation 

of different variations of a scaffold developed by Da et al. (22). The premise of this scaffold 

was that it incorporated a compact layer which mimicked the calcified cartilage interface 

between the osseous and the chondral phases. We hypothesised that, during the early stages 

of healing, this compact layer serves to limit angiogenesis to the osseous phase of the defect. 

This confinement of angiogenesis then allows seeded MSCs in the chondral phase to form 

stable cartilage which, following the absorption of the compact layer, are resistant to both 

vascularisation and mineralisation. 

2 Method 

2.1 Scaffold Design 
Two different tissue engineered scaffold designs were developed in the study conducted 

by Da et al. (22). The first was a bilayer scaffold composed of an osseous and a chondral phase 

bonded directly to each other. The second was a trilayer scaffold composed of an osseous 

and a chondral phase separated by an impermeable compact layer. In both scaffolds the 

osseous layer was formed from a composite scaffold fabricated from PLGA/TCP skeleton 

wrapped in type I collagen (23) while the chondral layer was manufactured from bovine 

cartilage extra cellular matrix (24). The compact layer was formed from dense PLGA/TCP and 

was shown to be impermeable (22). Prior to implantation, bone marrow derived MSCs were 

seeded onto the different phases of the scaffold (5 x 105 cells on the osseous phase and 2 x 

105 cells on the chondral phase) (22). Following this, a custom made bioreactor was used to 

culture the cells in vitro in either osteogenic or chondrogenic media for a period of 21 days 

depending on whether they were in the osseous or the chondral phase respectively. 
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2.2 Iterative Procedure 
Tissue differentiation was simulated over a 24 week period in an empty osteochondral 

defect or a scaffold treated defect using an iterative procedure similar to the one outlined by 

Burke et al. (25) (Supplementary Material Section 8.1). In the developed models, each 

iteration simulated a time period of 24 hours. As part of this, a finite element (FE) model was 

used to predict the mechanical environment within the defect while an oxygen diffusion 

model was used to predict the local oxygen tension. The results of these simulations were 

used as inputs to models of angiogenesis and cell migration, proliferation, death and 

differentiation. 

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 0.167a 0.167a 0.167 0.167a 0.167 0.3a 0.3a 0.3a 

Permeability 

[mm4/ Ns] 
0.01a 0.01a,b 0.01 0.005a,b 0.005 0.1a 0.0037 1e-5a 

Solid Volume Fraction 0.2a 0.2a 0.2 0.2a 0.2 0.2a 0.2a 0.2a 

a (26) 
b (27) 
c (28) 

2.3 Finite Element Models 
A simplified 3D FE model of an osteochondral defect within the femoral condyle was 

constructed using the FE package FEBio (version 2.2.2, University of Utah, Technology 

Commercialization Office, 615 Arapeen Drive, Suite 310, Salt Lake City). This model was used 

to predict the biophysical stimuli generated within such a defect during gait (Figure 1). The 

developed model had the same geometry as outlined in a previous study. All materials were 

modelled as bi-phasic, except for the meniscus which was modelled 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) (29). A sliding interface was used to model the 

contact between the meniscus and the cartilage layer. A defect of size φ5 mm x 5 mm was 

included at the centre of the condyle. Depending on the simulation, this was assumed to be 

initially filled with granulation tissue (in the case of an empty defect) or either of the scaffolds 
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developed by Da et al. (22). The material properties of each tissue type are listed in Table 1. 

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 14. 

 

Figure 1: FE model and boundary conditions of an osteochondral defect for the simulations of (A) the spontaneous repair 
process and tissue formation following the implantation of the (B) bilayer scaffold and (C) trilayer scaffold , similar to that 
developed by Da et al. (22). 

2.3.1 Finite Element Models of Scaffold Treated Defects 

The scaffolds had the same dimensions as the defect and it was assumed that the repair 

tissue bonded directly to the native tissue (Figure 1B & C). For the bilayer scaffold model, the 

osseous phase was the same height as the native bone (3 mm) while the chondral phase was 

the same height as the native cartilage (2 mm). In the trilayer scaffold model the osseous 

phase had a height of 2.5 mm, the compact layer had a thickness of 0.5 mm and the chondral 

phase had a height of 2 mm. All of the scaffold materials were modelled as bi-phasic where 

the solid phase was assumed to be isotropic elastic. At day 0, the material parameters for the 

osseous phase were E = 20 MPa, k = 1 mm4 N-1 s-1, ν = 0.167 and φ = 0.9 (23). The compact 
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layer had the same properties except k = 0.00001 mm4 N-1 s-1 and φ = 0.99. Finally, for the 

chondral layer E = 2 MPa, k = 1 mm4 N-1 s-1, ν = 0.167 and φ = 0.9 (24). The scaffold material 

parameters were updated iteratively in the same way as for the spontaneous repair model. 

Regarding the trilayer scaffold group, the material parameters of the compact layer remained 

constant for a period of time (Tdegrade). After this point the material in the compact layer was 

assumed to start resorbing and cells were able to migrate into the vacant space. The material 

parameters in these elements were then updated accordingly.    

2.4 Angiogenesis 
Angiogenesis was modelled using the lattice based approach described by Checa et al. 

(30). Furthermore the rules governing blood vessel growth and direction were the same as 

those outlined in our previous study (31). 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 made up a blood vessel were considered 

inactive until anastomosis had occurred.   

As part of this study an additional feature was added to the model whereby blood vessel 

growth was inhibited by stable cartilage (33–36). It was thus assumed that blood vessels 

stopped growing if they entered an element which had been classified as cartilage for a 

sustained period of time (Tstable).  

2.5 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 (30,37). The migration of cells was implemented using 

‘random walk’ theory (37). 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
 (25). 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 (Error! Reference source not found.). If the oxygen 

concentration fell below a threshold value (O2
death) then cell death was initiated. 
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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 (30) mm 0.2 

Maximum length without branching Lmax (30) mm 0.5 

Oxygen diffusion coefficient G (25,38) mm2 s-1 2.2E-03 

Initial oxygen tension O2
initial (39) mol mm-3 101.6E-12 

Oxygen tension for inhibition of 
differentiation 

O2
inhibition (40) mol mm-3 5.48E-12 

Oxygen limit for cartilage O2
cartilage (25) mol mm-3 30E-12 

Oxygen limit for differentiation of 
immature cartilage to  hypertrophic 
cartilage 

O2
hypertrophic Estimated mol mm-3 30E-12 

Strain threshold above which 
chondrocyte hypertrophy was inhibited 

εhypertrophic Estimated % 5  

Strain threshold above which 
fibrocartilage formed 

εfibrocartilage Estimated % 12.5 

Oxygen limit for differentiation of stable 
cartilage to hypertrophic cartilage 

O2
hyp, stable Estimated mol mm-3 50.48E-12 

Time required for stable cartilage to 
form 

Tstable (6,12–14) weeks 8 - 12 

Oxygen limit for calcification of 
hypertrophic cartilage 

O2
endochondral Estimated mol mm-3 50.48E-12 

Time before the compact layer starts to 
degrade 

Tdegrade Estimated weeks 0 - 8 

2.6 Oxygen Transport 
Oxygen transport was modelled using the same method outlined in a previous study 

(31). Briefly, the cellular consumption of oxygen was modelled separately for each cell 

phenotype using Michealas-Menten kinetics (Table 4) while the oxygen supply from the 

vascular network was determined using a production term which was updated based on the 

number of active ECs within an element (Supplementary Material: Section 8.2).  
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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] 26.6b N/A N/A 26.6b N/A N/A 

O2 Concentration for Cell 

Proliferation [mol mm-3] 
40 x10-12 c  10 x10-12   80 x10-12 c 20 x10-12  30 x10-12  10 x10-12 

O2 Concentration for Cell Death 

[mol mm-3] 
5 x10-12  5 x10-12  20 x10-12 d 5 x10-12 5 x10-12 5 x10-12 

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

a (41) 
b (42) 
c (43) 

d (44) 
 

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 O2 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 

O2 Concentration at half max 

consumption (Km) [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 

a (32) 

b (43) 

2.7 MSC Differentiation and Chondrocyte Hypertrophy 
MSC differentiation was determined using an updated version of the tissue 

differentiation algorithm developed by Burke et al. (25). Briefly, MSC fate was governed by 

the substrate stiffness and the local oxygen tension (Supplementary Material: Section 8.3) 

while the chondrogenic phenotype was affected by the magnitude of the local octahedral 

shear strain and the local oxygen tension (Figure 2). Regarding cartilage fate, in regions where 

the octahedral shear strain exceeded a threshold value (εfibrocartilage), fibrocartilage formed. 

Both CCs and FCs became hypertrophic when the oxygen tension exceeded a specific value 
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(O2
hypertrophic), however this process was inhibited by sufficiently large magnitudes of strain 

(εhypertrophy < εoct, shear < εfibrocartilage). 

The model was updated to include a condition whereby a higher oxygen tension was 

required to induce hypertrophy in stable cartilage. Motivated by the findings of Liu et al. (12) 

and Leijten et al. (15), a region of phenotypically stable cartilage was considered to have 

formed after cartilage was predicted within a specific region for a sufficiently long period of 

time (Tstable); following this a higher oxygen tension (O2
hyp, stable) was required to induce 

hypertrophy. In addition to this, it was also assumed that stable cartilage was unable to 

transdifferentiate into fibrocartilage.   

 

Figure 2: 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.  

2.8 Bilayer and Trilayer Models 
Based on the scaffold design described by Da et al. (22), in both the bilayer and trilayer 

scaffold simulations, a total of 2 x 105 of the lattice points in the chondral phase were 

initialised as CCs and 5 x 105 lattice points in the osseous phase were initialised as OBs. It was 

assumed that there was a homogeneous distribution of cells throughout the construct. 

Furthermore, in the simulations, MSCs from the native tissue were able to migrate into the 

scaffold at day 0. This was implemented by assigning 5 % of the lattice points on the cancellous 

bone surface to MSCs. In the trilayer layer model, cells and blood vessels were unable to pass 

through the compact layer until it had been completely absorbed. This absorption process 

was considered to have finished at the time T = Tdegrade, at which point the compact layer was 
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no longer present in the model. In each simulation the compact layer was absorbed over a 

period of 4 weeks (ΔTdegrade = 4 weeks), as a result the absorption process was initiated at the 

time point (T = Tdegrade - ΔTdegrade). In addition to this, it was assumed that the compact layer 

inhibited the diffusion of oxygen between the osseous and chondral phases. To model this, a 

lower diffusion coefficient (Gcompact = G0/5) was initially applied to this region. In order to 

characterise the absorption of this layer, the diffusion coefficient was updated using a linear 

model where G = Gcompact at T ≤ Tdegrade - ΔTdegrade up to G = G0 at T ≥ Tdegrade. 

2.9 Study Design 
In the first part of this study, the updated model was used to simulate the time-course 

of tissue differentiation observed during the spontaneous repair process within an 

osteochondral defect (i.e. an empty defect). In this case, motivated by the in vivo study 

conducted by Liu et al. (12), the parameter Tstable was varied between 2 weeks and 12 weeks. 

The results of these simulations were compared to the results obtained using a model where 

blood vessel growth was independent of the tissue phenotype (Tstable = ∞).  

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

healing in an osteochondral defect treated with the different types of scaffolds developed by 

Da et al. (22). Firstly the model predicted the course of healing in a defect treated with the 

bilayer (compact layer free) scaffold (Figure 1B). In these simulations the parameter Tstable was 

varied between 8, 10 and 12 weeks in order to examine the effect that the maturation time 

of cartilage has on the predicted pattern of healing. Following this the model was used to 

predict the course of healing observed in a defect treated with the trilayer (compact layer) 

scaffold (Figure 1C). The purpose of this part of the study was to examine the effect that the 

absorption time of the compact layer has on the predicted course of healing. In this 

simulation, Tstable = 10 weeks and the parameter Tdegrade was varied between 4, 6, 8, 10 and 12 

weeks. This was based on the findings of Da et al. (22) who reported that the scaffold 

materials had been completely absorbed after three months in vivo.  

In the final part of this study, models were developed which simulated the course of 

healing in an osteochondral defect following treatment with either a cell-free bilayer scaffold 

or a cell-free trilayer scaffold. It was assumed that in these models the healing response was 

initiated by MSCs which migrated into the scaffold from the exposed cancellous bone at day 

0. In both models the parameter Tstable = 10 weeks and in the trilayer simulation Tdegrade = 10 
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weeks.  The purpose of this section was to examine the influence that the seeded cells have 

on tissue formation within the developed scaffold. 

3 Results 

3.1 Spontaneous repair within an empty osteochondral defect 
The length of time required for MSC derived cartilage to become phenotypically stable 

(Tstable) was predicted to impact the patterns of tissue differentiation within the defect during 

the later stages of the repair process (Figure 3).  In all of the models there was very little 

difference in the predicted behaviours for the first 8 weeks of the simulations. During this 

period, blood vessel growth was confined to the subchondral region of the defect (data not 

shown). For the opening 2 weeks of each simulation, bone formed in the base of the defect 

via intramembranous ossification. Cartilage tissue was predicted above this new bone, 

however, this soon underwent endochondral ossification as blood vessels grew further into 

defect. From week 4 onwards, bone formed mainly by further endochondral ossification. As 

the simulations progressed, the osseous front advanced towards the chondral phase of the 

defect until by week 8 it had reached the native subchondral bone. 

By week 12, the spatial patterns of tissue differentiation predicted by the various models 

had begun to differ. In the original model (Tstable = ∞), the subchondral plate continued to 

advance until by week 24 the majority of the defect was composed of bone. In the updated 

models, the general trend was that Tstable governed the quantity of stable cartilage which was 

present in the chondral phase at weeks 12 and 24 (Figure 4). When this value was low stable 

cartilage formed at an earlier time point. This in turn meant that the advancing vascular 

network and subchondral plate were halted closer to the base of the defect. As Tstable 

increased, the quantity of bone predicted in the chondral phase at weeks 12 and 24 increased 

as the volume of cartilage decreased. Finally, in the simulations where Tstable ≥ 10 the pattern 

of healing was the same as the pattern predicted by the model where Tstable = ∞.  
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Figure 3: Model predictions of cell differentiation at different times during the spontaneous repair of an osteochondral 
defect using: (A) our previous tissue differentiation algorithm where angiogenesis was independent of the tissue phenotype 
and (B - G) the updated model where the parameter Tstable was varied between (B) 2 weeks (C) 4 weeks (D) 6 weeks (E) 8 
weeks (F) 10 weeks and (G) 12 weeks.  
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Figure 4: The relative volume of the different tissue phenotypes predicted within the chondral phase of the osteochondral 
defect at the (A) 12 week and (B) 24 week time points for different values of Tstable.  

3.2 Osteochondral defect treated with a bilayer scaffold 
The updated tissue differentiation algorithm was then used to predict the pattern of 

healing within an osteochondral defect treated with the bilayered scaffold (Figure 5). For the 

first 6 weeks of the simulations this parameter had no effect on the predicted pattern of 

healing. Over this period, cartilage and a small region of fibrocartilage formed in the chondral 

layer of the defect while bone formed in the osseous phase. This mineralised tissue formed 

through a mixture of intramembranous and endochondral ossification. Regarding the latter 

process, regions of cartilage initially formed in the osseous phase as the invading MSCs 

differentiated into CCs. This occurred as a result of the low oxygen environment present in 

the core of the bilayer scaffold at the early stages of the simulations. This was eventually 

converted to bone however as blood vessels grew further into the osseous phase as the 

simulation continued. 

From week 12 onwards, the parameter Tstable had an effect on the predicted pattern of 

healing. Similar to the models of the spontaneous repair process, this parameter affected the 

quantity of stable cartilage which was predicted in the chondral phase of the defect by weeks 

12 and 24 (Figure 5B & C). In the simulation where Tstable = 8 weeks the subchondral plate had 

become plane with the native bone by week 12. By the end of the simulation, only a small 

portion of this tissue had advanced into the chondral phase, the majority of which was stable 

cartilage. Conversely, in the simulations where either Tstable = 10 weeks or Tstable = 12 weeks, 
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mineralised tissue had begun to form in the chondral phase of the defect by week 12. At this 

point the advance of the bone front had stopped and there was very little difference in the 

spatial pattern of bone predicted at 12 weeks and the pattern predicted at 24 weeks. Over 

this period the presence of the subchondral plate in the chondral phase increased the 

magnitude of the local strains at the surface of the defect, this in turn resulted in an increase 

in the quantity of fibrocartilage present in the subchondral phase. 

 

Figure 5: Results of the simulations of an osteochondral defect treated with the bilayer scaffold developed by Da et al. (22). 
(A) Model predictions of cell differentiation for different values of the parameter Tstable. (B; C)The relative volume of the 
different tissue phenotypes predicted within the chondral phase of an empty defect (Tstable = 10 weeks) and a defect treated 
with the bilayer scaffold at the (B) 12 week and (C) 24 week time points for different values of Tstable.  

3.3 Osteochondral defect treated with a trilayer scaffold 
The developed models of an osteochondral defect treated with the trilayer scaffold all 

followed the same general pattern of repair (Figure 6). In the same way as predicted in the 

bilayer scaffold simulations, bone formed in the osseous region through a combination of 

intramembranous and endochondral ossification. At the same time, cartilage formed in the 

chondral layer of the scaffold. As the models progressed, unlike in the empty defect or the 
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bilayer scaffold simulations, blood vessel growth was restricted to the osseous phase by the 

compact layer (Figure 7). In all simulations, by week 12 this layer had been absorbed and the 

osseous phase was composed entirely of bone while the chondral phase was composed 

mainly of cartilage with a small region of fibrocartilage present at the surface of the defect. 

At this time point the parameter Tdegrade had a small effect on the volume of bone predicted 

in the chondral phase (Figure 6B). 

 

Figure 6: Results of the simulations of an osteochondral defect treated with the trilayer scaffold developed by Da et al. (22). 
(A) Model predictions of cell differentiation for different values of the parameter Tdegrade. (B; C)The relative volume of the 
different tissue phenotypes predicted within the chondral phase of an empty defect (Tstable = 10 weeks) and a defect treated 
with the trilayer  scaffold at the (B) 12 week and (C) 24 week time points for different values of Tdegrade. 

By week 24, the influence that the parameter Tdegrade had on the volume of bone in the 

chondral phase became more apparent (Figure 6C). In general, the volume of bone was higher 

for smaller values of Tdegrade. This resulted in there being a lower quantity of cartilage and, in 

the case where Tdegrade = 4 weeks, a higher quantity of fibrocartilage. In the simulations where 

Tdegrade < 8 weeks, the pattern of healing was similar to the pattern predicted in the bilayer 
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simulations. Conversely, in the simulations where Tdegrade ≥ 8 weeks, the models predicted 

that there was a higher quantity of cartilage and a lower quantity of fibrocartilage compared 

to the equivalent bilayer simulation. Finally, in the model where Tdegrade = 12 weeks, no bone 

was predicted in the chondral phase of the defect.  

 

Figure 7: Comparison of the predicted spatial pattern of blood vessel formation at different time points between: (A) the 
model of the spontaneous repair process (B) the model of a defect treated with the bilayer scaffold and (C) the model of the 
defect treated with the trilayer scaffold. In all simulations Tstable = 10 weeks and for the trilayer simulation Tdegrade = 10 
weeks.        

3.4 Osteochondral defects treated with cell-free scaffolds 
In the simulation of an osteochondral defect treated with a cell free version of the 

bilayer scaffold the pattern of healing resembled the pattern predicted by the models of the 

spontaneous repair process (Figure 8). Bone initially formed in the base of the defect by 

means of intramembranous ossification while a region of cartilage formed above this in the 

core of the defect. Unlike in the models of the spontaneous repair process, the surface of the 

defect was relatively devoid of cells for the opening 4 weeks of the simulations, the result of 

this was that fibrocartilage was not observed in this region until week 8. By this stage, the 

bone front had begun to advance towards the surface of the defect as the cartilage in the 

core was ossified via endochondral ossification. Similar to the spontaneous repair process, 

stable cartilage did not have sufficient time to form before it was vascularised. The result this 

was that the subchondral plate continued to advance until by week 24 the majority of the 
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chondral region was composed of bone. By this stage, the only other tissue which remained 

in the defect was fibrocartilage.  

 

Figure 8: Model predictions of the spatial and temporal pattern of (A) angiogenesis and (B) cell differentiation in the 
simulation of an osteochondral defect treated with a cell-free bilayer scaffold developed by Da et al.(22) . 

Stable cartilage also failed to form in the model of an osteochondral defect treated with 

a cell-free trilayer scaffold (Figure 9). For the opening 10 weeks of this simulation, the 

compact layer confined blood vessel growth, as well as cell proliferation and migration to 

within the osseous phase of the defect. The result of this was that, until this layer was 

absorbed, the pattern of healing resembled that of a chondral defect i.e. no healing response 

was predicted within the chondral phase. Following the absorption of the scaffold blood 

vessels began to form within the chondral phase, this in turn allowed cells to proliferate and 

form new tissue within this region. For the first few weeks, this new tissue was composed of 

a mixture of fibrocartilage and fibrous tissue. As the simulation progressed, the fibrous tissue 

was replaced with bone which in turn caused the upwards migration of the bone plate. Finally 

by week 24, similar to the model of the defect treated with a bilayer scaffold, the chondral 

region was composed of a mixture of bone and fibrocartilage.     
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Figure 9: Model predictions of the spatial and temporal pattern of (A) angiogenesis and (B) cell differentiation in the 
simulation of an osteochondral defect treated with a cell-free trilayer scaffold developed by Da et al.(22) 

4 Discussion 
The objective of this study was to develop a computational model to better understand 

the potential mechanisms which may be utilised by TE strategies to regenerate the damaged 

tissues within an osteochondral defect. The overall goal was to develop a computational 

model of the experimental study conducted by Da et al. (22) in which the authors reported 

successful healing of an osteochondral defect following treatment with a novel multiphasic 

scaffold. As part of this, a previous in silico model of the spontaneous repair process within 

an osteochondral defect was updated to include a condition whereby mature cartilage was 

resistant to both terminal differentiation and vascularisation. This rule was developed based 

on studies which have shown that chondrocytes release anti-angiogenic factors such as 

chondromodulin-I (33,34) and troponin-I (35,36). Furthermore, studies have shown that, prior 

to subcutaneous implantation within a murine model, the time of in vitro culture of 

chondrogenically primed MSCs affects the cells’ ability to resist terminal differentiation and 

vascularisation (12,15). The updated model was tested by using it to predict tissue formation 

during the spontaneous repair process within an osteochondral defect. Following this the 

model was used to simulate an osteochondral defect treated with different variations of the 

multiphasic scaffold developed by Da et al. (22). By comparing the results of these different 

simulations we provided support for the study hypothesis that the success of the scaffold can 

be attributed to the compact layer which provided a functional barrier to angiogenesis until 
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stable cartilage had formed. These results suggest the importance of controlling angiogenesis 

when designing TE strategies for the treatment of osteochondral defects.  

A previously developed model of the spontaneous repair process within an 

osteochondral defect was used to develop the rules whereby stable cartilage was resistant to 

hypertrophy and inhibited blood vessel formation. This model was able to predict the main 

stages of the repair process which had been experimentally observed in a number of different 

in vivo studies (45,46). For this reason the temporal and spatial pattern of healing predicted 

by the updated models were compared to the results of this simulation. The parameter Tstable 

was varied between 2 weeks and 12 weeks with the purpose of examining its influence on the 

spontaneous repair process. In the simulations where Tstable < 10 weeks an altered pattern of 

healing was observed whereby cartilage was predicted in the chondral phase of the defect by 

week 24. Conversely, in the simulations where Tstable ≥ 10 weeks the updated model had very 

little effect on the predicted course of the spontaneous repair process. Interestingly, Liu et al. 

(12) reported that in order to induce MSCs to form stable cartilage, an in vitro culture time of 

greater than 8 weeks in chondrogenic media was required prior to subcutaneous 

implantation. For this reason, the models where Tstable ≥ 10 weeks are considered most 

representative of the actual behaviour experimentally observed during the spontaneous 

repair process. These results provide support for the hypothesis that, during the spontaneous 

repair process, stable cartilage does not have sufficient time to form before it is vascularised 

and converted to bone via endochondral ossification.  

Further support for the updated model was provided by the results of the simulations 

of an osteochondral defect treated with either the bilayer or trilayer scaffold developed by 

Da et al. (22). Both of these models were able to predict the features of healing which had 

been experimentally observed within this in vivo study. Regarding this, Da et al. (22) reported 

that, by 24 weeks, defects treated with either scaffold had formed cartilage and bone within 

the chondral and osseous phases respectively. This healing was more robust in the trilayer 

scaffold group where thicker cartilage was observed after 24 weeks, a feature which was also 

observed within the simulations. In addition to this, the authors also reported that the 

cartilage which formed in the trilayer scaffold group was histologically superior to the 

cartilage which formed in the bilayer scaffold group. This was also observed in the models in 

which there was a higher volume of cartilage predicted in the trilayer scaffold simulations 

(Tdegrade ≥ 8 weeks) compared to the bilayer scaffold simulations (Tstable ≥ 10 weeks). 
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The developed models also provide support for the hypothesis that the success of the 

trilayer scaffold can be attributed to the compact layer which served to confine angiogenesis 

to the osseous region until stable cartilage had formed in the chondral phase. In the 

simulations where the parameter Tdegrade ≤ 6 weeks the predicted pattern of healing was 

similar to the pattern predicted in the bilayer scaffold models i.e. the compact layer had no 

effect on the pattern of healing. Conversely, in the simulations where Tdegrade > 6 weeks a 

higher quantity of stable cartilage was predicted in the chondral phase of the defect by week 

24. These findings suggest that the model hypothesis is correct on the condition that the 

compact layer remained within the defect for a minimum period of 8 weeks. Regarding this, 

although no study to our knowledge has examined the absorption rate of PLGA/TCP in vivo, 

it has been shown in vitro that when left in a buffer saline solution, PLGA/TCP did not start 

degrading until approximately 8 weeks (47,48). Following this, the tested material then 

degraded rapidly and, depending on the culture conditions (static vs. dynamic), took between 

4 and 8 weeks to lose between 30 % and 70 % of its mass (47,48). While it has been shown 

that scaffold materials tend to have a higher absorption rate in vivo (49), these studies suggest 

that the compact layer is present within the defect for a sufficient amount of time to support 

the model hypothesis.  

  In the final part of this study, the benefit of the cell seeding and pre-culture steps were 

shown through the simulation of an osteochondral defect treated with cell free versions of 

either the bilayer or trilayer scaffolds. In both models the scaffold alone was not sufficient to 

promote regeneration of the damaged tissues. This is in agreement with TE studies which 

have examined the efficacy of cell free scaffolds as a means with which to treat osteochondral 

defects (50,51). In the case of the bilayer model, the predicted pattern of healing was similar 

to that observed in the model of the spontaneous repair process. The scaffold improved 

healing by a small degree as by both week 12 and week 24 there was a lower volume of 

fibrocartilage predicted in the chondral phase when compared to the quantity predicted in 

the equivalent model of spontaneous repair (i.e. Tstable = 10 weeks) (data not shown). This can 

be attributed to the increased stiffness of the scaffold compared to granulation tissue. In the 

case of the trilayer model, the scaffold had an adverse effect on healing when compared to 

spontaneous repair. The reason for this was that the compact layer served to inhibit the 

passage of cells from the exposed cancellous bone into the chondral phase. The result of this 

was that, although bone was able to form in the osseous phase of the defect, for the opening 
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12 weeks no tissue formed in the chondral phase. It is important to note that in the cell-free 

trilayer model, as the scaffold was absorbed, the elements in the chondral phase were 

replaced with granulation tissue. In reality however this could not happen because there were 

no cells present in this phase at the time of absorption. For this reason, the latter 12 weeks 

of the simulation are not considered representative of what would happen if a cell-free, 

trilayer scaffold was inserted into an osteochondral defect.  

There are a number of limitations associated with this study which limit the predictive 

capacity of the developed models. The first of these was that a simplified mechanism was 

used to model the behaviour whereby stable cartilage inhibits vascularisation by releasing 

anti-angiogenic factors. While this behaviour is well established experimentally (33–36), in 

the current approach the release of these factors was not explicitly modelled. Instead it was 

assumed that angiogenesis was inhibited after blood vessels formed in an element which 

contained stable cartilage. The problem with this was that by not considering the diffusion of 

these factors, mature cartilage was unable to influence the surrounding tissues. This 

‘crosstalk’ has been postulated to affect bone and cartilage formation (52) and is one of the 

mechanisms by which the compact layer in the trilayer scaffold was hypothesised to improve 

the regeneration of the damaged tissues (22). Another simplification was that stable cartilage 

had a binary effect on angiogenesis i.e. blood vessels either grew at a constant rate or were 

completely inhibited by stable cartilage. In reality, as a result of the growth factors released 

by the different cells phenotypes, the rate of blood vessels growth may vary both temporally 

and spatially within an osteochondral defect. In the case of this study, this may explain the 

reduced rate of bone formation experimentally observed at 12 weeks in defects treated with 

the bilayer scaffold compared to defects treated with the trilayer scaffold (22) (a feature not 

predicted within the developed in silico models). Regarding this mechanism, anti-angiogenic 

factors released by the chondrogenically primed MSCs in the chondral phase may have 

diffused into the osseous phase of the bilayer scaffold. This would have resulting in a reduced 

rate of angiogenesis and in turn, a slower rate of bone formation within this phase.    

Despite these limitations the developed model was able to predict the main features of 

healing experimentally observed in osteochondral defects treated with the scaffolds designed 

by Da et al.(22). These simulations provided support for the hypothesis that the compact layer 

improved cartilage formation by confining angiogenesis to the osseous phase of the defect. 

This in turn provides support for the hypothesis which we suggested in a previous study; that 
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osteochondral defect repair could be enhanced by interventions where angiogenesis is 

promoted but confined to within the subchondral region of the defect (31). Regarding the 

design of such treatments, based on the findings of this study we suggest that, in order to 

promote the formation of stable cartilage, angiogenesis should be actively confined to the 

osseous phase for a period of 10 weeks. The length of this time period can be reduced 

however by pre-culturing MSCs under chondrogenic conditions prior to implantation within 

the 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. (25) (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. 
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Supplementary Figure 1: Iterative procedure for the model of the spontaneous repair process within an osteochondral defect. 

8.2 Oxygen Transport (Detailed) 
Oxygen transport was modelled using the FE package COMSOL Multiphysics (version 

4.3).  The governing equation (Equation 1) was updated during each iteration based on the 

number of each cell type in a specific element.  

𝑑𝑂2

𝑑𝑡
= 𝐺∇2𝑂2 − ∑ 𝜌𝑛

𝑄𝑚𝑎𝑥,𝑛𝑂2

𝐾𝑚,𝑛 + 𝑂2

6

𝑛=1

 + 𝑄𝑣𝑒𝑠𝑠𝑒𝑙𝑠 

Equation 1 

Oxygen consumption was modelled separately for each cell phenotype using Michealas-

Menten kinetics. 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 was a temporal smoothing term used to prevent irregular jumps in the 

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

8.3 Tissue Differentiation Algorithm (Detailed) 
In the developed models, MSCs differentiated into CCs in regions of hypoxia (O2 ≤ 

O2
cartilage), while in normoxic regions (O2 > O2

cartilage) MSCs differentiated into OBs, FBs or 

adipocytes depending on the substrate stiffness. When the substrate stiffness was high, 

osteogenesis occurred while low substrate stiffness promoted adipogenesis (note: 

adipogenesis was excluded from the developed model). In addition to this, based on previous 

studies (25), FBs were replaced by OBs provided that they met the conditions for osteogenesis 

i.e. high substrate stiffness and normoxic oxygen tension. The substrate stiffness was 

determined based on the phenotype of the cells in the surrounding lattice points 3. The 

stiffness was considered high if the differentiating MSC was within the vicinity of a mature 

OB. MSCs had a search radius of 2 lattice points in any direction when it came to determining 

the phenotype of the surrounding cells. It was also assumed that a newly formed OB had to 

have reached a certain age (Agecell = 5 days) before it had synthesised sufficient matrix to 

affect the differentiation potential of the neighbouring cells.     

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 phenotype which made up the majority of cells. 

 

 


