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ABSTRACT: The complexity of the in vivo environment makes it is difficult to isolate the effects of specific cues on regulating cell fate
during regenerative events such as osteochondral defect repair. The objective of this study was thus to develop a computational model
to explore how joint specific environmental factors regulate mesenchymal stem cell (MSC) fate during osteochondral defect repair. To
this end, the spontaneous repair process within an osteochondral defect was simulated using a tissue differentiation algorithm which
assumed that MSC fate was regulated by local oxygen levels and substrate stiffness. The developed model was able to predict the main
stages of tissue formation observed by a number of in vivo studies. Following this, a parametric study was conducted to better
understand the dramatic impact on osteochondral healing reported in experimental studies where the rate of angiogenesis was altered.
In the simulations where angiogenesis was reduced, by week 12, the subchondral plate was predicted to remain below the native
tidemark, although the chondral region was composed entirely of cartilage and fibrous tissue. In the simulations where angiogenesis
was increased, more robust cell proliferation and cartilage formation were observed during the first 4 weeks, however, by week 12 the
subchondral plate had advanced above the native tidemark although any remaining tissue was either hypertrophic cartilage or fibrous
tissue. These results suggest that osteochondral defect repair could be enhanced by interventions where angiogenesis is promoted but
confined to within the subchondral region of the defect. � 2015 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J
Orthop Res 9999:1–11, 2015.

Keywords: spontaneous repair; osteochondral defect; computational modeling; angiogenesis; oxygen

Osteochondral defects of a certain size have the
capacity to spontaneously repair.1 This process forms
the basis of a number of different treatment strategies
for both chondral and osteochondral defect repair.2,3

The environmental factors regulating this spontaneous
repair process however remain poorly understood,
with previous computational models suggesting that
biomechanical signals may play a key role in directing
stem cell fate during osteochondral defect repair.4

Recently, excessive bone formation during joint regen-
eration has been linked with vascular invasion of the
defect site. Klinger et al.5 examined the effect of
inhibiting angiogenesis within a porcine model of
cartilage repair by microfracture. In this study, angio-
genesis was inhibited by over expressing the anti-
angiogenic factor chondromodulin 1. This resulted in
less vascular invasion, an inhibition of chondrocyte
hypertrophy and endochondral ossification, as well as
more robust hyaline cartilage formation at later time
points. Similar results were observed by Nagai et al.6

within a rabbit model of spontaneous osteochondral
defect repair, where administration of an anti-vascular
endothelial growth factor was used to inhibit angio-
genesis. Both of these studies point to the importance
of angiogenesis and associated local oxygen levels in
regulating chondrogenesis and endochondral ossifica-
tion during osteochondral defect repair.

Based on these findings and recent studies which
have shown that hypertrophy of chondrocytes is
supressed in hypoxic or low oxygen conditions,7–11 we

hypothesized that local oxygen levels are a critical
determinant of the success of osteochondral defect
repair. It is further hypothesized that limiting angio-
genesis within an osteochondral defect improves carti-
lage repair by inducing a sustained hypoxic
environment. To test this, we used a previously
developed computational model of MSC differentiation
to study the spontaneous repair process within an
osteochondral defect. The model was first used to
simulate the time-course of healing within an empty
defect. Following this, a sensitivity analysis was
performed which found that the parameters control-
ling blood vessel growth and blood vessel branching
had the greatest effect on the predicted tissue forma-
tion. Finally, a parametric study was conducted to
examine how varying these parameters affects tissue
formation within an osteochondral defect. The results
of these simulations where compared to in vivo studies
of OC defect repair under altered angiogenic states.5,6

METHOD
Iterative Procedure
Tissue differentiation within the osteochondral defect was
simulated via an iterative procedure similar to the one
outlined by Burke et al.1 (Fig. 1 and Supplementary Text
1.1). As part of this, a finite element (FE) model was used to
predict the mechanical environment within the defect
although 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.

Finite Element Model
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
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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 (Fig. 2). Similar to previous stud-
ies,4,12,13 the condyle was modeled as a flattened semi-sphere of
radius 20mm which consisted of a 1mm deep layer of cortical
bone which overlaid mature cancellous bone. The condyle was
covered with a 2mm thick layer of cartilage which was supported
by the meniscus. The tibial plateau was modeled as a rigid
contact layer, the permeability of which was assumed to be the
same as cartilage. All materials were modeled as bi-phasic,
except for the meniscus which was modeled as a solid elastic
material where a sliding interface was used to model the contact
between it and the cartilage layer. At the centre of the FE model,

a defect of size w5mm� 5mm was included. This was assumed
to be initially filled with granulation tissue. The material
properties of each tissue type are listed in Table 1. A load of
2,400N was applied over 1s based on the assumption of five to
six times subject weight (80kg) spread evenly between the
lateral and medial compartments.14

Model of Angiogenesis
Angiogenesis was modeled using a lattice based approach
similar to that outlined by Checa et al. (Fig. 3A).15 Each
lattice point had a diameter of 10mm which corresponded
with an overall lattice density of 1� 106 lattice points/mm3.
Similar to Checa et al.15 vessels stopped growing if the
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Figure 1. Iterative procedure for the model of the spontaneous repair process within an osteochondral defect.

Figure 2. Finite element model of the knee with an
osteochondral defect including boundary conditions.
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octahedral shear strain exceeded a threshold limit (eangio) or
if anastomosis had occurred. 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 1.15

Vessels grew at a constant rate (Vgrowth). Vessel direction
was governed using strain dependent rules which were based
on the in vitro study conducted by Matsumoto et al.16 and
the corresponding in silico model developed by Burke et al.17

Briefly, vessel growth was biased in the direction of mini-
mum principal strain whereby there were three potential
options in the determination of 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 grew in the
same direction as the previous iteration (Pprev) was 0.4. The
probability that a vessel grew 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 Pstrain¼ 0 at emin¼ 0 up to
maximum of Pstrain¼ 0.6 at |emin| �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 (Fig. 2). The initial number
of vessels was governed by the parameter Nangio which
denotes the proportion of lattice points on the cancellous
bone surfaces which wereQ4 invading blood vessels (Table 2).

Cell Migration, Cell Proliferation, and Cell Death
The migration and proliferation of MSCs, osteoblasts
(OBs), chondrocytes (CCs), fibroblasts (FBs), and hypertro-
phic chondrocytes (HC) was also modeled using a lattice
approach.15,18 The migration of cells was implemented
using “random walk” theory.18 Cell proliferation was
implemented in a similar fashion. The migration rate (M)
determined the number of attempted migration actions
per time step although the doubling time (DT) was the
required age of a cell before it could proliferate (Table 3).
Cell proliferation was inhibited in regions where the
oxygen concentration fell below a specific threshold value
(O2

prolif) (Table 4). If the oxygen concentration fell below a
threshold value (O2

death) then cell death was initiated.
The maximum number of cells allowed in any element
was limited to 1� 105 cells/mm.3,19 It was assumed that
5% of the lattice points on the cancellous surface of the
defect (Fig. 2) and 0.5% of the interior lattice points
contained MSCs at day 0.

Oxygen Transport
Oxygen transport within the defect was modelled using the
FE package COMSOL Multiphysics (version 4.3). The gov-
erning equation (Equation 1) was updated during each
iteration based on the number of each cell type in a specific
element. The oxygen consumption term was updated based
on the number of MSCs, CCs, OBs, FBs, and HCs, although
the oxygen production term was determined based on the
number of ECs (i.e., blood vessels).
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Table 1. Material Properties

Material
Property

Granulation
Tissue

Fibrous
Tissue Cartilage

Hypertrophic
Cartilage

Immature
Bone

Mature
Bone

Cortical
Bone Meniscus

Young’s modulus
[MPa]

1a 2a,b 10a,b 20 1,000a 6,000c 20,000c 50

Poisson’s ratio 0.167a 0.167a 0.167a 0.167 0.3a 0.3a 0.3a 0.3
Permeability 0.01a 0.01a,b 0.005a,b 0.005 0.1a 0.37d 1e-5a –
[mm4/Ns]
Solid volume
fraction

0.2a 0.2a 0.2a 0.2 0.2a 0.2a 0.2a –

aLacroixQ3 and Prendergast.38 bHori and Lewis.39 cClaes et al.40 dOchoa and Hillberry.41

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

		Granulation Tissue

		Fibrous Tissue

		

Cartilage

		Hypertrophic

Cartilage

		Immature Bone

		Mature

Bone

		Cortical Bone

		

Meniscus



		Young’s Modulus [MPa]

		1a



		2a,b



		10a,b



		20



		1000a



		6000c



		20,000c



		50





		Poisson’s ratio

		0.167a

		0.167a

		0.167a

		0.167

		0.3a

		0.3a

		0.3a

		0.3



		Permeability

[mm4/ Ns]

		0.01a



		0.01a,b



		0.005a,b



		0.005



		0.1a



		37e-4d



		1e-5a



		-





		Solid volume Fraction

		0.2a



		0.2a



		0.2a



		0.2



		0.2a



		0.2a



		0.2a



		-







[bookmark: _GoBack]a Lacroix and Prendergast 38 b Hori and Lewis  39 c Claes et al. 40 d Kelly and Prendergast 4
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dO2

dt
¼ Gr2O2 �

X6
n¼1

rn
Qmax;nO2

Km;n þO2
þQvessels ð1Þ

The oxygen diffusion coefficient G¼ 2.2� 10�3 mm2 s�1.
Oxygen consumption was modeled separately for each cell
phenotype using Michealas-Menten kinetics.20–22 In the
equation shown each phenotype was represented by n
(Table 4). For each cell type; rn 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 described using Qvessels, which was calculated
using the relationship in Equation (2).

Qvessels ¼ Ovessels
2 �O2

Kvessels 0;
;
O2 < O2

vessels

O2 � O2
vessels

(
ð2Þ

Kvessels was a temporal smoothing term used to prevent
irregular jumps in the oxygen concentration (Kvessels¼ 10 s).
O2

vessels was the minimum allowable oxygen concentration
within the element. O2

vessels was determined as a function of
vdensity, which was the percentage of lattice points within the
element containing ECs. A linear relationship was used to
calculate O2

vessels where O2
vessels¼ 0mol/mm3 for vdensity¼ 0

up to a maximum of O2
vessels¼ 101.6� 10�12mol/mm3 at

vdensity¼ vdensity, max.
It was assumed that there was a constant oxygen

tension of 101.6� 10�12mol/mm3 (10%) at the exposed
bone within the defect. Furthermore, a constant oxygen
boundary condition of 50.80� 10�12mol/mm3 (5%) was
applied to the surface of the defect in order to simulate
the nutrient supply from the synovial fluid.22 Finally, the

following three assumptions were made.22 (i) The synovial
fluid was well mixed and as such any gradients were
negligible. (ii) Oxygen transport was steady state meaning
that the effects of mechanical loading and cartilage
deformation on oxygen transport were ignored. (iii) Gra-
dients from the cell surface to the bulk tissue were
negligible.

MSC Differentiation
The rules governing MSC differentiation are outlined in
detail elsewhere19 and are graphically depicted in
Figure 3B (Supplementary Text 1.2). As adipogenesis is not
observed in the early stages of osteochondral defect repair it
was excluded from the model based on the assumption that
the stiffness of the granulation tissue was not low enough to
facilitate it.

Endochondral ossification was modeled as a two-step
process which first involved CCs becoming hypertrophic
before ossification of the tissue began.23 It was assumed that
chondrocyte hypertrophy occurred in regions where the
oxygen tension increased beyond a threshold value
(O2

hypertrophic).8,10,24 Following this, the second step depicted
the ossification process whereby HCs either transdifferen-
tiate into, or are replaced by invading OBs.23,25 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) and (2) they were in
the vicinity of an OB.

Simulations
The spontaneous repair process was simulated over a
period of 12 weeks where each iteration represented a time
period of 24 h. Using the estimated parameters, a model of
the spontaneous repair process within an untreated empty
defect was simulated. The results of this simulation were
then used as the baseline for a sensitivity analysis which
was conducted on each of the estimated parameters (Ta-
ble 5). Similar to Carlier et al.,26 each parameter was
varied between 50% and 150% of its estimated value. At
the end of each simulation the predicted quantity of each
tissue type was compared to the baseline model. Following
this, the effect of reducing and increasing the rate of
angiogenesis within an osteochondral defect was examined
by performing a parametric study where the parameters
controlling the blood vessel growth rate (Vgrowth) and the
branching rate (Lmin & Lmax) were varied with respect to
the values used in the baseline model.
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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 eangio Estimated – 0.1
Blood vessel growth rate Vgrowth Estimated mmday�1 0.1
Minimum length for branching Lmin

15 mm 0.2
Maximum length without branching Lmax

15 mm 0.5
Minimum cell age for MSC differentiation Agecell Estimated days 5
Oxygen diffusion coefficient G 19,42 mm2 s�1 2.2E-03
Initial oxygen tension O2

initial 43 mol mm�3 101.6E-12
Oxygen tension for inhibition of differentiation O2

inhibition 44 mol mm�3 5E-12
Oxygen limit for cartilage O2

cartilage 19 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

Table 3. CellQ5 Model Parameters

Model Parameter MSC CC OB FB HC

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

Migration rate [mm/h] 26.6c N/A N/A 26.6c N/A
Anoxic death rate 20 20 20 20 20
[% cells day�1]
aIsakssonQ6 et al.45 bBurke et al.33 cAppeddu and Shur46
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		Model Parameter

		MSC

		CC

		OB

		FB

		HC



		Doubling Time (days)

		0.5a

		1.5a

		1a

		0.5a

		1.5a



		Migration Rate (µm/hr)

		26.6b

		N/A

		N/A

		26.6b

		N/A



		Anoxic Death Rate (% cells day-1)

		20

		20

		20

		20

		20





a Isaakson et al.45 bAppedu and Shur 46
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RESULTS
Untreated Osteochondral Defect
At day 0, although the defect was predicted to be devoid
of vessels (Fig. 4A), the oxygen tension in the base
(Fig. 4B) was high as a result of the constant oxygen
boundary condition at the exposed cancellous bone.
Within the first 2 weeks an anoxic environment was
predicted in the core of the defect, which resulted in
reduced cell viability in this region. Cell proliferation

was confined mainly to the base, although some
proliferation was observed at the defect surface due to
the oxygen supply from the synovial fluid. By day 14,
osteogenesis was predicted at the exposed bone, how-
ever as the majority of the subchondral region was
hypoxic, most of the MSCs in this region differentiated
into chondrocytes (Fig. 4C). Conversely, at the surface
of the defect the more normoxic environment resulted
in the formation of fibrous tissue with cartilage directly
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Table 4. Oxygen Parameters For Each Cell Phenotype

Michealas–Menten Coefficients MSC CC OB FB HC

Cell type (n) 1 2 3 4 5
Max consumption rate (Qmax) [mol cell�1 h�1] 93.2� 10�15a 1.8� 10�15a,

b
93.2� 10�15a 93.2� 10�15a 1.8� 10�15a

Oxygen concentration at half max consumption
[mol mm�3]

22.5� 10�12 22.5� 10�12 22.5� 10�12 22.5� 10�12 22.5� 10�12

Oxygen concentration for cell proliferation
(O2

prolif) [mol mm�3]
40� 10�12a 10� 10�12 80� 10�12a 20� 10�12 30� 10�12

Oxygen concentration for cell death (O2
death)

[mol mm�3]
5� 10�12c 5� 10�12a 20� 10�12a 5� 10�12 5� 10�12a

aCarlierQ7 et al.26 bMalda et al.47 cZhu et al.7

Table 5. Results of the Sensitivity Analysis

Parameter Symbol Value
Granulation
Tissue [%]

Bone
[%]

Fibrous
Tissue
[%]

Cartilage
[%]

Hypertrophic
Cartilage [%]

Baseline (untreated defect) 0 78 5 0 17
Initial proportion of lattice points

which are assigned active blood
vessels [%]

Nangio 7.5 0 78 5 0 17

22.5 0 77 5 0 18
Proportion of lattice points in an

element which must contain
vessels for it to be fully
vascularised

Vdensity,max 0.1 0 83 5 0 12

0.3 0 72 5 0 22
Blood vessel growth rate [mm/day] Vgrowth 0.06 1 47 4 38 10

0.14 0 84 1 0 15
Strain threshold for inhibition of

angiogenesis [%]
eangio 5 0 72 5 12 10

15 0 78 5 0 17
Oxygen tension required for

hypertrophy [%]
O2

hypertrophy 1 0 76 5 0 19

5 0 74 5 14 7
Oxygen tension required for

endochondral ossification [%]
O2

endochondral 3 1 81 5 0 14

7 0 76 5 0 19
Minimum and maximum length for

blood vessel branching [mm]
Lmin & Lmax 0.1–0.3 0 88 2 0 10

0.3–0.7 0 58 5 23 14
Young’s modulus of the meniscus

[MPa]
Emeniscus 25 1 76 5 0 19

75 0 73 5 5 17
Required age of a cell before it has

produced enough matrix to
influence the neighbouring cells
[days]

Agechanged 1 0 79 5 0 16

5 0 68 5 0 27

The percentage of each tissue type is measured at day 84 and the standard condition is indicated in bold.
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below it (Fig. 4D). By day 28, as blood vessels pene-
trated further into the defect, a normoxic environment
formed which resulted in the cartilage in the base
becoming hypertrophic. As this was converted to bone
by endochondral ossification, the subchondral plate
advanced towards the surface of the defect. By day 35
(data not shown), all of the granulation tissue had been
replaced. The quantity of cartilage (39%) peaked at this
time and steadily decreased as it underwent hypertro-
phy and was replaced with bone by endochondral
ossification. By day 56 the advancing bone formed in an
infundibuliform (funnel) shape as it approached the
chondral region (Fig. 4C). At this time point the
majority of the tissue within the chondral region
remained as cartilage (Fig. 4D). By day 84 however, the
subchondral plate had advanced above the tidemark
and all of the cartilage had become hypertrophic
(Fig. 4D).

Sensitivity Analysis
The majority of the estimated parameters had very
little influence on the final prediction of each tissue
type (Table 5). Regarding these, varying each parame-
ter by �50% of its estimated value resulted in a
deviation of, at most, �10 percentage points from the
predicted quantity of each tissue within the baseline
simulation. The exceptions to this were the parameters
eangio, O2

Hypertrophy, Vgrowth, and Lmin & Lmax. In the

case of the first two, altering these parameters affected
the amount of cartilage which was hypertrophic at day
84. The latter two parameters influenced the degree of
vascularization within the defect which in turn regu-
lated the oxygen concentration. Varying these thus
affected both the rate at which cartilage became
hypertrophic and the rate at which hypertrophic carti-
lage was converted to bone by endochondral ossifica-
tion. In this case, either decreasing the blood vessel
growth rate, or increasing the branching limits,
decreased the predicted quantity of bone and hypertro-
phic cartilage at day 84. Conversely, increasing the
blood vessel growth rate, or decreasing the vessel
branching limits, enhanced the effect of angiogenesis
which in turn increased the predicted quantity of bone
at day 84.

Influence of Angiogenesis on Osteochondral Defect Repair
Varying the model parameters controlling the blood
vessel growth rate (Vgrowth) and the rate of vessel
branching (Lmin & Lmax) had different effects on the
predicted pattern of angiogenesis (Fig. 5 and S-Movies
1–9). Altering the vascular growth rate changed the
time it took vessels to progress from the cancellous
bone to the surface of the defect. When this parameter
was high (relative to the baseline simulation), blood
vessels had filled the defect by day 56 (Fig. 5C). When
it was low blood vessels only began to form within the
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Figure 4. Predicted pattern of (A) angiogenesis, (B) oxygen tension, (C) cell differentiation, and (D) tissue type during the
spontaneous repair of an osteochondral defect at day 0, 14, 28, 56, and 84.
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chondral phase by day 84 (Fig. 5E). Conversely,
changing the rate of branching affected the density of
vessels within a vascularized region. They did not
however affect the distance that blood vessels were
predicted to have progressed. When these limits were
low (relative to the baseline values) the rate of

branching increased and when they were high the rate
of branching decreased.

Changing the parameters controlling angiogenesis
had a large effect on the predicted patterns of MSC
differentiation and tissue formation. At day 28 how-
ever tissue formation in all of the simulations followed
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Figure 5. Results of the parametric study where Vgrowth and Lmin & Lmax are varied with respect to their respective baseline values
(Vgrowth, baseline¼0.1mm day-1; Lmin, baseline¼ 0.2mm and Lmax, baseline¼0.5mm). The predicted angiogenesis and cell phenotype
within the defect are shown for (A, B) day 28, (C, D) day 56, and (E, F) day 84.
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the same general trend (Fig. 5B) where bone formed
by intramembranous ossification in the base of the
defect and fibrous tissue formed at the surface.
Interestingly, regardless of the angiogenic parameters,
roughly the same quantity of bone was predicted
across all of the simulations at this time point. The
simulations differed however regarding the type of
tissue forming in the core of the defect. When either
the vessel growth or the branching rates were low, a
region which was almost devoid of cells was predicted
in the core. The size of this core increased when both
rates were low. Conversely, when either of the angio-
genic rates was high, and the other was at its
respective baseline value, this hypocellular region did
not form. Instead FBs and HCs were predicted above
the bone in the osseous region while the chondral
region was almost entirely filled with CCs. When both
parameters were high, CCs became hypertrophic in
the chondral region by day 28.

Similar trends were predicted at day 56 (Fig. 5D)
and day 84 (Fig. 5F). At day 56, in all simulations,
bone continued to form in the osseous region although
FBs remained at the surface. In the simulations where
either of the vascular growth or the branching rates
were low a hypocellular core remained, however this
was smaller than in the day 28 simulations. Similar
results were obtained when both rates were low. At
day 84, in these groups bone did not progress beyond
the native subchondral plate and the majority of the
chondral region was predicted to be cartilage. Con-
versely in the simulations where either or both of the
angiogenic rates were high all of the chondrocytes in
the defect became hypertrophic. This behavior contin-
ued and by day 84, the majority of the chondral region
was bone.

DISCUSSION
The objective of this study was firstly to test if the
temporal and spatial patterns of tissue differentiation
observed during OC defect repair could be simulated
using a computational model where MSC fate was
hypothesized to be regulated by local oxygen levels
and substrate stiffness. The second objective was to
use this computational model to examine how varying
the rate of angiogenesis affects the progression of
tissue formation during OC defect repair over a
12 week period. A baseline simulation was first
performed which used estimated parameters to predict
the spontaneous repair process within an untreated
osteochondral defect. A sensitivity analysis was then
conducted on these parameters in order to examine
their influence on the predicted quantities of each
tissue type. The results from this highlighted the
extent of the effect that angiogenesis, and in particular
the rates of vascular growth and vessel branching, had
on the spontaneous repair process. In the final part of
this study, the role of angiogenesis was further exam-
ined by varying the key angiogenic parameters in the
model. These simulations suggest that control of

angiogenesis is critical to successful osteochondral
defect repair.

The computational model was able to predict the
main features of osteochondral defect repair reported
in a number of different animal models. During the
first 2 weeks of repair, similar to that observed
experimentally by DePalma et al.,27 cell proliferation
was mainly confined to the base of the defect. By day
14, distinct cellular zones were observed, with OBs
predicted in the base, CCs above these and FBs at the
surface. This early spatial pattern has been described
in numerous animal models.1,28,29 As the simulation
progressed, the newly formed osseous tissue advanced
towards the surface as cartilage was converted to bone
by endochondral ossification. This advancement of
subchondral bone is one of the main features of
osteochondral defect repair.1,28,30,31 In addition to this,
the model was able to predict the early pattern of bone
formation observed by Orth et al.30 In the simulation,
at 3 weeks, bone formation took on a cylindrical shape
where very little immature bone was observed (data
not shown).30 At day 42 however, bone formation had
increased and adopted an infundibuliform shape.30

Furthermore, as observed in the literature, by day 56,
the subchondral plate remained below the native
tidemark.30,31 Finally, by week 12, the subchondral
plate was predicted to have progressed above the
tidemark although only hypertrophic cartilage
remained within the defect.6

The model predictions of spontaneous repair where
the rate of angiogenesis was lowered also agreed with
the main findings observed by Nagai et al.6 In their
study, defects which were treated with the anti-
angiogenic factor bevacizumab displayed similar pat-
terns of healing to untreated controls at day 28,
behavior which was also predicted in the simulations.
Furthermore, similar to Nagai et al.,6 at this time-
point the predominant tissue predicted within the
model was cartilage. At week 12 however, Nagai
et al.6 reported marked differences in the observed
pattern of healing between the untreated control
group and the bevacizumab treated group. In this
case, control defects consisted mainly of bone and
fibrous tissue with no evidence of cartilage tissue
persisting. This was also predicted in the baseline
simulation, where bone penetrated above the native
tidemark, although any remaining cartilage had
become hypertrophic. In contrast, in the bevacizumab
treated group, Nagai et al.6 reported that a large
portion of the tissue retained its chondrogenic pheno-
type, although bone formation was restricted to the
base of the defect. This was also observed within the
reduced angiogenesis simulations where the majority
of the chondral region was composed of cartilage and
the majority of the subchondral region was composed
of bone. These similarities between the model predic-
tions and the in vivo results provide support for the
underlying model hypotheses regarding the role of
oxygen levels in regulating MSC fate during OC defect
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repair. In particular, the results of this study provide
support for the hypothesis that limiting angiogenesis
to the osseous region of an osteochondral defect will
improve cartilage repair by inducing a sustained
hypoxic environment in the chondral region.

In the simulations where the rate of angiogenesis
was upregulated more robust tissue formation was
predicted during the first 4 weeks compared to the
other models. In this case, by day 28, although bone
formation was approximately the same, increasing the
rate of angiogenesis led to greater cell proliferation
and an increase in the quantity of cartilage observed
within the chondral phase. As this model progressed
however, the higher rate of angiogenesis resulted in
early blood vessel growth into the chondral region.
This generated a normoxic environment and by day 56
the newly formed cartilage had become hypertrophic.
These results suggest that during osteochondral defect
repair, robust tissue formation can be induced by
promoting and inhibiting angiogenesis within the
subchondral and chondral regions respectively. It is
interesting to note that within a rabbit model, in
osteochondral defects treated with a bioabsorbable
scaffold which induced regeneration of the cartilage
tissue in the superficial layer, the pro-angiogenic
factor VEGF was localized in the subchondral region
of the defect.32 In the same study, in untreated defects
VEGF was localized throughout the entire defect and
no cartilage regeneration was observed.32

One of the main issues with the current model
was that it was unable to predict the spatial patterns
of bone formation which were observed during the
later stages of the spontaneous repair process by
Orth et al.30 Orth et al.30 reported that as the
subchondral plate advances towards the native tide-
mark it changes from an infundibuliform shape,
becomes plane with the native cortical bone before
adopting a convex pattern as it progresses into the
chondral region. In all of the developed models
however, the osseous tissue retained this infundibuli-
form shape as it formed above the native tidemark.
There are a number of potential reasons for this
which will be addressed in future work. Firstly, the
current model was developed based on the findings of
Burke et al.19,33,34 who hypothesized that mechanical
loading plays an indirect role upon tissue formation
by affecting the course of blood vessel growth. In this
study we found that determining blood vessel direc-
tion using a random function, rather than with a
strain dependent algorithm,17 had only a small effect
on the predicted outcome of tissue formation (Supple-
mentary Text 1.3, Figs. S1 and S2). Based on this,
we speculate that, within an osteochondral defect,
the mechanical environment also has a direct influ-
ence on tissue formation by affecting the quality of
the cartilage tissue as well as the course of endo-
chondral ossification. Another feature which will be
addressed in future work is that the current model
did not differentiate between hyaline cartilage and

fibrocartilage. This is necessary as fibrocartilage has
been observed to form in the chondral region of the
defect.5,6,29,35,36 Furthermore, it has been hypothe-
sized that the eventual degradation of the repair
tissue is caused by differences in the biomechanical
properties of these two tissues.37

There were a number of other limitations associated
with the computational model which may have limited
its predictive capacity. Firstly, a simplified finite
element model of the femoral condyle was developed
where each tissue type was described using as an
isotropic elastic material. We are satisfied however
that the current approach sufficiently described the
mechanical environment within the osteochondral
defect. In addition to this, although similar studies to
ours have modeled the meniscus as a biphasic, aniso-
tropic material,4,12 in this study it was characterized
as an isotropic elastic material. The results of a
sensitivity analysis however confirm that the final
model predictions were reasonably insensitive to the
estimated stiffness of the meniscus.

In spite of these limitations the current model was
able to predict the main features and differences
observed during both spontaneous and angiogenically
impaired repair within an osteochondral defect. Based
on these results it was possible to determine the
mechanism by which limiting blood vessel growth
during osteochondral defect repair improves the qual-
ity of the repair tissue. In addition to this the current
study provides support for the hypotheses that MSC
differentiation is governed by both the substrate
stiffness and oxygen tension and that chondrocyte
hypertrophy is initiated in a normoxic environment.
Future work will involve updating the current model
to improve its capacity to accurately predict the spatial
patterns of tissue formation observed during the later
stages of the spontaneous repair process.
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