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Abstract

Cartilage defects that penetrate the subchondral bone can undergo spontaneous repair
through the formation of a fibrous or cartilaginous tissue mediated primarily by
mesenchymal stem cells from the bone marrow. This tissue is biomechanically
inferior to normal articular cartilage, and is often observed to degrade over time. The
factors that control the type and quality of the repair tissue, and its subsequent
degradation, have yet to be elucidated. In this paper, we hypothesise a relationship
between the mechanical environment of mesenchymal stem cells and their subsequent
dispersal, proliferation, differentiation and death. The mechano-regulation stimulus is
hypothesised to be a function of strain and fluid flow; these quantities are calculated
using a finite element model of the tissue. A finite element model of an osteochondral
defect in the knee was created, and used to simulate the spontaneous repair process.
The model predicts bone formation through both endochondral and direct
intramembranous ossification in the base of the defect, cartilage formation in the
centre of the defect and fibrous tissue formation superficially. Greater amounts of
fibrous tissue formation are predicted as the size of the defect is increased. Large
strains are predicted within the fibrous tissue at the articular surface, resulting in
significant cell apoptosis. This result leads to the conclusion that repair tissue
degradation is initiated in the fibrous tissue that forms at the articular surface. The
success of the mechano-regulation model in predicting many of the cellular events
that occur during osteochondral defect healing suggest that in the future it could be

used as a tool for optimizing scaffolds for tissue engineering.



1. Introduction

Articular cartilage has limited reparative abilities. Purely chondral defects do not heal,
and usually progress to degeneration of the surrounding cartilage (Kim et al., 1991).
Osteochondral defects — that is defects that penetrate the subchondral bone — can
undergo spontaneous repair. Using a rabbit model, Shapiro et al. (1993) showed that
this repair is mediated by the proliferation and differentiation of mesenchymal cells
that invade the defect from the underlying bone marrow. The mesenchymal cells were
seen to differentiate into fibroblasts, chondrocytes and osteoblasts, synthesising new
bone tissue in the base of the defect by both endochondral and direct
intramembranous ossification, and synthesising cartilage tissue in the chondral region
of the defect, with a layer of fibrous tissue forming at the articular surface. However
over time the repair tissue begins to degenerate, with extensive fissuring and
fibrillation observed in the superficial layers (Shapiro et al., 1993). Despite the poor
outcome, this natural repair response still forms the rationale behind a number of
orthopaedic procedures (Hunziker, 1999).

Experimental studies have shown that several physical factors such as the size
and location of the defect, or the type of loading, can influence the quality, type and
durability of the repair tissue. For example, rabbit model studies by Salter et al.
(1982), Shimizu et al. (1987) and Kim et al. (1991) have suggested that continuous
passive motion post-operatively, followed by normal activity, results in a superior
repair tissue compared to the tissue that forms under normal activity alone. In a canine
model, DePalma et al. (1966) observed that cartilage formation in defects in non-
weight bearing areas occurred at a slower rate, and was quantitatively inferior
compared to cartilage that formed in weight-bearing areas. Shapiro et al. (1993)

observed variations in the relative proportions of fibrous tissue, fibrocartilage and



hyaline cartilage found in each defect, and attributed some of this variability to the
fact that defects were created in various places over the articular surface and hence
subject to different mechanical stresses. Convery et al. (1972) reported complete
repair in defects 3 mm in diameter in horses; however incomplete repair and
degenerative changes were observed in defects greater than 9 mm in diameter nine
months post-operatively. While these experiments suggest that the local mechanical
environment of mesenchymal stem cells within an osteochondral defect influences
cellular proliferation and differentiation, and the subsequent remodelling or
degradation of the repair tissue, no clear mechanobiological explanation for
osteochondral defect repair has yet been given.

Mechanobiological models have been developed that hypothesise a
relationship between the mechanical environment and tissue differentiation. For
example, Pauwels (1960) suggested that distortional shear stress is a specific stimulus
for the development of fibrous tissue, hydrostatic compression is a specific stimulus
for cartilage formation and ossification only occurs after the soft tissues have
provided sufficient stability to reduce mechanical stimuli below a threshold value.
Based on such ideas, mathematical models have been proposed to describe tissue
differentiation during fracture healing (Carter et al., 1988; Claes and Heigele, 1999;
Lacroix et al., 2002; Lacroix and Prendergast, 2002; Garcia et al., 2002). All of these
models have been able to predict the general patterns of tissue differentiation
observed in animal experiments and go a long way towards confirming the hypotheses
of mechano-regulated tissue differentiation. The models of Lacroix et al. (2002) and
Garcia et al. (2002) included the effect of mesenchymal stem cell invasion of the

fracture callus during healing. Stem cell access to the regenerating region was



predicted to have a considerable effect on the healing pattern and the healing rate
(Lacroix et al., 2002).

In this paper, the model of mechano-regulated stem cell differentiation by
strain and fluid flow is further developed to include features not considered previously
but which may be important for realistic simulation of strategies for tissue engineering
of connective tissues. These include the effect of mechanical stimuli on cell mitosis
and cell death, as well as the influence of the tissues present on cell dispersal rates.
The resulting algorithm for the prediction of mechano-regulated tissue differentiation
is tested by simulating the repair of osteochondral defects of different sizes, and

comparing the results to experimental observations.

2. Methods

Mechanobiological processes are driven by the local mechanical environment of the
cell. Computational techniques such as finite element modelling make it possible to
calculate the mechanical stimuli within the extracellular matrix of a regenerating
tissue. In this paper, an osteochondral defect within the knee is analysed with a finite
element model. The mechanical stimuli that would act on cells within the defect are
calculated. How they control the dispersal, proliferation, differentiation and apoptosis

of mesenchymal stem cells is explained by a set of equations described below.

Development of the mechano-regulation algorithm

Once the subchondral bone is penetrated, mesenchymal stem cells invade the defect
from the bone marrow. These stem cells can differentiate into cells of different
phenotypes i (i.e. fibroblasts, chondrocytes and osteoblasts) that produce different

connective tissues j (i.e. fibrous tissue, cartilage and bone). The dispersal of cells of a



particular phenotype i throughout the defect can be simulated by assuming the cell
population to be described by diffusive, proliferative and apoptotic processes as

follows:

%=D1V2ni +P (S =K (S)n', (1)
t

where n' denotes the number of cells of a particular cell phenotype i, D' is the
diffusion coefficient for cell phenotype i, P\(S)isa proliferation rate and K'(S) is a cell
death rate (either necrosis or apoptosis) for cell phenotype i as a function of the
stimulus S. The diffusion coefficient for cell type i moving through a volume of tissue
is calculated as the weighted average of the diffusion coefficients for each of the

tissue types j present at that site in the model, i.e.
D' =2 Dyg;., @
j=1
where Dj; is the diffusion coefficient for cell type i in tissue j, and n; is the total

number of tissue types, in this case granulation tissue, fibrous tissue, cartilage and

bone. @ denotes the volume fraction of each tissue type j such that:
2.0 =1. (3)
j=1

As the cells disperse throughout the defect, their number will increase due to
proliferation, or decrease due to cell death. The proliferative response of each cell
phenotype might be expected to be influenced by their local environment such that the
rate of change in the number of cells n' of the i phenotype depends on P'(S), the
proliferation rate for cell phenotype i as a function of a mechanical stimulus S, and
K'(S), the apoptosis rate for cell phenotype i as a function of a mechanical stimulus S.
A quadratic relationship will be assumed between cell proliferation/apoptosis and

octahedral shear strain S, such that we can write:



P'(S)n' —K'(S)n' =a+bS, +cS,”. 4)

Equation (4) can then be expressed for each cell type i in matrix form as follows:
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fibroblast
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n chondrocyte chondrocyte chondrocyte S 2
osteoblast a b c o
osteoblast osteoblast osteoblast

As cells disperse throughout the defect, they will differentiate into different cell
phenotypes depending on a local biophysical stimulus S. Following Prendergast et al.

(1997), the stimulus for differentiation S is defined as:
Yy v
S=%+—, 6
i (6)

where Y is the octahedral shear strain and v is the fluid velocity, a and b being
empirical constants (Huiskes et al., 1997). Cells can differentiate into the following
cell phenotypes and synthesise a new tissue type based on the predicted value of S:

Nresorbtion | S < Amawre  OSteoblast: mature woven bone

Nmatare | S < 1 osteoblast: immature woven bone
1[S<m chondrocyte: cartilage
S/m fibroblast: fibrous connective tissue @)

Where Aesorbtion, Mmature @Nd m represent boundaries of the mechano-regulation diagram

for tissue differentiation. In the region O [ S < Ayesorbtion DONE resorbtion occurs.



Implementation of the mechano-regulation algorithm

As a first approximation the diffusion coefficient is assumed to be the same for each
cell phenotype i passing through a particular tissue type j. Therefore:

Dinesenchymalj = Drivroblastj = Dehondrocytej = Dosteoblastj . (8)

The exact relationship between biophysical stimuli and cell mitosis and apoptosis has
not been widely investigated. Cell mitosis has been shown to depend on the cell type
(Jones et al., 1991) and the origin of the cell within the body (Brighton et al., 1991),
as well as magnitude (Jones et al., 1991), frequency and number of cycles (Kasper et
al., 2002) of the applied strain. Inter-patient variation has also been observed (Fermor
et al., 1998). Jones et al. (1991) compared the mitosis rates of two types of osteoblast-
like cells and skin fibroblasts to different magnitudes of strain. Only under the
application of large strains (10,000 pstrains) was an increase in mitosis observed in all
cell types, however these large strains were seen to cause de-differentiation of the
osteoblasts into a fibroblast-like cell. Cell apoptosis has also been shown to depend on
mechanical loading, increasing in a dose dependent manner (Loening et al., 2000). As
a first approximation it will be assumed that only fibroblasts will have a strain
dependent relationship between proliferation and mitosis, and that the proliferation of

all other cell phenotypes is independent of strain such that equation (5) can be written

as:
mesenchymal a 0 0
n mesenchymal 1
d fibroblast a b c
-~ n _ fibroblast fibroblast fibroblast (9)
chondrocyte - o ’
dt n achondrocyte 0 0 2
te, ; o
n osteoblast a 0 0

osteoblast

where Amesenchymal = chondrocyte = bone = 0.05, Afibroblast = 0, bfibroblast =2.667, Cfibroblast =

-17.778.



The values of the empirical constants of equation (6), as well as the boundaries
of the mechano-regulation diagram for tissue differentiation (equation (7)), are taken
to be the same as those used by Lacroix and Prendergast (2002) in a simulation of
fracture healing. Therefore a = 3.75 %, b = 3 ums'l, Nresorbtion = 0.01, 7imature = 0.53 and
m=3.

When cells differentiate they synthesise new extracellular matrix, and the
material properties of the repair tissue within the defect change. The material
properties of each element within the finite element model are calculated based on the
volume fraction ¢ of each tissue type within the element and the total number of cells
n. within that element. Instantaneous change of tissue type in an element was
prevented by computing the volume fraction ¢ of a particular tissue phenotype j as
the percentage of times that particular cell phenotype was predicted to form in the
previous ten iterations of the model. For example, the Young’s Modulus of each

element would be calculated as:

(nmax —n ) n ,
E = Cnmax < Egranulatirm + nmcax Z EJ¢_| ’ (10)
j=1

¢ c
where n.™ is the maximum number of cells that can occupy any one element, and E;
is the Young’s Modulus of the j™ tissue phenotype.

Each of these cellular events was implemented into an algorithm, a graphical

summary of which is presented in Fig. 1.

Implementation in osteochondral defect repair
An axi-symmetric finite element model of the knee was created which included a
meniscus, a femoral chondyle and an articular cartilage layer (Fig. 2) using Diana

(TNO, Delft, The Netherlands). A full thickness defect is incorporated into the finite



element model. The cartilage layer had a thickness of 2 mm and was assumed to be
uniform across the femoral chondyle. The femoral chondyle was approximated as a
flattened semi-sphere of radius 20 mm, consisting of a 1 mm deep layer of cortical
bone overlaying a dense cancellous bone. The tibial plateau was modelled as a rigid
contact layer, the permeability of which was assumed to be the same as cartilage. The
model was restrained radially along the axis of rotation, and in the axial direction as
shown in Fig. 2. The pore fluid pressure is set to zero at free cartilage surfaces (Fig.
2). The meniscus and the cartilage surface cannot penetrate each other in the axial
direction, however the surfaces are allowed to slide relative to each other. To
investigate the influence of defect size on the repair process, models of osteochondral
defects 5 mm, 7 mm and 9 mm in radius were created. All defects were Smm deep. To
assess the influence of mesh density on the predicted results, three mesh densities
were used for the Smm defect, the first consisting of 400 elements, the second
consisting of 1600 elements and the third consisting of 3600 elements. Complete
integration was assumed between the repair tissue and the normal tissue. An axial
ramp load of 800 N was applied over 0.5 seconds. All tissues were modelled as
biphasic using poroelasic theory. The material properties used for each tissue type is
listed in Table 1. The meniscus is modelled as transversely isotropic with a higher
stiffness in the circumferential direction (E;, E, = 0.5; E5 = 100; v, = 0.1667; vy, =
0.0015).

Initially the defect is cell free and filled with granulation tissue. The dispersal of
cells through the defect is determined by solving equation 1, assuming the

mesenchymal cells to originate from the bone marrow (Fig. 2).
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3. Results

Mesh density had only a small effect on the pattern of repair predicted within the 5
mm defect (Fig. 3a-c). Small differences can be observed between the patterns of
repair predicted by the intermediate and fine mesh and the coarse mesh, suggesting
that the coarse mesh may not be accurate enough for this analysis. The importance of
mesh density is emphasised by plotting the magnitude of strain at the articular surface
as a function of time where it is found that increasing the mesh density causes larger
octahedral shear strains to be computed at the articular surface (Fig. 4). This results in
higher cell apoptosis predictions in the surface layer of the repair tissue as
mesenchymal stem cells differentiate into fibroblasts and undergo apoptosis in the
high strain environment (Fig. 4). The predicted magnitudes of octahedral shear strain
in other regions of the defect were similar for the intermediate and fine mesh density
models. As a compromise between efficiency and accuracy, it was decided to use the
intermediate mesh density for the simulations, knowing that the only significant
difference between the intermediate and fine mesh density models may be that the
prediction of octahedral shear strain is underestimated in the very superficial region of
the repair tissue.

The simulations show that, initially, the defect is partially shielded from the
load by the intact cartilage adjacent to the defect, and the stimulus within the defect is
low. This low level of mechanical stimuli favours osteogenesis. As the repair tissue
begins to stiffen, it starts to support load, and chondrogenesis is favoured within the
centre of the defect. Fibrous tissue is predicted to form at the articular surface due to
the high magnitudes of strain and fluid flow in this region of the repairing tissue.
Specifically the sequence begins by direct intramembranous ossification in the base of

the defect. After some time, increased bone formation is predicted to occur by
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endochondral ossification, and regions of cartilage begin to differentiate into fibrous
tissue leading to a reduction in the amount of cartilage within the defect. Fibrous or
cartilaginous tissue is predicted to persist at the interface between the repair tissue and
the residual tissue due to higher than average fluid flows in this region.

Although the pattern of repair predicted within the defects is seen to be not
very dependent on the defect size (Fig. 5), size does influence the amounts of each
tissue type predicted to form within the defect (Fig. 6). After 50 iterations, greater
amounts of fibrous tissue formation (28.2% in the 9mm defect, 19.6% in the 7 mm
defect, 16% in the Smm defect) and less bone formation (46.6% in the 9mm defect,
57.7% in the 7 mm defect, 64.6% in the Smm defect) is predicted to form with
increasing defect size, indicating that the stimulus for differentiation S increases with
increasing defect size. Increasing the size of the defect is not predicted to increase cell
apoptosis at the articular surface (Fig. 7).

In all sized defects, cell apoptosis (death) at the articular surface did not,
contrary to what might be expected, lead to a reduction in cell concentration in other
regions of the defect due to migration of cells to a region of lower cell concentration.
It would seem that mitosis maintains the cell population within the defect despite
significant cell apoptosis at the articular surface. To investigate how a reduced
proliferative ability might influence cell numbers throughout the defect, the ability of
cells to proliferate was removed after 30 iterations in a second analysis of the 7mm
defect, allowing only cell apoptosis. After 30 iterations the defect is almost
completely invaded by cells as in the first analysis. However as the simulation
progresses, cell concentrations start to reduce in different regions of the defect due to

migration of cells towards the articular surface (Fig. 8).
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4. Discussion

The computational model presented here is a development of the model first reported
by Lacroix and Prendergast (2002). Although several improvements have been made
to the model, it still suffers from some of the simplifications and assumptions of the
earlier work. For instance, it is still assumed that the migration of cells into the defect
can be described by a diffusion equation, whereas cells may also be convected along
in the fluid. While the diffusion coefficient does depend on the tissue type, it is
assumed to be independent on the cell type (equation 8) in this paper. The values used
for the diffusion coefficients for each tissue type were estimates, as no relevant
experimental data could be found in the literature. In reality the diffusion coefficient
may also be different for each cell type, which would influence the rate of repair. The
theoretical model presented here could account for this should the relevant
experimental data become available. Furthermore the thresholds used in the mechano-
regulation diagram of tissue differentiation have yet to be established experimentally.
The present paper has introduced the idea of a non-linear relationship between strain
on the one hand and cell proliferation and death on the other. This idea has yet to be
proved experimentally, and in the future such relationships will need to be more
accurately defined from in vitro experiments such as those of Jones et al. (1991). No
account is made either for rate at which cells differentiate and produce matrix, nor
have we attempted to model the influences of growth factors such as TGF-B and
BMP’s, which have been shown to be possible regulators of tissue differentiation in a
mathematical model of fracture healing (Bailén-Plaza and van der Meulen, 2001).
The axi-symmetric finite element model of the knee, as well as the linear poroelastic
constitutive models of the tissues, are simplifications of a complex biomechanical

system. The fluid boundary conditions at the cartilage surfaces are also extremely
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difficult to quantify. Wu et al. (2001) argued that under biological conditions, the
fluid boundary conditions on the cartilage surface may vary from free flow to
completely sealed, depending on the local stress/strain state, local cartilage
permeability, and contact state. It was therefore decided to model the fluid boundary
conditions at the free -cartilage surface as semi-permeable. Despite these
simplifications, the model has proven capable of simulating a tissue differentiation
processes similar to that which occurs during osteochondral defect healing. The
simulations have shown how defect sizes may influence defect repair rates, and have
furthermore indicated the importance of cellular events in regulating the
differentiation process.

The model successfully predicts the patterns of cellular differentiation
observed experimentally in osteochondral defect healing. Metsédranta et al. (1996)
analysed osteonectin and collagen type I, II and III expression in order to characterise
the cellular phenotypes in the repair tissue of osteochondral defects. At early time
points, high levels of type I collagen and osteonectin expression, indicating bone
formation, were observed in the base of the defect, while superficially
undifferentiated mesenchymal cells expressed type III collagen. It was not until later
time points that collagen type II expression, an indicator of chondrogenesis, was
observed. This pattern of early bone formation within the base of the defect (iterations
1-10), followed by increased chondrogenesis at later time points (iterations 10-20), is
predicted by the computational model (Fig. 6). This correspondence between
experimental and model predictions suggests that the model is correctly capturing
some features of the tissue differentiation process. The model also successfully
predicts the distribution of different tissue phenotypes within the defect. Shapiro et al.

(1993) observed bone formation through both endochondral and direct
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intramembranous ossification in the base of the defect, cartilage formation in the
centre of the defect, and fibrous tissue formation superficially. This pattern of repair is
also observed in the model (Fig. 3 and Fig. 5), suggesting that the high strain and fluid
flow environment at the articular surface provokes fibrous tissue formation and
inhibits chondrogenesis.

As stated in the introduction, extensive degeneration has been observed in
osteochondral defect repair tissue after 6 to 12 months (Shapiro et al., 1993;
Shahgaldi, 1998). The present model can be used to help develop a hypothesis to
explain this degradation process. Firstly, fibrous tissue rather than hyaline-like
cartilage forms at the articular surface. Mechanically this fibrous tissue is inferior to
hyaline-like cartilage, and therefore it is unable to protect the fibroblasts that
differentiate there and cell apoptosis results. While the cells underneath this
superficial region maintain their proliferative ability, they provide a reserve of cells to
replenish the cells lost due to mitosis. New mesenchymal stem cells might also be
expected to invade the defect from the bone marrow. However as healing progresses,
new bone formation occurs in the base of the defect, blocking the path of
mesenchymal cells travelling from the bone marrow into the defect. It might also be
hypothesized that this new bone formation hinders the diffusion of growth factors into
the defect, thus reducing the proliferative ability of the remaining cells within the
defect. Cell proliferation might also be expected to decrease in regions of high cell
density due to limitations in space, nutrient diffusion or resources (Murray, 1993). In
such a scenario this model predicts an overall reduction in the number of stem cells
within the defect, as the rate of cell apoptosis now exceeds the limited proliferative
ability of the remaining cell population. This cellular sequence of a repair tissue that

is initially hypercellular, followed by a reduction in cell number as time progresses,
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has been observed experimentally (Shapiro et al., 1993; Mitchell and Shepard, 1976).
In the early stages of healing, this large cell population may be able to remodel and
repair the fibrous tissue at the articular surface. However as the surface strains
increase and apoptosis proceeds, the reduced cell population is no longer able to
maintain the new tissue, resulting in tissue damage at the articular surface and
eventually complete degradation of the repair tissue. This sequence of events is
depicted in Fig. 9.

The applications of the model do not end at simulating the natural repair of
osteochondral defects. For example, the model could be used to predict how a man-
made scaffold or in vitro engineered tissue would affect the repair of osteochondral
defects. Based on the results presented here it could be speculated that a critical
design criteria for a cell-seeded scaffold used to repair cartilage defects would be that
it provides a sufficiently rigid environment to maintain a viable cell population at the
articular surface, with the hope of preventing fibrous tissue formation in this region.
To this aim, the scaffold should also be designed to reduce the magnitudes of fluid
flow superficially. This could be achieved by reducing the permeability of the
scaffold at the articulating surface. The theoretical model could also be used in
different circumstances, for example in predicting tissue differentiation around
orthopaedic implants or bone defect healing in the presence of an engineered tissue.
New insights into mechano-biology will increase the predictive power of
computational models such as that presented here, making them an invaluable tool in

the future design of traditional orthopaedic and tissue engineered implants.
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Tables

Table 1: Material Properties

Granulation Fibrous Cartilage Immature Mature Cortical

tissue tissue bone bone bone
Young’s modulus (MPa) 0.2 2 10 1000 6000 17000
Permeability (m*/Ns x 10™%) 1 1 0.5 0.1 0.37 0.001
Poisson’s ratio 0.167 0.167  0.167 0.3 0.3 0.3
Diffusion co-efficient (mm?iteration) 0.8 0.1 0.05 0.01 0.01 -
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determined from concentrations
previous interation
Compute cell Run sfructural
dispersal by solving analysis o calculate
diffusion equation strain and fluid flow
Calculate cell Calculate stimulus for
mitosis and differentiation S from
apoptosis mechano-regulation
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! I

Calculate new material properties in each
element based on numiber of cells and
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'y

Fig. 1. Flow chart diagram of computational algorithm to model cell dispersal,

proliferation, differentiation and apoptosis.
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Meniscus

Tibial Plateau

Fig. 2. Axi-symmetric finite element model of the knee with an osteochondral defect.
Right: Finite element mesh illustrating loading and boundary condition. Left: 5Smm

defect (box) showing origin of mesenchymal stem cells (arrows).
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Fig. 3. Predicted patterns of tissue differentiation in 5 mm defect during simulation.
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Fig. 4. Prediction of octahedral shear strain and cell concentration at the articular
surface of the 5 mm defect. (Results taken from element adjacent to axis of symmetry
at the articular surface, i.e. element in bottom left-hand corner of mesh illustrated in

Fig. 2).
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Fig. 5. Predicted patterns of tissue differentiation in 5 mm, 7 mm and 9 mm defects

during simulation.
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Fig. 6. Percentage breakdown of each tissue type within defect during simulation.

(Note: For the purposes of this illustration granulation tissue is assumed to persist

within an element until the total cell concentration exceeds 50%).
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Fig. 7. Prediction of octahedral shear strain and cell concentration in the 5 mm defect,

the 7 mm defect and the 9 mm defect at the articular surface.
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Fig. 8. Prediction of octahedral shear strain and cell concentration in the 7 mm defect
with and without cell proliferation after 30 iterations at (a) the articular surface and

(b) in the middle zone of the repairing tissue. (Middle zone element is taken as the
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element ten up from the articular surface and ten across from the axis of symmetry).
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Fig. 9. Illustration of the hypothesised degradation process that occurs in

osteochondral defects.
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