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Abstract

Mechanical stimuli such as tissue deformation and fluid flow are often implicated as regulators of
mesenchymal stem cell (MSC) differentiation during regenerative events in vivo. However, in vitro
studies have identified several other physical and biochemical environmental cues, such as substrate
stiffness and oxygen availability, as key regulators of stem cell fate. Hypotheses for how MSC
differentiation is regulated in vivo can be either corroborated or rejected based on the ability of in
silico models to accurately predict spatial and temporal patterns of tissue differentiation observed
experimentally. The goal of this study was to employ a previously developed computational
framework to test the hypothesis that substrate stiffness and oxygen availability regulate stem cell
differentiation during tissue regeneration within an implanted bone chamber. To enable a prediction
of the oxygen levels within the bone chamber, a lattice model of angiogenesis was implemented
where blood vessel progression was dependent on the local mechanical environment. The model
successfully predicted key aspects of MSC differentiation, including the correct spatial development
of bone, marrow and fibrous tissue within the unloaded bone chamber. The model also successfully
predicted chondrogenesis within the chamber upon the application of mechanical loading. This study
provides further support for the hypothesis that substrate stiffness and oxygen availability regulate
stem cell differentiation in vivo. These simulations also highlight the indirect role that mechanics may
play in regulating MSC fate by inhibiting blood vessel progression and hence disrupting oxygen

availability within regenerating tissues.



1. Introduction

While it is well established that soluble factors, such as transforming growth factor beta (TGF-p)
(Joyce et al. 1990) and bone morhogenetic proteins (BMPs) (Bostrom et al. 1995), regulate
mesenchymal stem cell (MSC) differentiation during tissue regeneration, it is becoming increasingly
clear that mechanical cues also play a key role in determining the fate of such cells. Mechanical
stimuli such as tissue deformation, fluid flow and hydrostatic pressure are often implicated as
regulators of tissue differentiation in vivo (Carter et al. 1988; Claes and Heigele 1999; Prendergast et
al. 1997). In addition, in vitro studies have identified several other physical and biochemical
environmental stimuli as key regulators of MSC differentiation. For example, the stiffness of the local
matrix has been shown to be intimately linked to MSC differentiation, where an osteogenic phenotype
is promoted by a stiff substrate, while adipogenesis is enhanced by exposure to a soft substrate
(Engler et al. 2006; Park et al. 2011; Dupont et al. 2011). Oxygen availability is another known
regulator of MSC differentiation (Holzwarth et al. 2010; Fehrer et al. 2007; Yun et al. 2002; Kanichai
et al. 2008; Meyer et al. 2010; Hirao et al. 2006). Both adipogenesis and osteogenesis have been
shown to be diminished under low oxygen conditions (Holzwarth et al. 2010; Fehrer et al. 2007; Yun
et al. 2002), whereas chondrogenesis is promoted by hypoxia (Kanichai et al. 2008; Meyer et al. 2010;
Hirao et al. 2006).

One of the main challenges associated with in vivo studies of stem cell fate is to accurately isolate and
relate specific environmental stimuli to the temporal and spatial patterns of differentiation that occur
during development or tissue regeneration. In silico studies can be used to predict the state of the local
environment experienced by stem cells during complex developmental or regenerative events. As
such, hypotheses for how MSC differentiation is regulated in vivo can be either corroborated or
rejected based on the ability of in silico models to accurately predict spatial and temporal patterns of
tissue differentiation observed experimentally (Carter et al. 1988; Claes and Heigele 1999;
Prendergast et al. 1997; Lacroix and Prendergast 2002; Kelly and Prendergast 2005; Loboa et al.
2001; Geris et al. 2003; Khayyeri et al. 2009). For example, fracture repair, having been studied
experimentally for decades, is probably the most extensively employed regenerative event for testing
hypotheses for how various environmental factors regulate MSC differentiation. Hypotheses where
tissue differentiation is regulated by mechanical stimuli (Lacroix and Prendergast 2002; Prendergast
et al. 1997; Carter et al. 1988; Claes and Heigele 1999; Isaksson et al. 2006; Gomez-Benito et al.
2005), biochemical factors (Geris et al. 2008; Geris et al. 2010a; Peiffer et al. 2011) or a combination
of oxygen availability and substrate stiffness (Burke and Kelly 2012; Burke et al. 2013) have all been
partially corroborated by comparing model predictions of fracture repair to experimental observations.
However, a robust test of a given hypothesis requires undertaking multiple experiments attempting to

falsify the hypothesis. In the context of testing such tissue differentiation hypotheses within an in



silico framework, the greater the number of scenarios in which the underlying model hypothesis is
subjected to attempted falsifiability, but ultimately corroborated, the stronger the hypothesis becomes
(Khayyeri et al. 2013).

It has been previously demonstrated that is it possible to simulate the temporal and spatial patterns of
tissue differentiation during facture repair using a computational model where MSC differentiation is
regulated by local oxygen availability and the stiffness of the surrounding substrate (Burke et al.
2013; Burke and Kelly 2012). To further test this bioregulatory theory, it is necessary to investigate if
such a model could be used to successfully predict MSC differentiation during other regenerative
events. The mechanically loaded bone chamber, as described by Tagil and Aspenberg (Tagil and
Aspenberg 1999), provides a well-defined mechanical environment and has previously been shown
suitable for testing the validity of tissue differentiation hypotheses (Khayyeri et al. 2011; Khayyeri et
al. 2009; Geris et al. 2010b). Partial corroboration for a tissue differentiation model where MSC fate
is regulated by octahedral shear strain and relative fluid velocity has previously been provided
(Khayyeri et al. 2009). The model could successfully predict some important aspects of tissue
differentiation within the chamber (for example cartilage formation upon the application of loading),
but could not predict others such as fibrous tissue formation under unloaded conditions. Furthermore,
this model did not incorporate a specific hypothesis for how environmental factors might impact the
establishment of a marrow cavity. To enable the accurate simulation of the regenerative process
inside the bone chamber, it was first sought to develop a model that could adequately describe the
process of angiogenesis such that the local levels of oxygen within the bone chamber could be
predicted. To this end a lattice-based model of angiogenesis capable of simulating blood vessel
growth in both mechanically loaded and unloaded conditions was developed. This was coupled this
with a previous theory of tissue differentiation (Burke and Kelly 2012) in a combined lattice and finite
element based computational framework to test the hypothesis that substrate stiffness and oxygen

availability regulate stem cell differentiation in vivo within an implanted bone chamber.

2. Methods

2.1 Bone Chamber Experiment

In the experimental study performed by Tagil and Aspenberg (Tagil and Aspenberg 1999), a threaded
titanium chamber was formed from two semi-cylinders held in place by a hexagonal closed screw cap.
The bottom end of the chamber was surgically screwed into the tibia of male Sprague-Dawley rats.

Two openings at the implanted end allowed tissue ingrowth into the front of the chamber (Figure 1A).

A mechanical stimulus was provided by a manually loaded piston (loaded group), whereas the



unloaded group did not receive any mechanical stimulus. The loaded group wasn’t subjected to any
mechanical stimulus for the first 3 weeks of the study, followed by 6 consecutive weeks of loading.
The unloaded group was not subjected to any loading for the duration of the 9 weeks. Full

experimental details are available elsewhere (Tagil and Aspenberg 1999).

2.2 Bone Chamber Finite Element Model

A 3-dimensional FE model consisting of 14,200 finite elements was created to predict the mechanical
environment within the inner bone chamber (Khayyeri et al. 2009; Tagil and Aspenberg 1999) (Figure
1B). Biphasic material properties were adopted (Table 1). The applied boundary conditions (Figure
1B) allowed fluid flow from ingrowth openings and also from the small area between the piston and
the wall at the top (distal region) of the chamber, constrained radial displacements along the chamber
walls and axial displacement at the chamber base. The described model was implemented into the
commercial finite element software package MSC Marc (version 2008r1, MSC Software Corporation,
Santa Ana, CA).

2.3 Cell migration and proliferation

Models of cell migration and proliferation were implemented using a lattice based approach. Within
this approach, each finite element was discretised into a 3 dimensional lattice consisting of 1000
lattice points (10 points in each dimension) (Figure 2B). Each lattice point represented a potential
position for a cell and its immediate extracellular matrix. All finite elements were cubic with side
length of 0.1mm giving each lattice point a spacing of 10 pum. Cell migration was implemented as a
stochastic process by filling the allotted new cell position and vacating the previously filled position
using random walk theory (Perez and Prendergast 2007; Byrne et al. 2011). Each cell attempted to
migrate randomly into one of the adjoining lattice position. Should the adjoining cell position be
occupied, the cell remains in its original position. Cell proliferation was implemented in a similar
fashion by filling the allotted new cell position (with a “daughter” cell) while the previously filled
position remained filled (with the “parent” cell). Migration/proliferation was limited only if the
adjoining cell position is occupied. Phenotype specific migration (M) and proliferation (P) rates
(Table 2) determined the number of attempted migration or proliferation actions per 12h iteration (see
Tissue Differentiation section for more information on iterative procedure). 30% of cells positions in
the ingrowth holes where initially filled with MSCs (Khayyeri et al. 2009). 5% of all other cell
positions up to the height of the ingrowth holes were also randomly filled with MSCs. MSCs could
only differentiate once the minimum age for differentiation (Agegir) was reached (Khayyeri et al.
2009) (Table 3).



2.4 Angiogenesis and oxygen transport

Angiogenesis was also modelled using a lattice based approach, similar to Checa and Prendergast
(2009) (Checa and Prendergast 2009), where capillaries were modelled as a consecutive sequence of
lattice points filled with endothelial cells (Marlovits et al.). Vessel growth occurred at a constant rate
(V) (Table 3) and could occur in either a random direction or the previous direction of growth with
equal probability. Endothelial cell death occurred where the local octahedral shear strain exceeded a
threshold value (y*"°) (Table 3). Capillaries were permitted to branch and form new vessels, the
probability of which occurring was a function of the length of the vessel. Ly, represents the minimum
length for a sprout to branch, while Ly, represents the maximum length for a non-branching sprout
(Table 3). Should two capillaries meet, anastmosis (fusion) occurred. Cell position in the ingrowth
holes were initially filled with 30% endothelial cells as the initial source of blood vessels. Oxygen
transport was simulated as a diffusive process, the boundary conditions of which were dependent
upon the state of the blood supply (Burke and Kelly 2012; Burke et al. 2013). Similar to studies of
other tissue regenerative events (Burke and Kelly 2012; Burke et al. 2013) and consistent with oxygen
tension measurements inside a similar bone chamber experiment (Listrom et al. 1988), oxygen

availability was initially assumed to be high in the chamber. As the simulation progressed, oxygen (
0, ) diffused from blood vessels and was consumed at a rate calculated as the product of a cellular
consumption rate (Q) and cell density (Nn) (see equation 1 below) (parameters used in the model of

oxygen transport are available in Table 3). Cell density was determined from the number of filled

lattice points at a given location.

€, _ GV?0,-Qn (1)
dt
2.5 Tissue Differentiation

In this study, the process of MSC differentiation was regulated by substrate stiffness and oxygen
availability (Burke and Kelly 2012) (Figure 2A). In brief, this theory proposed that osteogenesis and
adipogenesis were inhibited in regions of hypoxia, while chondrogenesis was promoted is such a low
oxygen environment (defined as regions in which the local oxygen drops below a threshold value (O,
cartilage) (Table 3)). Where a sufficient oxygen supply existed, differentiation was regulated by the
stiffness of the local substrate. A high substrate stiffness promoted osteogenesis, whereas low

substrate stiffness promoted adipogenesis (It was further assumed that adipogenesis would further



support the establishment of bone marrow). Fibrogenesis was predicted in regions of the chamber

where none of these conditions were upheld.

The substrate stiffness stimulus at any point in the model is dependent upon the phenotype of
surrounding lattice points. Engler et al refer to MSC differentiation regulated by the ‘‘elasticity of the
microenvironment’’ of the cell (Engler et al. 2006). For example, the stiffness of osteoid matrix
produced by osteoblasts is approximately 30 kPa, however, the stiffness of woven bone itself is orders
of magnitude higher (in the order of GPa). In this tissue differentiation model, osteogenesis occurs
when stem cells are adjacent to newly formed bone and hence in contact with osteoid as a substrate
(and similarly for adipogenesis). In this implementation, specific threshold values of stiffness are

therefore not required.

Tissue differentiation within the bone chamber was simulated via an iterative procedure (Figure 3).
Within each iteration, a prediction of mechanical stimuli, cell phenotypes and densities, blood supply
and oxygen availability is generated in order to enable the local phenotype predictions to be
determined. Each iteration was 12 hours. In the computational model, a soft substrate stimulus was
assumed along the base of the chamber which sits in the host marrow. The chamber walls were
assumed to provide a stiff stimulus. Differentiated adipose tissue was also assumed to provide a soft
substrate stimulus for further adipogenesis, while extracellular osteoid from differentiated osteoblasts
was assumed to provide a stiff substrate stimulus for further osteogenesis. The process of
endochondral ossification occurred in the model when a chondrocyte experienced a stiff (osteogenic)
stimulus and the region was invaded by blood vessels. These (would-be hypertrophic) chondrocytes
were removed through apoptosis to be replaced by the osteoblasts of the oncoming bone front.
Fibroblasts subjected to an osteogenic stimulus also underwent apoptosis and new bone replaced the
existing fibrous tissue (a process similar to intramembranous ossification where ossification initiates
on a fibrous connective tissue membrane). Apoptosis occurred at a rate D which determined the
proportion of existing cells undergoing apoptosis in that particular iteration (Table 2). Different cell
types synthesizing matrix of drastically different properties could exist within a single element,
therefore a rule of mixtures was implemented to determine the properties of each element (Byrne et al.
2007). To prevent unphysiologically rapid changes in material properties, values were averaged over
the last 10 iterations (Lacroix and Prendergast 2002). Also, should a finite element become dominated
by one cell type (defined as at least 50% of the cell positions in an element which has a minimum of
100 cell positions occupied), other cell types within the element are also assumed to undergo

apoptosis.

2.6 Simulations



As per experimental protocol (Tagil and Aspenberg 1999), tissue differentiation predictions in loaded
and unloaded conditions were compared. Loading was simulated in the finite element model via the
application of a pressure of 2MPa (Khayyeri et al. 2009) on the top surface of the ingrowing tissues.
The pressure was applied via a linear ramp from 0 to 2 MPa in 0.3s followed by holding at 2 MPa for
a further 2.7s (Khayyeri et al. 2009). The time-course of both groups was computed in a series of 12
hour iterations (Figure 3). The bone chamber was initially assumed to be filled with granulation
tissue. In each iteration, the progression of angiogenesis was simulated based on the prevailing local
biophysical stimulus. Cells migrated, proliferated and depending on the calculated oxygen availability
and substrate stiffness, the MSCs differentiated into different cell phenotypes. At the end of each
iteration, the material properties of the bone chamber FEM were updated (see Figure 3). The time-
dependent tissue differentiation process inside the bone chamber was simulated for 9 weeks,

following Tagil and Aspenberg’s experimental protocol (Tagil and Aspenberg 1999).

The authors of the bone chamber experiments reported that a dichotomous result was observed
histologically for the loaded case (Tagil and Aspenberg 1999). In approximately half the loaded cases,
cartilage was not observed. Additional simulations were performed with altered model parameters to
investigate several possible explanations for such a dichotomy. It is possible that MSC density may be
different in the marrow of different animals. It is also possible that as pressure was applied manually
through the experiments, variability in the magnitude of this stimulus may have occurred. As a result,
simulations were performed with altered MSC density (20%, 30%, 50%) and varied magnitude of
applied pressure at the top of the cortex (LMPa, 2MPa, 3MPa) to investigate such potential
mechanisms. It was assumed in the experiment that the ingrowth holes lay fully in the marrow cavity,
but it may be possible that the upper cortex restricts MSC access to the chamber (that normally occurs
via the ingrowth holes). Therefore, a simulation with partially blocked ingrowth holes was also
performed (where the upper 1/3 of ingrowth holes were blocked to simulate potential inconsistent

implant positioning during surgery).

3. Results

Predominately fibroblastic differentiation was predicted within the bone chamber during the first three
weeks of the study when no external mechanical loading was applied (Figure 4 and Figure 6).
Osteogenic and adipogenic differentiation was initially predicted to be confined to areas immediately
adjacent to the chamber holes, with increased adipogenesis by week 3. Early osteogenic
differentiation was predicted to occur primarily along the chamber walls, firstly in the regions around
the ingrowth holes at the front of the chamber and then progressing toward the back region of the

chamber. Adipogenesis were predicted more homogeneously along the proximal (bottom) region of



the chamber but again began at the front of the chamber progressing towards the back (Figure 5).
Blood vessels progressed in a random fashion from the ingrowth holes to fill the majority of the
proximal region of the chamber by the end of week 3, with the exception being a region at the back of
the chamber which remained unserved by vessels. As ho mechanical loading was applied for the first

three weeks, similar predictions were made for the loaded and unloaded cases during this time period.

From week 3 to week 6, new osteoblasts and adipocytes were predicted to occupy a larger part of the
unloaded bone chamber (Figure 4 and Figure 6). Osteoblasts were predicted to spread radially inwards
from the walls towards the centre of the chamber (Figure 5 and Figure 7). Osteoblastic differentiation
was also predicted in more distal regions of the chamber, but bone was still more prominent closer to
the ingrowth holes than the back of the chamber (Figure 4 and Figure 6). Homogenous adipogenic
differentiation was predicted in the proximal region of the chamber. An increase in fibroblastic
differentiation was predicted in the distal region of the chamber, with apoptosis of fibroblasts
predicted in the proximal region of the chamber. All of this was similar for both loaded and unloaded
cases. A small number of MSCs were predicted to differentiate into chondrocytes in the upper (distal)
regions of the chamber for the loaded case. Such chondrogenesis was not predicted in the unloaded
case. In the unloaded case, blood vessels were predicted to fill the remaining empty regions at the
back of the chamber and to also progress further up the chamber. In the loaded case, this progression

into the back and distal regions of the chamber was predicted to be much slower.

At the end of the 9 week simulated period, osteoblasts were predicted to bridge across the centre of
the chamber. In the lower chamber osteoblasts primarily existed along the chamber walls (Figure 4
and Figure 6). At the end of the 9 week simulation, the total amounts of each tissue type within the
chamber were computed (Figure 8). There was slightly more bone predicted to form in the unloaded
case (36.8% versus 31.8% observed experimentally), with osteoblastic differentiation predicted
further up the chamber also. By week 9, adipogenesis was predicted almost homogeneously across the
proximal region of the chamber, with new marrow tissue making up 34.8% and 33.2% of the neo-
tissue within the chamber for the unloaded and loaded cases respectively (Table 4 and Figure 8).
Fibroblasts were predicted to persist in the distal regions of the chamber, but underwent apoptosis and
were replaced by osteoblasts and adipocytes in lower regions of the chamber for both loaded and
unloaded cases (Figure 5 and Figure 7). Blood vessels approached the distal region in the loaded case,
but in the unloaded case extend further up into the chamber. Greater levels of chondrogenesis were
predicted in the distal regions of the loaded chamber, with cartilage making up approx 2.5% of total

tissue content by at week 9 (Table 4 and Figure 8). No cartilage was predicted in the unloaded case.

The effect of parameter variations theorised as possible explanations for the dichotomous result
observed experimentally (Tagil and Aspenberg 1999; Khayyeri et al. 2009) in the loaded case is

summarised here (data not shown). Decreasing the magnitude of applied pressure to 1MPa from



2MPa for the loaded case resulted in very little change in differentiation because a similar sized
region of high strain suppressing angiogenesis was still predicted. Increasing the magnitude from
2MPa to 3MPa led to slightly more blood vessel inhibition in the distal regions of the chamber and
hence a small increase in the number of chondrocytes and a small decrease in the number of
osteoblasts predicted. Altered implant positioning resulted in all tissues forming lower down in the
chamber. Partially blocking the holes in the proximal end of the chamber was predicted to increase
adipogenic differentiation and reduce fibrogenic differentiation. Chondrogenic differentiation was still
predicted in a similar quantity to the baseline simulation. Increased initial MSC density (from 30% to
50%) results in increased chondrogenic differentiation as a result of higher cellular oxygen
consumption. Other tissue type predictions remained similar in terms of both positioning and tissue
fraction percentage. Decreased initial MSC density (from 30% to 20%) predicts delayed and
decreased chondrogenic differentiation with all other tissue fractions remaining similar. Also, the
majority of tissue formation occurred more towards the proximal end of the chamber.

4. Discussion

In vitro studies have identified biochemical cues (Knippenberg et al. 2006; Pittenger et al. 1999),
mechanical signals such as hydrostatic pressure and tissue deformation (Haudenschild et al. 2009;
Takahashi et al. 1998), as well as substrate stiffness (Engler et al. 2006; Park et al. 2011) and oxygen
availability (Holzwarth et al. 2010; Fehrer et al. 2007; Yun et al. 2002; Kanichai et al. 2008; Meyer et
al. 2010; Hirao et al. 2006) as regulators of MSC differentiation. Identifying relationships between
such stimuli and temporal and spatial patterns of tissue differentiation using in vivo experiment alone
is complex, expensive and often impractical. In silico studies provide a mechanism for testing a given
tissue differentiation hypotheses by means of ‘trial and error’ (van der Meulen and Huiskes 2002),
whereby a given hypothesis is either corroborated or rejected based on its ability to successfully
predict patterns of tissue differentiation during regenerative events. The implanted bone chamber
provides a suitable regenerative event for attempted corroboration of tissue differentiation theories
using such in silico approaches. This study employed a computational framework in which tissue
differentiation is regulated by substrate stiffness and oxygen availability (Burke and Kelly 2012), in
an attempt to predict MSC fate in vivo within an implanted bone chamber (Tagil and Aspenberg
1999). Predictions from the model provide partial corroboration for the hypothesis that tissue
differentiation during such regenerative events is regulated, at least in part, by the local substrate
stiffness and oxygen availability, providing further support for the key role that such stimuli play in

regulating MSC fate in vivo.

During the early stages of regeneration, the model predicted only small amounts of osteogenic

differentiation (Figure 4 and Figure 6). Osteogenesis was predicted predominantly along the chamber



walls, which provide the required stiff substrate for differentiation to proceed along this pathway.
Such osteogenic differentiation along the chamber walls is also observed histologically (Tagil and
Aspenberg 1999; Khayyeri et al. 2009). Higher levels of adipogenesis than osteogenesis were
predicted in the early stages of the simulation, with expansion of the existing host marrow into the
proximal region of the chamber. As both adipogenesis and osteogenesis were assumed to depend on
the existence of a blood supply, differentiation of MSCs towards adipocytes and osteocytes was
initially predicted in greater numbers in regions adjacent to the ingrowth holes, advancing towards the
back regions of the chamber as vessels progressed. A large number of fibroblasts were predicted in
the chamber during the early stages of the study as the level of oxygen did not drop sufficiently to
provide the hypoxic conditions necessary for chondrogenesis. (These predictions were similar for both
loaded and unloaded cases as loading only begins 3 weeks post-implantation. The stochastic nature of
cell migration and proliferation as well as blood vessel growth directionality results in every
simulation being slightly different).

Six weeks post-implantation, a relatively small number of chondrocytes were predicted above the
bony layer for the loaded case. This was due to mechanical loading causing high strains in the distal
part of the chamber, which delays or prevents blood vessel progression into this region of the chamber
(Figure 6 and Figure 7). The presence of large numbers of cells in a region not served by blood
vessels resulted in the development of hypoxic conditions locally within the bone chamber, which in
turn promoted chondrogenesis. In the unloaded case, no such mechanical inhibition of blood vessel
growth occurred and hence blood vessels filled more of the distal region of the chamber (Figure 4 and
Figure 5). Such vessels provided enough oxygen to prevent the development of a hypoxic region and

hence chondrogenic differentiation did not occur.

After the full nine week term, chondrogenic differentiation increased in the loaded case due to
continued blood vessel disruption (and hence the development of larger hypoxic regions) caused by
the excessive strains in the distal regions of the chamber (Figure 6 and Figure 7). There was again no
vessel disruption in the unloaded case, allowing vessels to progress further up the chamber and
thereby preventing the development of hypoxic regions and subsequent chondrogenesis (Figure 4 and
Figure 5). This is in agreement with experimental observations of cartilage formation in the loaded
case and none in the unloaded case (Tagil and Aspenberg 1999). The cartilage in the loaded case was
also predicted to form in the correct spatial location above the bone layer, and in similar amounts to
that observed experimentally (3.3% observed experimentally compared to 2.5% predicted by the
model, see Table 4). Less osteogenic differentiation was predicted in the loaded case due to inhibition
of blood vessel growth. This is also in agreement with experimental observations (Figure 8 and Table
4). Experimentally there was less marrow formation observed in the loaded case, however the

simulations only predicted a small difference. Fibroblastic differentiation was predicted in the distal



region of the chamber above a layer of bone, which again agrees with histology for both the loaded

and unloaded cases.

Partial corroboration for an alternative tissue differentiation model where MSC fate is regulated by
octahedral shear strain and relative fluid velocity has also previously been provided by attempting to
simulate the time course of tissue formation within the same implanted bone chamber modelled in this
study (Khayyeri et al. 2009). In that case, simulations were not completely predictive of the unloaded
experiment. For example, a chamber filled with bone was predicted after 9 weeks, with a prediction of
little or no fibrous tissue formation. This occurred because fibrous tissue formation could only occur
under the direct application of load in that model. The tissue differentiation model in question
(Prendergast et al. 1997) does not include a specific stimulus for adipogenesis and therefore does not
enable prediction of experimentally observed adipose cells in the marrow cavity under either loading
conditions. In contrast, the model governed by substrate stiffness and oxygen availability includes
adipogenesis and fibrous tissue formation without the direct influence of mechanical loading, and was
thus able to predict fibrous tissue formation above the bony region as well as adipose cells beneath the
bony bridge. (Figure 4 and Figure 5).

The mechano-regulation model based on strain and fluid velocity was predictive of the spatial and
temporal patterns of cartilage formation in the loaded case (Khayyeri et al. 2009), which was also
successfully predicted by our model regulated by substrate stiffness and oxygen availability.
However, differences do occur between the model predictions in terms of the primary method of bone
formation within the loaded chambers. Both models predicted bone formation in the unloaded phase
by intramembranous ossification. Differences were predicted upon the application of loading after 3
weeks. The model in this study predicts endothelial cell necrosis upon loading, leading to a decrease
in progression of bone up the chamber. Osteogenesis was predicted to slow but with continued
formation via intramembranous ossification with only small amounts of endochondral bone
formation. This is contrary to the previous model (Prendergast et al. 1997) (regulated by shear strain
and fluid velocity) which predicted apoptosis of the intramembranous bone upon load application.
New bone then formed primarily via the endochondral ossification process (differentiation of MSCs
into chondrocytes before they are replaced with osteoblasts) rather than through the intramembranous
route predicted in this study. Without extra experimental data on spatial tissue distributions from
earlier time points, it is impossible to distinguish which model is more accurate in its predictions of
the mechanisms of bone formation in vivo. The fact that neither underlying hypothesis for MSC
differentiation can be fully falsified by simulating this particular experiment points to the need for
further work to elucidate the specific roles of particular environmental cues in regulating stem cell

fate in vivo.



There are some limitations associated with the model. Firstly, a dichotomy was observed in the
experimental results, with cartilage only being observed in approximately half the cases where
mechanical loading was applied, but not being observed in the other cases. Changes in MSC density,
loading magnitude or partially blocked ingrowth holes did not lead to a simulation prediction of no
cartilage for the loaded case. However, decreased initial MSC density predicted delayed and
decreased chondrogenic differentiation, suggesting that this may play a role in explaining the
dichotomous result observed experimentally. This dichotomy in the loaded case may also be at least
partially explained by variable mechanosensitivity among animals. This was posed as a possible
explanation by Khayyeri et al following a study which could predict aspects of both sides of the
dichotomy by varying model parameters referring to mechanosensitivity (Khayyeri et al. 2011). There
are also some other limitations associated with the present study. The model of angiogenesis
employed in this study does not consider chemotaxis which can bias blood vessel growth
directionality towards a source of VEGF for example (Street et al. 2002). Chemotaxis has been
implemented in similar lattice models of angiogenesis (Checa and Prendergast 2009; Reina-Romo et
al. 2012) with blood vessel directionality biased towards VEGF which was assumed to be secreted by
hypertrophic chondrocytes. It is unlikely that such an addition would significantly influence
simulation predictions as chondrocytes are small in number and are predicted in regions where blood
vessels are likely to be inhibited by high shear strains. Blood vessel growth rate was assumed constant
and independent of strain which is another simplification of the model of angiogenesis. The model
contains many parameters obtained from the literature and includes some simplifications of complex
biological processes such as cellular migration and proliferation which may result in deviations in
model predictions from experimental observations. It should also be noted that a simplified model of
bone marrow reestablishment has been implemented in this study. The authors recognize that the
marrow of the medullary cavity of long bones contains not only the marrow stroma and adipose tissue
predicted by our algorithm, but also hematopoietic and lymphatic cells. Again, these simplifications
were implemented to enable us to test the hypothesis of the study without introducing additional
complexity. The simplified nature of this aspect of the model may contribute to the fact that the
simulations did not predict the same reduction in marrow formation within the bone chamber with the
application of loading as is observed experimentally. A further model limitation is that all cell sizes
are assumed to be exactly that of a lattice position which is not representative of the biological reality.
In addition, the generation of necrotic tissue is not considered in the model but is observed

experimentally. Finally, the process of bone resorption is not accounted for in the model.

In conclusion, previous studies have postulated a direct role for mechanics in regulating MSC
differentiation during tissue regeneration. This work points to the indirect role that mechanics may
play in regulating MSC fate by inhibiting (mechano-regulated) blood vessel progression and hence

disrupting oxygen availability within regenerating tissues. The study therefore provides further



support for the hypothesis that substrate stiffness and oxygen availability at least partially regulate
stem cell differentiation in vivo. This tissue differentiation hypothesis has therefore been further
corroborated by simulating multiple different regenerative events (Burke et al. 2013; Burke and Kelly

2012) thereby strengthening its validity and utility.
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Figure Legends

Figure 1. (A) Cross section of the implanted bone chamber. Red arrows point to the ingrowth
openings and the grey arrow indicates the direction of applied pressure (Adapted from (de Rooij et al.
2001) with permission). (B) Finite element model of the implanted bone chamber. The displacement
in outer chamber was constrained in the x and y directions (thin dotted line). Displacement at the base
of the chamber was constrained in x,y and z directions (thicker dotted line). Free fluid flow boundary
conditions were applied at the top of the chamber (to represent the gap between piston and chamber

wall) and at the ingrowth holes (blue arrows).

Figure 2. (A) Tissue differentiation regulated by substrate stiffness and oxygen availability. The
oxygen availability axis extends radially from the centre of the circle, low oxygen in the centre of the
circle increasing towards the periphery. The substrate stiffness axis extends circumferentially in a
clockwise direction from the right side of the dotted line at the top of the circle. The presence of a
blood supply is also a prerequisite for formation of bone and marrow. (B) A 3 dimensional finite
element with corresponding lattice. Each lattice point represents a potential location for a cell and its

immediate extracellular matrix.
Figure 3. lterative procedure for generating temporal and spatial predictions of tissue differentiation.

Figure 4. Unloaded case tissue differentiation predictions for 3, 6 and 9 week time points (side
elevation view). Results are presented as a cross section from front to back of chamber (see red slice
of schematic on right of figure). Bottom Right: Simplified histology results from experimental study
(Tagil and Aspenberg 1999) (Adapted from (Khayyeri et al. 2009) with permission). (CH:
Chondrocytes, OB: Osteoblasts, AD: Adipocytes, FB: Fibroblasts, EC: Endothelial cells).



Figure 5. Unloaded case tissue differentiation predictions for 3, 6 and 9 week time points (plan view).
Results are presented for heights of 2.5mm (Topol et al.), 1.5mm (middle) and 2.5mm (bottom) (see
red slice of schematics on right of figure). (CH: Chondrocytes, OB: Osteoblasts, AD: Adipocytes, FB:
Fibroblasts, EC: Endothelial cells).

Figure 6. Loaded case tissue differentiation predictions for 3, 6 and 9 week timepoints (side elevation
view). Results are presented as a cross section from front to back of chamber (see red slice of
schematic on right of figure). Bottom Right: Simplified histology results from experimental study
(Tagil and Aspenberg 1999) (Adapted from (Khayyeri et al. 2009) with permission). (CH:
Chondrocytes, OB: Osteoblasts, AD: Adipocytes, FB: Fibroblasts, EC: Endothelial cells).

Figure 7. Loaded case tissue differentiation predictions for 3, 6 and 9 week timepoints (plan view).
Results are presented for heights of 2.5mm (Topol et al.), 1.5mm (middle) and 2.5mm (bottom) (see
red slice of schematics on right of figure). (CH: Chondrocytes, OB: Osteoblasts, AD: Adipocytes, FB:
Fibroblasts, EC: Endothelial cells).

Figure 8. Temporal tissue phenotype fractions for unloaded and loaded cases.



Table 1 Material properties

Granulation Fibrous Mature
Material Property Tissue Tissue Cartilage Marrow Bone Bone
Young’s Modulus (MPa) 0.2% 2° 10° 28 1,000? 6,000°
Permeability (mm2) 1E-11° 1E-11°  5E-15¢ 1E-14° 1E-13° 3.7E-13°
Poisson’s Ratio 0.167° 0.167% 0.167% 0.167° 0.3% 0.3°
Fluid Dynamic Viscosity (Ns/m2) 1E-9 1E-9 1E-9 1E-9 1E-9 1E-9
Porosity 0.8° 0.8 0.8 0.8° 0.8° 0.8°

a. Lacroix and Prendergast (2002) (Lacroix and Prendergast 2002); b. Hori and Lewis (1982) (Hori and Lewis 1982); c. Claes and Heigele (1999)
(Claes and Heigele 1999); d. Armstrong and Mow (1982) (Armstrong and Mow 1982); e. Ochoa and Hillberry (1992) (Ochoa and Hillberry 1992);
f. Cowin 1999 (Cowin 1999); g. Schaffler and Burr (1988) (Schaffler and Burr 1988).

Table 2 Cell Model parameters

Model Parameter Fibroblasts Chondrocytes Adipocytes  Osteoblasts MSCs
Proliferation Rate (1/2day)™ 0.27°% 0.1°% 0.2 0.15% 0.3%
Migration Rate (um/h) 26.6" N/A 26.6 N/A 26.6°
Degradation Rate (1/2day)™ 0.025°% 0.05% 0.05 0.08% 0.025°%
Differentiation Rate (1/2day)™ N/A N/A N/A N/A 0.15°

a. Isaksson et al (2008) (Isaksson et al. 2008) ; b. Appeddu and Shur (1994) (Appeddu and Shur 1994).



Table 3 Tissue Differentiation Model parameters

Model Parameter Symbol Source Unit Value
Strain Threshold for Angiogenic Inhibition Hnoe (Burke and Kelly 2012) % 6
Blood Vessel Growth Rate \Y Estimated pm.(1/2day)* 40
Minimum Length Branching Lmnin (Checa and Prendergast pum 100
2009)
Maximum Length (without) Branching Linax (Checa 2012) pum 300
Minimum Age for Differentiation Ageyis (Khayyeri et al. 2009) days 6
o - (Hershey and Karhan 1968; 2 )
Oxygen Diffusion Coefficient G Burke and Kelly 2012) m-/s 2.2E-09
. (Pattappa et al. 2010; Burke
Oxygen Consumption Rate Q and Kelly 2012) fmol/cell/h 98
it ; initial (Epari et al. 2008; Burke
Initial Oxygen Tension 0, and Kelly 2012) mmHg 74.1
Oxygen Tension Limit for Cartilage O, crtilage (Holzwarth et al. 2010; % 3

Fehrer et al. 2007)

Table 4 Tissue Fractions from experimental analysis (Tagil and Aspenberg 1999; Khayyeri et al.
2009) and model predictions

Bone Cartilage Marrow Fibrous  Necrotic
(%) (%) (%) Tissue Tissue
(%) (%)
Experiment
Unloaded 31.0 0.0 38.6 30.4 0.0
Loaded 235 3.3 30.6 35.0 7.4
Model Predictions
Unloaded 324 0.0 34.8 32.8 0.0

Loaded 27.6 2.5 33.2 36.7 0.0
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