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A b stract
Theories of mechanoregulation have been integrated in computational models
of mechanobiological experiments to test hypotheses of mechanobiology. It is
believed th a t computational models need to be improved by considering the
variability reported in animal experiments in order to enhance corroboration
of hypotheses and to enable the use of computational models in practical
bioengineering applications.
The sources of variability in the mechanoregulated tissue differentiation
process were investigated in simulations of a bone chamber experiment that
allowed comparison with experimental data. The simulations predicted the
load-dependent tissue differentiation process inside the chamber. However,
environmental variation and stochastic cell activities could not capture the
full variability found among the specimens in the experiment. Genetic vari
ability was identified as variability in the expression of mechanosensitive
genes, which control cell activities. The simulations captured the variability
observed experimentally, suggesting th at the differing cellular response to the
mechanical environment could be a reason for the different outcomes found
when tissue engineering constructs are used in a population.
Mechanoregulation at population level was investigated in an evolutionary
simulation of the emergence of endochondral ossification. The results show
that the emergence of mechanosensitive genes, when favoured by natural
selection, could have led to the emergence and establishment of new differen
tiation processes such as the endochondral ossification pathway, which exists
with variability in a population.
This work concludes th at evolution has led to the rise of mechanosensitive
genes which are the main source of variability in the mechanoregulated tissue
differentiation process.
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In t r o d u c t io n

1.1

G eneral background

One of the most fascinating aspects of the skeleton is the acquired sensitivity
of skeletal tissues to the local mechanical environment through evolution.
A skeleton is a characteristic of all vertebrates but exists in different forms
depending on its function. The earliest evidence of vertebrates is fossils of
cartilaginous fish-like creatures of the late Cambrian period (about 500 mya,
see Figure 1.1) (Carter and Beaupre, 2001). These fossils show an exoskeleton
of dermal bone and a cartilaginous endoskeleton. It is believed that
“adaptations o f the skeletal tissues arose in response to new and lo
cal environm ental dem ands, utilizing the ability o f skeletal cells to
m odulate their syn th etic activities and differentiative pathw ays”

2005, p. 85).
This adaptability has led to the success of vertebrates in evolution and the
emergence of novel differentiation processes such as the endochondral ossifi
cation of the endoskeleton.
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Figxire 1.1: Diagram o f the evohition o f bone (Carter et a l, 1998b). The first
vertebrates that appeared in the late Cambrian and early Ordovician period
had only skeletons with a membrane o f dermal bone [Bone evolution 1,2].
Endochondral bone emerged later in evolution, about 400 m illion years ago
during the Devonian period [Bone evolution 3].

However, the abihty to adapt to the local mechanical environment di
minishes with ageing. And as the life span of humans has increased with
more socioeconomically developed civilisations and, in recent times, with the
rapid advancement in healthcare, the performance of the skeleton has often
been impaired with skeletal diseases, such as osteoporosis and osteoarthritis
th at lead to disc degeneration, fractures and - in modern humans - the need
for reconstructive surgery. It is well known th at mechanical forces modulate
morphological and structural fitness of skeletal tissues (van der Meulen and
2
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Huiskes, 2002). U nderstanding the process of regenerating hving and func
tional tissues is one of the m ain challenges in tissue regenerative research,
since it enables stim ulation of tissue and organ self-restoration and enhances
our abilities of developing better medical devices and therapies for skeletal
diseases. Towards this goal, we need to better understand the mechanisms
underlying tissue regeneration and the mechanical influence on the process,
and in particular why and how different patients respond differentlj^ to the
same orthopaedic treatm ent.

1.2

M od ellin g m echanobiology

T he study of interactions between mechanical forces and biological processes
a t molecular, cellular, tissue and organ levels is referred to as mechanobiol
ogy. Investigations on many levels are im portant to understand the influence
of mechanical forces in skeletal biology. Studies on organ level involve in
vivo experim entation, where the mechanobiological response of the organ
subjected to m echanical loading is studied - for example fracture healing. By
harvesting tissues, th e influence of mechanical loading at tissue level can be
explored e.g. the depth-dependent behaviour of cartilage as a m aterial can
be investigated. To b e tte r understand the underlying transduction mecha
nisms by which mechanical conditions influence biological processes, in vitro
cell culture studies are performed. They enable investigations on cell and
molecular level, where the effect of mechanical loading can be studied in cell
deformations, cell-m atrix interactions, reorganisation of th e cytoskeleton and
gene expressions.
C om putational models are another way of experim entation th a t can be
used to analyse complex biological process on all levels.

3
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computational models to consider a high degree of complexity is promis
ing in mechanobiological research as they can give further insight in how the
mechanobiological responses on molecular, cellular, tissue and organ levels
are integrated as a biological system. They further enable corroboration of
hypotheses th at can be difficult to test with experiments.
It is well established th at mesenchymal stem cells can differentiate into
various skeletal tissues and th at mechanical stimulation can modulate their
differentiation pathway. This has led to the formulation of several mechanoregulation theories th at relate mechanical forces to biological processes and
propose different mechanical stimuli th at determine mesenchymal stem cell
fate (Carter et al., 1988; Claes and Heigele, 1999; Prendergast et al., 1997).
Various computational models have been developed to test the proposed
mecha,noregulation theories (Gomez-Benito et al., 2005; Loboa et al., 2005;
Geris et al., 2006; Isaksson et al., 2006a; Hayward and Morgan, 2009). These
tools often combine stress and strain analysis with a set of rules for de
scribing cellular and extracellular processes to simulate the time course of
mechanoregulated tissue differentiation. The predictive capacities of these
simulations are compared to in vivo animal experiments, designed to show
the influence of mechanical forces on the tissue regeneration process. In vivo
bone chamber experiments are considered suitable for such corroboration
studies because they provide a well-controlled mechanical environment.
Recent computational models have been able to predict the main aspects
of mechanoregulated tissue differentiation in various tissue regeneration sce
narios such as fracture healing, distraction osteogenesis and bone-implant
interfaces (Isaksson et al., 2008b; Geris et al., 2008; Checa and Prender
gast, 2010; Byrne et al., 2011). However, a deficit of these models is their
lack of ability to represent the inter-animal variability in the tissue differ4
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entiation process th at is always a dominant feature of the animal experi
ments. Therefore, the author believes th at mechanoregulation theories have
not been adequately corroborated and must be further developed to consider
the inter-animal variability observed in experiments. Only if this is done can
computational models be useful in more practical applications in the design
of strategies for reconstructive surgery.

1.3

A u th or’s thesis

Mechanobiological models th at can capture the animal-to-animal variabil
ity would be groundbreaking and indispensable for the development of new
medical devices and therapies. Moreover they will reduce the number of ani
mal tests in tissue engineering research, which the author feels is important.
A mechanobiological model th at considers inter-specimen variability would
also enable more rigorous testing of theories/hypothesis th at relate mechan
ical forces to biological behaviour and can give better understanding of the
mechanobiology of skeletal function, adaptation and regeneration.
The objective of this work is to investigate and model the source of vari
ability in the mechanoregulated tissue differentiation process. It is believed
that variability can arise from stochasticity in nature and from environmen
tal and genetic variations. But it is unclear how these factors contribute
to variability in the mechanoregulated tissue differentiation process. In vivo
experiments th at often investigate the influence of mechanical loading on the
course of fracture healing report great variabihty (e.g. Goodship and Kenwright, 1985; Bishop et al., 2006), which can arguably depend on variations
in fracture geometry and body weight. However, in vivo investigations of
bone chambers, which are very well-defined and controlled mechanical en5
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vironments, have still reported a large variability in differentiation patterns
in response to mechanical loading (e.g. Tagil and Aspenberg, 1999; de Rooij
et al., 2001).
This work aims to adopt a computational approach to investigate the
source of variability from three different perspectives: environmental, genetic
and evolutionary. The author hopes to demonstrate the powerful capacity
of computational tools in tissue engineering and regenerative medicine. By
performing simulations of the evolution of mechanoregulation, the author will
argue for the overall significance of mechanoregulation in biology. Therefore,
it is the author’s thesis th at evolution has led to the rise of mechanosensitive
genes which are the main determinants of variability in the mechanoregulated
tissue differentiation process.
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2.1

e v ie w

In tr o d u c tio n

Research in mechanoV)iology can be classified into two categories: experi
mental and computational. Mechanobiological experiments provide compre
hensive knowledge in biological processes of skeletal tissues. Understand
ing these phenomenon is crucial for developing computational models since
the performance of computer simulations is evaluated in relation to experi
mental observations. Well-developed computational models th at can predict
mechanobiological responses corresponding to experimental findings are pow
erful tools in mechanobiological research and can act as experiments in their
own right.
This literature review gives a concise description of the basic biological
concepts th at underlie mechanobiological research and gives an overview of
the conventional in vivo experimental methods that have been used to inves
tigate the effect of mechanical stimulation on the skeletal tissue regeneration
process. The most established computational tools in mechanobiological re
search are reviewed together with the existing literature th at aim to corrobo7
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rate the proposed mechanoregulation theories. Finally, some conclusions will
be drawn as to what methods are appropriate to deal with the remaining
issues in computational mechanobiology in relation to the objectives of this
thesis.

2.2

Stem cell differentiation

The central concept of bone mechanobiology is the generally accepted per
spective th at all changes in the structure and shape of bones are originated
by the differentiation of pluripotent cells, specifically mesenchymal stem cells
(MSCs), which have the ability to differentiate along different cell lineages
in response to an appropriate stimulus from their environment (Chen et al.,
2007). These cells can be found in the bone marrow and can differentiate into
cells such as osteoblasts (bone), chondrocytes (cartilage), adipocytes (fat),
myoblasts (muscle), fibroblasts (tendon) and neural cells (Minguell et al.,
2001) (see Figure 2.1).
Quiescent and uncommitted MSCs become active during repair and re
modelling through regulation by external chemical and mechanical signals
th at control their proliferation, migration and differentiation (Kearney et al.,
2008, 2010). Once the mesenchymal stem cells commit to a cell lineage they
become fast-proliferating cells (Minguell et al., 2001). Their hierarchical de
velopment into functional tissues is reversible and highly complex, where the
cells can also dedifferentiate and transdifferentiate into other lineages (Song
and Tuan, 2004; Song et al., 2006). Due to their pluripotency, MSCs are ideal
for tissue regenerative applications and our success with such therapies is de
pendent on our understanding and ultimately the control of their response
to mechanical conditions (Lee et al., 2011).
8
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Figure 2.1: Illustratio n o f the pluripotent potential o f m esenchym al stem cell,
which can differentiate into a range o f different cells and tissues such a,s hone,
cartilage and fibrous tissue. From Caplan and B o ya n (1994).

2.3

T h e role o f A n g io g en esis

Angiogenesis - the formation of blood vessels - is crucial for bone formation
since the capillaries supply the bone forming cells with oxygen and nutrients.
Mechanical loading affects the process of angiogenesis through promotion
or prevention of new capillary formation (Claes et al., 2002; Wallace et al.,
1994). Failure to form new capillaries creates a hypoxic environment th at is
not suitable for bone tissue, which has high oxygen consumption, and instead
cartilage is formed (Carano and Filvaroff, 2003; Kanichai et al., 2008). This
can cause delayed healing or even non-unions in fracture healing, but if wellunderstood, this process could have great imphcations for tissue engineering
applications for cartilage defect healing and bone regeneration. Studies have
9
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shown th at high mechanical loads can prevent angiogenesis whereas low load
ing environments allow capillary formation which leads to bone formation
through either intramembranous or endochondral ossification (Kasper et al.,
2007). The process of angiogenesis is also influenced by the release of growth
factors, such as transforming growth factor-/? (TGF-/3), fibroblast growth fac
tors (FGFs) and vascular endothehal growth factor (VEGF) (Gerber et al.,
1999). In general, these growth factors are released by hypertrophic chon
drocytes and act as gradients for the direction of angiogenesis and stimulate
vascularisation. The release of angiogenic stimulators plays a key role in the
endochondral ossification process and is essential for the mechanoregulated
tissue formation process during repair, growth and long bone development.

2.4

E x p erim en ta l m ech a n o b io lo g y

A key factor for understanding the mechanoregulation of the tissue differen
tiation process is to find not only the relevant biophysical stimulus but also
the magnitude, timing and the frequency appropriate for the desired tissue.
Experimental mechanobiological studies are made on all levels, from molec
ular to cell, tissue and organ levels and it is im portant to understand how all
levels are integrated as a complex biological system. Mechanical loading sub
jected on organ level is transferred as tissue-level stresses and strains which
in turn produces changes in the pericellular mechanical environment sensed
as stimulus by cells. In response to this stimulus, cells alter their metabolism
which changes their cell-matrix interactions and the tissue-level response (Ja
cobs et al., 2010). This thesis deals with only organ-level investigations and
thus only studies on this level have been addressed in this review.
10
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2.4.1

F racture h ealin g ex p erim en ts

Fracture heahng experiments are the most commonly used type of exper
iments for mechanobiological in vivo investigations at the organ-level for
skeletal tissues. These experiments have shown that mechanical loading has
a profound effect on the bone regeneration process. Various types of me
chanical loading have been investigated, where axial cyclic compression has
been found to have a positive effect on the rate of healing (Goodship and
Kenwright, 1985; Kenwright et al., 1991; Augat et al., 2003), compared to
distraction (Hente et al., 2004) or static forces (Lanyon and Rubin, 1984;
Ehrlich and Lanyon, 2002).

On the other hand cyclic bending has been

shown to stimulate cartilage differentiation, indicating th at this type of me
chanical stimulation can be used for cartilage injuries through modulation of
an osteogenic response (Palomares et al., 2009).
The magnitude and the timing of loading is as critical as the type of
mechanical stimulation. Studies have shown that interm ittent micromotion
enhances fracture healing rates whereas increased levels of loading results in
non-union or delayed union (Cheal et al., 1991; Goodship et al., 1998; Mark
et al., 2004). However, loading has to be applied on adequately stable frac
tures since early loading can have detrimental effects on the healing process
and delay fracture union, compared to delayed loading (Augat et al., 1996;
Claes et al., 2002; Gardner et al., 2006). It seems reasonable th at an effective
healing process is a compromise between both mechanical stability and suf
ficient vascularisation, where excessive mechanical loading during the early
days of the fracture can prevent the vascularisation of the healing zone and
lead to a hypertrophic union. However, an optimal relationship between the
timing and magnitude of loading, for effective fracture healing, has not been
established yet.
11
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Fracture healing studies on inbred mice have become more common since
the mapping of the mouse genome became available. This allows for geneti
cally modified models to investigate the effect of genes or cellular mediators
on essential mechanisms of fracture healing. For example, Gardner et al.
(2007) investigated the effects of both mechanical loading and parathyroid
hormone (PTH) on fracture healing of mice. They proposed that PTH in
creases mechanosensitivity, since only the group subjected to both loading
and injections of PTH showed increased osteoblast activity as well as in
creased bone mineral density and bone volume fraction compared to the
control group. Although PTH can increase mechanosensitivity, the ability
to respond to mechanical forces itself seems be under genetic control as sig
nificant variability in fracture healing rates has been observed in mice from
different genetic backgrounds (see Figure 2.2) (Li et al., 2001; Jepsen et al.,
2008).

AJ

B6

C3H

1 mm

Figure 2.2: Central section o f a fracture callus in three mice from three differ
ent genetic backgrounds (AJ, B6, C3H), show variations in fracture healing
rates after 14 days. Tissues are stained fo r cartilage (red) and hone (purple)
(Jepsen et a l, 2008).
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2.4.2

B o n e cham ber ex p erim en ts

Bone chamber studies or bone implant interface investigations have also been
widely studied since their successful integration is crucial for orthopaedic im
plants. Bone chambers provide a unique opportunity to study the influence
of mechanical stimulation on tissue differentiation since they, compared to
long bone fractures, provide a well-defined mechanical environment th at is
relatively shielded from surrounding tissue and muscle strains and stresses.
Most commonly, bone chambers consist of hollow titanium cylinders with in
growth openings th at allow tissue to grow into the chamber and dift’e rentiate
due to the prevailing mechanical, biological or chemical environment. This
makes bone chambers very suitable for tissue differentiation studies, inves
tigating the effect of mechanical loading, biomaterials, growth factors, and
implant coatings.
Several bone chambers have been developed to study the effects of dif
ferent implant coatings and growth factors on tissue ingrowth and differ
entiation (Goodman et al., 1995; Aspenberg et al., 1996, 2000; Frei et al.,
2005; Vasudev et al., 2004).

Other bone chambers have been used as a

’window’ to investigate angiogenesis during bone defect healing. The bone
chambers in these studies act as windows by keeping an open passage to
the regenerative area and allowing intravital microscopy (Winet and Bao,
1997; Hansen-Algenstaedt et al., 2005; Desmons et al., 2008). The findings
support previous observations of primary bone healing where fibrous tissue
mineralises and ossifies into woven bone followed by lamellar bone (Winet
and Bao, 1997). It was further shown th at blood flow rate and shear rate
(as hemodynamic force of the blood flow at the vessel wall) does not change
during bone defect healing (Hansen-Algenstaedt et al., 2005).
Some bone chambers allow for the application of controlled mechanical
13
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loading on the tissues inside the chamber (Guldberg et al., 1997; Tagil and
Aspenberg, 1999; Duyck et al., 2006)(e.g. see Figure 2.3 and 2.4). These
chambers are often inserted in animals for a specific period of time and are
evaluated and compared to their unloaded control chambers at the time of
harvest. Studies using bone chambers have shown th a t bone can form both
intramembranously (Guldberg et al., 1997) and through endochondral ossi
fication (Tagil and Aspenberg, 1999; de Rooij et al., 2001), where both bone
formation processes have been positively correlated to mechanical loading.

Figure 2.3: A picture o f the hydraulic bone chamber (0.6 cm in diameter)
showing both a control chamber (left) and the loaded hydraulic chamber (right)
(Case et a l, 2003).

However, in the experiments where bone forms through endochondral
ossification the variability among the specimens is very large. The results
often show a maintained layer of cartilage inside the chamber, which un
dergoes ossification when mechanical loading is removed (de Rooij et al.,
2001); indicating a load-dependent cartilage differentiation pathway. If the
mechanoregulation of this process is realised it would have a great potential
in more practical tissue engineering applications such as osteochondral defect
healing.
14
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Figure 2.4-' Illustrations o f the bone chamber developed by Tagil and Aspenberg (1999) showing cross sections o f a) the control chamber and b) the loaded
chamber. The thick grey arrow points at the direction o f applied loading, the
red arrows point at ingrowth openings (de Rooij et a i, 2001).

Despite the m any advantages of having a well-defined mechanical envi
ronm ent, these cham bers are too large to be inserted in inbred mice to easier
elucidate the genetic and environm ental effects on the tissue differentiation
process. It is believed th a t due to the exact geometries and controlled me
chanical environm ent of bone chambers, they have a great potential if inte
grated in com putational models to corroborate hypotheses of mechanoregulation and investigate the variability observed in the in vivo experim ents.

2.4.3

G en etic ex p erim en ts

M any genes th a t are im portant for bone form ation have been shown to re
spond to mechanical stim ulation. These genes are called mechanosensitive
genes and their expression is either up- or down-regulated by mechanical
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stimulation. The change in gene expression plays a significant role for cellu
lar activities, as it can increase or inhibit proliferation and differentiation of
cells, and therefore alter the tissue differentiation pathway. In vitro cell cul
ture studies have helped to identify many mechanosensitive genes by studying
the change in the level of gene expressions in mechanically stimulated cells.
But since the cells in in vitro studies are outside their normal natural habitat,
in VIVO investigations can be performed to validate the observations on how
mechanical stimulation can alter the gene expression in adult animals.
However, the gene regulatory networks in vivo are very complex and it
can be difficult to elucidate the effects of a specific gene/protein, as the upregulation of a gene can induce up-regulation of several other genes that are
significant for a process (see Figure 2.5). For example, Aspenberg et al. (2000)
investigated how the bone morphological protein (BMP) expression changes
inside the previously described loaded bone chamber (Tagil and Aspenberg,
1999) th at induced cartilage formation. The study found that mechanical
loading induced down-regulation of BMP-3 which has an inhibitory effect on
bone differentiation and could be enabling cartilage formation. However, the
aforementioned fracture healing study that investigated the effect of cyclic
bending found th a t an up-regulation of cartilage-related genes (C0L2A1 and
COLlOAl), down-regulation of bone morphogenic genes (BMP-4,6,7) and an
up-regulation of B M P S induces cartilage formation (Palomares et al., 2009).
This indicates th a t gene expression patterns must also depend on the type
of mechanical stimulation, perhaps by activating different gene networks.
Studies on inbred mice have further suggested th at the ability to respond
to mechanical stimuli could be a trait that is under genetic control and can
be inherited. These investigations have shown that inbred mice with differ
ent genetic backgrounds respond differently to the same mechanical loading
16
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Figure 2.5: Illustraiion o f the complex system, o f feedback loops and inter
actions between mechanosensitive genes (here: PTH rP, Ihh, BM Ps, Runx2
and FGFs that are active in the fetal growth plate). Arrows represent upregulation and horisontal lines represent down-regulation o f a process respec
tively (Provot and Schipani, 2005).

and show differences in activity in mechanosensitive genes (Akhter et al.,
1998; RobUng and Turner, 2002; Amblard et al., 2003; Robling et al., 2007).
Moreover, Turner and Beamer (2002) found that the recombination of two
mice (B6 and C3H) with different mechanosensitivity produced a popula
tion in which five of the recombinant mice had inherited alleles for high
mechanosensitivity (like B6), four mice were less mechanoresponsive (like
C3H) and 2 mice had very low mechanosensitivity (acquiring alleles from
both B6 and C3H). The results demonstrate how mechanosensitivity could
be inherited, however, it should be noted th a t the responsiveness of inbred
mice is often related to morphological structures of their bones (Turner and
Beamer, 2002; Tommasini et al., 2008), so it is still unclear whether the
different morphological structures of cortical and trabecular bone, responsi17
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ble for mechanotransduction, underly the variation in response to mechanical
loading or if mechanosensitivity itself is a trait under genetic control, or both.

2.5

Theories o f m echanoregulated tissue
difFerentiation

A theory of mechanoregulation of skeletal tissue regeneration has been much
sought after by researchers. The idea that skeletal tissue differentiation is un
der mechanobiological control dates back to the 1800s when Roux introduced
his theory of functional adaptation (1881), when he investigated whether can
cellous bone showed trajectorial structure or not and also questioned whether
pressure, tension and shear could be the functional stimulus for the origin
of cancellous bone (Roesler, 1987). Roux proposed in 1895 that compression
was the functional stimulus for bone whereas tension modulates differentia
tion to fibrous tissue and shearing would stimulate cartilage differentiation
(Elliot, 1967).
Nearly four decades later, in 1930, Pauwels introduced a new perspective
on mechanobiology, which was based on histological pattern observations
from in vivo tissue differentiation. He proposed that hydrostatic pressure
(which causes change in cell volume) stimulates chondrogenesis and that oc
tahedral shear stress (which causes changes in cell shape) forms connective
(fibrous) tissue (see Figure 2.6). Pauwels (1960) did not determine a specific
stimulus for bone but beheved th at ossification would occur once the existing
cartilage or fibrous tissue provided a rigid framework. His idea of volumetric
and deviatoric deformation components as key modulators of mechanobiolog
ical tissue differentiation has inspired present-day mechanoregulation theories
and experiments.
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Figure 2.6: A schematic representation o f Pauwels theory on mechanobiology. Hydrostatic pressure and shear stress was proposed to modulate tissue
differentiation.

Bone regeneration would only occur after the stabilisation

of the mechanical environment by the form ation o f soft tissues. Taken from
Weinans and Prendergast (1996).

In 1979, Perren and colleagues proposed what is known as the ’interfragmentary strain theory’. Based on a series of fracture healing observations,
they proposed th at as the tissue at the fracture site becomes stiflFer, the me
chanical strains in the tissue decreases when the tissue is loaded, which in
turn allows the differentiation of increasingly stiffer tissues at the site of in
jury (Perren, 1979). According to this theory, the fracture gap can only be
filled with tissues th at can sustain the interfragmentary strains without rup
turing as illustrated in Figure 2.7. For interfragmentary strains larger than
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100%, non-union of the fracture would be expected, whereas for strains be
tween 10-100%, granulation and fibrous tissue would be predicted to form in
the fracture gap. The theory postulated th at interfragmentary strains lower
than 10% and 2% would induce cartilage and bone formation respectively.
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Figure 2.7: Illustration o f the interfragmentary strain theory, stating that
tissues cannot exist in environments exceeding the strain tolerance o f the
extracellular m atrix o f the tissue (Perren and Cordey, 1980).

Based on Pauwels’ mechanobiology model for skeletal regeneration, Carter
and colleagues (1988) proposed a theory for tissue differentiation based on
hydrostatic stress and octahedral shear stress. In this model they also con
sidered the im portant role of angiogenesis on the differentiation process such
th at bone could only form under low levels of interm ittent hydrostatic stress
and shear stress if there was good vascular supply. In case of poor vascularity,
cartilage would form instead. Later they proposed th at maximum principal
strain history and hydrostatic stress history would include the seemingly cru
cial effect of interm ittently applied strains on tissue regeneration (Figure 2.8)
as proposed by Perren (1979). The hypothesis of Carter and colleagues sug
gests, much like Pauwels’, th at high hydrostatic stresses promote cartilage
differentiation whereas octahedral shear stress and strain stimulate fibrous
tissue. Unlike Pauwels however, they included direct bone formation under
conditions of low stresses and strains, without initial cartilage formation,
which corresponds to intramembranous ossification that occurs in stable and
well-vascularised environments.

Carter et al. (1988) (as well as Pauwels)
20

Chapter 2

however did not propose any specific values for stress and strain at which the
different tissues form, which makes the model difficult to falsify.
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Figure 2.8: Schem atic representation o f Carter and colleagues mechanoregulation theory fo r a well-vascularised environm ent (C arter et a i, 1998a).

By investigating ossifying surfaces during fracture healing, Claes and
Heigele (1999) introduced a mechanoregulation theory th at was very simi
lar to th at of Carter and colleagues’. But it was quantitative and focused
on both the intramembranous and endochondral ossification process. Claes
and Heigele suggested th at compressive hydrostatic pressures larger than 0.15 MPa and strains above 5% would stimulate endohondral ossification
whereas hydrostatic pressures and strains below these thresholds would initi
ate intramembranous ossification. Mechanical loading th a t generated strains
larger than 15% and hydrostatic pressure greater than -0.15 M Pa would result
in fibrous tissue or fibro-cartilage and prevent healing.
Prendergast et al. (1997) treated the skeletal tissues as biphasic, when
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Figure 2.9: Schem atic representation o f Claes and H eigele’s mechanoregulation theory.

The scheme illustrates the qxiantitative levels of strain and

pressu7'e in which different tissue phenotypes would form, ( Claes and Heigele,
1999).

they introduced their m echanoregulation theory. Their theory proposed a
biophysical stim ulus (S) for mesenchymal stem cell differentiation, described
as a com bination of octahedral shear strain ( 7 ) and interstitial fluid flow (u)
(see Figure 2.10). Based on in vivo investigations of tissue regeneration at
an im plant interface, (Prendergast et al., 1997) ciuantified their model such
th a t the biophysical stim ulus could be w ritten as,
(2 .1)

where a=0.0375 and 5=3 //m /s are the experim entally determ ined constants.
According to this algorithm , high level of stim ulus {S > 3) dictates fibrous
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tissue differentiation, interm ediate level (1 < 5 < 3) prom otes cartilage dif
ferentiation and low level of stim ulus (S' <

1

) stim ulates bone differentiation.

Later, Lacroix and Prendergast (2002a) introduced a resorption field in the
m echanoregulation model so th a t very low levels of stim ulus ( S <

0

.0 1 ) would

predict a resorptive process. They also divided the bone field to distinguish
between the different m ineralisation stages of m ature and im m ature bone.

Figure 2.10: Schem atic representation o f the concept o f mechanoregulation
pathways controlled by fluid flow and shear strain, as proposed by Prendergast
et a l, (1991).

More recently, Gomez-Benito et al. (2005) proposed a strain tensor (J 2 )
as the key stim ulus for tissue differentiation (see E quation 2.2).
J 2 = \ / ( f i — ^o c tY + (^2 — ^o ctY + (^3 “ ^o ctY

where ei,e 2 and

€3

are principal strains and egct = \/( ^ i +

£2

(2 .2 )

+ f 3 ) / 3 is the

octahedral strain. They form ulated a m athem atical description of the process
based on extensive review of literature and proposed the following rules for
MSC differentiation:
0.006 < J 2 < 0.03 bone
0.03 < J 2 < 0.1
0 .1

< J2 <

0 .8
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For stimulus levels higher than 1, cells underwent apoptosis and for all other
cases differentiation did not occur. However, the mathematical description
of this model involves many complex cellular phenomenon th at can be dif
ficult to test and verify. For example, MSC differentiation depends also on
m aturation time and the site vascularity, which in turn is determined by the
percentage of bone and mineralised cartilage.
It is believed that the predictive capacities of the proposed mechanoregulation theories is best investigated using computational tools th at allow for
simulations of mechanobiological experiments. Computational tools allow for
more accurate measurements of the mechanical environment which is difficult
to achieve in animal experiments but necessary to corroborate the proposed
mechanoregulation theories. To distinguish between the performance of the
mechanoregulation theories, suitable experiments must be investigated and
the theories need to be tested in a wide range of tissue differentiation scenar
ios.

2.6

C o m p u ta tio n a l m ech a n o b io lo g y

The engineering approach to study mechanoregulated tissue differentiation
processes is through computational modelling. Several computational tools
have been developed that perform simulations of tissue differentiation exper
iments. These tools often adopt classical engineering instruments to describe
complex biological processes and the influence of mechanical loads on :he
system.
The first mechanobiological computer models were single time-point anal
yses, where the mechanical stresses and strains were determined at one tinepoint and ostensibly correlated with tissue differentiation patterns found in
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experiments. Later computational models of mechanobiology developed into
mechanobiological simulations which start with an initial condition and sim
ulate the process of differentiation and adaptation over time. A good model
is however only as complicated as it needs to be, to answer the research
question. A well-developed computational model for mechanoregulated tis
sue differentiation th at has been robustly corroborated with experiments can
become a very powerful tool in clinical orthopaedic research. Towards better
modelling of mechanobiology, several computational tools have been devel
oped for tissue differentiation simulations, as reviewed below.

2 .6.1

C o m p u t a t io n a l to o l I: F in ite E le m e n t A n a ly sis

One tool th a t has been widely used and benefited of in biomechanics is fi
nite element analysis (FEA) (Huiskes and Chao, 1983; Prendergast, 1997;
Doblare et al., 2004). This method allows for numerical analysis of the me
chanical environment, i.e. stresses and strains, and was in fact used by Carter
et al. (1988), Claes and Heigele (1999) and Prendergast et al. (1997) for de
veloping their theories for mechanoregulated tissue differentiation. Carter
et al. (1988) and Claes and Heigele (1999) both used FEA to investigate
the strain and stress distributions in a fracture callus and compared their
computational results with the tissue distributions of the experiment (see
Figure 2.11). Huiskes et al. (1997) applied C arter’s theory to a peri-implant
gap th at is undergoing tissue differentiation and by describing the tissues as
biphasic (linear poroelastic instead of linear elastic like Carter et al. (1988)
and Claes and Heigele (1999)), they found th at the solid tissues were de
formed substantially by the drag forces generated by the interstitial fluid
flow. This observation led later to the biphasic mechanoregulation theory
formulation based on fluid flow and distortional strain, as described previ25
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ously. Finite element methods have become a standard tool for computing
the mechanical environment in simulations of mechanoregnlated tissue differ
entiation and are often combined with mathematical representations of the
biological processes of regeneration.
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Figure 2.11: Carter and colleagues’finite element analysis on a fracture sub
jected to axial loading. The stress patterns were correlated with experimental
observations to validate their hypothesis on how mechanical factors modulate
the process o f bone regeneration (Carter et a l, 1998).

Early simulations of mechanoregulated tissue differentiation did not ex
plicitly consider biological activities but used only finite element tools to
compute the mechanical environment and determine tissue differentiation in
an iterative fashion.

In a simulation model of an implant interface, pre

sented by Huiskes et al. (1997), the interface domain was assumed to be
filled with fibrous connective tissue at the beginning of the simulations and
was gradually replaced with cartilage and bone. The simulations were run
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until they reached equilibrium, which was when no more tissue transitions
occurred. This type of early models were able to capture the overall features
of mechanoregulated tissue differentiation, however, they lacked the ability
to give any detailed information about the temporal behavior of the process.
A4oreover, the finite element meshes used in early fracture healing models
were very simplified. But advancement in imaging techniques has enabled
modelling of anatomically correct fracture geometries, see Figure 2.12.

M edial b o rd e r
P o ste rio r
b o rd e r

f^ten or
b o rd e r

Medial b o rd e r

Figure 2.12: Three-dimensional finite element mesh o f a replica of hum an
tibia (Lacroix and Prendergast, 2002b).

2.6.2

C om p u tation al to o l II: Fuzzy Logic M od ellin g

Fuzzy logic deals with many-valued logic or reasoning th at is approximate.
In difference to traditional logic rules where a statement is either true or false
27

Chapter 2

(0 or 1), fuzzy logic can attain a range of values between 0 and 1. This can
be compared to classic probability theory, where instead of a true or false
outcome, the rules of fuzzy logic propose a range of solutions with different
probabilities.
Ament and Hofer (2000) proposed a fuzzy logic model that combined
finite element analyses with a set of rules, derived from experimental obser
vations, to predict the process of fracture repair. In this model, the fracture
domain (each finite element) was assumed to develop into connective tissue,
cartilage or bone where strain energy density was used as the mechanical
stimulus promoting the diff'erentiation. Depending on the level of mechan
ical stimulus and the existing amount of bone in the surrounding elements
(which represented biological factors in addition to mechanical stimulus), intramembranous and endochondral ossification could occur. The mechanical
stimulus and an osteogenic factor, representing bone turnover, were assigned
fuzzy sets th at together with assumptions from in vivo observations formed
a set of fuzzy rules.
The fuzzy rules stated th at in regions of high bone turnover rates and
intermediate levels of strain energy density, connective tissue would differ
entiate into bone through an intramembranous process, and th at the same
mechanical conditions would force cartilage into endochondral ossification.
In regions where there was little bone, poor vascularity w'as assumed such
th at the fuzzy rules dictated chondrogenic differentiation. The derived tis
sue transformation rates, in this study, allowed quantification of the results
which showed decreased displacement of the osteotomy gap during the first
9 weeks of the fracture, corresponding to animal observations.
The fuzzy logic model was also used for predicting trabecular fracture
healing, using the mechanoregulation theory of Claes and Heigele (Shefelbine
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et al., 2005). The model was able to simulate different trabecular structures
depending on the direction of loading (see Figure 2.13). However, like its
predecessor, the model did not consider dispersal and distribution of MSCs
into the fracture gap, which has a significant effect on the healing process.

Ite ra tio n ; 2 0
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Ite ra tio n ; 8 0

Ite ra tio n : 1 0 0

Ite ra tio n : 1 2 0

Figure 2.13: Results fro m a trabecular fracture healing sim u la tio n using fu zzy
logic modelling, with a diagonally applied load (Shefelbine et a l, 2005).

2,6.3

C om p u tation al to o l III: D ifferen tial E q uations
for Cell D isp ersal

By including cellular activities such as migration, proliferation and apoptosis in the models, the distribution of progenitor cells in the fracture domain
could be considered in tissue differentiation simulations. This was done by
introducing differential equations, in forms of diffusion equations, which as
sumed th at the progenitor cells advanced to areas of lower cell density at a
rate determined by the diffusion coefficient. Lacroix and Prendergast (2002a)
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implemented this idea in an axi-symmetric fracture healing model where the
dispersal of MSCs was described by the following diffusion ecjuation

=

(2.3)

where c is the cell density and D is the diffusion constant. This allowed
them to further investigate the origin of precursor cells (see Figure 2.14),
which was shown to have a significant effect on the healing pattern and
rate. When cells originated from the surrounding tissue or the periosteum,
intramembranous ossification was observed along the periosteum and endo
chondral ossification healed the fracture gap. But when cells originated from
the bone marrow, healing was observed in the medullary canal through very
slow progression of endochondral ossification Lacroix (2000). Their model
was also able to predict the main features of fracture healing under differ
ent loading conditions and gap sizes, but the authors recognised th at their
diffusion equation for modelling cell distribution was simplistic as it did not
consider the mechanical and biological influence on cell phenotype-specific
proliferation (mitosis) and apoptosis activities (Lacroix et al. 2002).
Despite its limitations, the simplicity of the model has appealed to many
researchers who have used it extensively in simulations of tissue differentia
tion and dem onstrated the effect of further mechanobiological responses that
could influence tissue differentiation. For example, Kelly and Prendergast
(2005) included cell mitosis and apoptosis to the model, which was success
ful in predicting general healing patterns of an osteochondral defect and was
also later used to optimise scaffold mechanical properties (Kelly and Prender
gast, 2006). Furthermore, Liu and Niebur (2008) added another dimension
to the diffusion model of Lacroix and Prendergast (2002a) where the differ
entiation of soft tissues to mineralised tissues was assumed to be irreversible
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The fracture model developed by Lacroix and Prendergast

(2002a), where the arrows point at the origins of precursor cells, which have
a significant effect on healing patterns and rates.

and combined the mechanoregulation theory of Prendergast et al. (1997) with
Frost’s mechanostat theory for bone adaptation. In this model, the level of
strain energy density determined bone Young’s modulus {E) so th at low lev
els of strain energy density caused bone resorption (£ ’=0), intermediate levels
maintained bone modulus and high levels of strain energy density increased
bone Young’s modulus. The modified algorithm was compared to the frac
ture healing simulations of Lacroix and Prendergast (2002a) and showed a
more complete resorption of the fracture callus after 14 weeks. This approach
was also tested on a porous coated implant and predicted tissue differentia
tion patterns corresponding to those observed clinically. In a recent fracture
healing simulation, Nagel and Kelly (2010) demonstrated th at mechanobiological models of tissue regeneration such as the one presented by Lacroix
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and Prendergast (2002a) can be improved by also considering patterns of
collagen reorganisation during mechanical loading and tissue differentiation.
By coupling cellular mechanisms to mechanical stimuli during fracture
healing, Isaksson et al. (2008a) improved on the previously developed models
and showed th at the model adopting cell phenotype-specific activities was
able to capture the events th at disrupt the healing process, such as exces
sive loading, which the phenomenological model could not do. This model is
based on the idea th at cells act as sensors and it accounts for cell phenotypespecific activities in seven coupled non-linear partial differential equations;
four for describing cell concentrations of MSCs, fibroblasts, chondrocytes and
osteoblasts, and three for tissue matrix production for fibrous tissue, cartilage
and bone. Cell concentrations were described as a function of cell prolifera
tion (modelled with a logistic growth equation), cell migration (described as
diffusion), differentiation and apoptosis (both modelled as constants being
turned ’on’ or ’off’ depending on mechanical stimulation) (see Figure 2.15).
Matrix production was also either turned ’on’ or ’off’ and the rate parame
ters were modelled as normalized values based on literature data. This model
illustrates how the coupling of biophysical stimulus to cell phenotype-specific
activities can improve on the predictive capacities of mechanobiological mod
els. But it does not consider the effect of vascularisation on the process and
the variability th at exists in the many biological parameters driving the re
sults of the simulations.
Other studies have used more mathematical descriptions of the mechan
ically modulated differentiation process that also includes the influence of
biological factors on cellular activities (Garcia-Aznar et al., 2007; GonzalezTorres et al., 2010). These models adopt a set of partial differential equations
to describe not only cell migration and proliferation but also the release of
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Figure 2.15: The com putational schem e adopted by Isaksson et al. (2008a),
which considers cell phenotype-specific activities.

growth factors such as BMPs and VEGF which has a significant infiuence on
the osteogenic response and the vascularisation of bone (Bailon-Plaza and
van der Meulen, 2003; Geris et al., 2010b). Simulations show good correla
tion with experimental observations. However like the other models outlined
in this section, they are all deterministic and cannot capture a wider range
of results th at is reported of in experiments.

2.6.4

C om putational tool IV: L attice M odelling
Approach

Although differential equations are convenient and conventional engineering
tools for describing many phenomena, diffusion is not the mechanism of cell
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dispersal. Instead cells disperse by crawhng or proliferation. More recently,
lattice models have been introduced in computational mechanobiology for
more exphcit modelling of cells and their activities. These models are com
monly combined with finite element analysis where the calculated stress and
strain analysis is mapped on the lattice domain, in which cell activities are
modelled.
Perez and Prendergast (2007) developed a lattice model for describing
the stochastic behaviour of cell migration, proliferation and differentiation.
In this study, each finite element domain was divided into a grid of lattice
points, where each point represented a possible position for a cell and its
extracellular matrix. Cell migration was modelled as a random walk in the
lattice domain. Proliferation was modelled as mitosis, where mother and
daughter cells were allowed to occupy neighbouring lattice points, selected
at random (Figure 2.16). Perez and Prendergast (2007) applied their lat
tice model to a 2D bone implant interface, where MSC difi'erentiation was
modulated by fluid fiow and octahedral shear strain.
BEFORE MITOSIS
0
Q—

•

O

AFTER MITOSIS

Figure 2.16: Possible configurations fo r a m other and daughter cell after m i
tosis in the random-walk approach in 2D, developed by Perez and Prendergast
(2007).
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They performed two identical mechanoregulation simulations of the tis
sue differentiation process at the implant interface, however using different
methods for modelling cell dispersal and proliferation. In one simulation, the
above mentioned lattice model with random walk was adopted whereas in the
other a diffusion equation, describing both migration and proliferation, was
implemented. Their results showed th a t both models predicted similar tis
sue differentiation where excessive implant micromovements inhibited bone
differentiation and led to fibrous tissue formation.
The difference between the two approaches w^as th at the lattice model
showed a heterogeneous pattern and the diffusion equation predicted a con
tinuous pattern of tissue differentiation. Although the stochasticity of the
random walk model is creating non-deterministic simulations, the heterogene
ity of the predicted tissue differentiation patterns and the overall abilities of
the model to simulate the tissue differentiation process observed in in vivo
experiments needs to be investigated.
Byrne et al. (2007) expanded the random walk model into three dimen
sion and applied it on simulations of tissue differentiation in a structured
scaffold, where various scaffold design parameters were optimised for max
imising bone regeneration; highlighting the use of the lattice approach on
tissue engineering applications. When the model was implemented on frac
ture healing simulations of a human tibia (Byrne et al., 2011), the model
simulated healing beyond the reparative phase into resorption phase of the
realistic anatomical fracture, which demonstrated the possible use of com
puter simulations in clinical treatm ents of complex fractures (Figure 2.17) .
The authors further emphasised the importance of accurately defining cel
lular activity in computational mechanoregulation models as they largely
influence the outcome of the simulations.
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Figure 2 .1 7; Cross-sectional view of the predicted fracture healing patterns in
simulations using the lattice approach and a 3D model of a realistic anatomic
fracture, (a) the medial side of the callus including the tibia, (b) the lateral
side of the callus, and (c) a transverse slice through the centre of the fracture
callus, over time. From Byrne et al. (2011).

The lattice model has many m ethodological advantages since its easy
implem entation also allows incorporation of fm'ther com plex biological pro
cesses, such as angiogenesis which is a key factor for endochondral ossification.
Checa and Prendergast (2009) developed a model for tissue differentiation
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that includes angiogenesis, using the lattice approach. In this model, blood
vessels were represented as a sequence of endothelial cells th at could grow in
random directions or towards angiogenic factors (see Figure 2.18). W ithin
the lattice, blood vessels could grow, branch and fuse, depending on the me
chanical stimulus. The probabihty of branching was positively correlated
with the vessel length, such th at longer vessels had higher probability of
branching. The effect of angiogenesis was modelled such th at regions with
mechanical stimulation suitable for bone formation, would undergo osteoge
nesis if the site vascularity was high, otherwise low vascularity would induce
chondrogenesis.
D ire c tio n of g ro w th

G r o w in g c a p illa ry

O

P o s s i b l e lo c a tio n n e w e n d o t h e li a l c e ll

9

E n d o th e lia l c e ll

Figure 2.18: Possible directions fo r blood vessel growth in the lattice model,
as developed by Checa and Prendergast (2009). The tip o f the endothelial cell
IS allowed to m ove to any o f the positions represented.

This model was tested in simulations of a 3D implant interface and the
regular structured scaffold (Checa and Prendergast, 2010), previously in
vestigated by Byrne et al. (2007).

Modulated by the mechanoregulation

of Prendergast et al. (1997) for MSC differentiation, the simulations pre
dicted th at higher mechanical loads inhibit vascular development and delay
bone differentiation. Moreover, the inclusion of angiogenesis enhanced the

37

Chapter 2

heterogeneity of the differentiation patterns and produced non-deterministic
cell distribution patterns which previous mechanobiological models have not
shown before.
The capacity of this model was further investigated by Sandino et al.
(2010) (see Figure 2.19) in a calcium phosphate scaffold with irregular mor
phology which has great potential in more practical tissue engineering ap
plications. Scaffold porosity and pore interconnectivity are important pa
rameters th at can promote or hinder formation of a vascular network and
modulate successful bone formation. The irregular morphology of most fab
ricated scaffolds has an important role in providing a mechanical structure
th at can transm it desired mechanical stimulus to cells as well as allow flow
of oxygen and nutrition through vascularisation.

Figure 2.19: Illustration o f the lattice approach used in a tissue engineering
application, a) The F E m esh o f interconnected pores o f a calcium phosphate
scaffold, b) The lattice o f interconnected pores used to sim ulate cell activity.
Taken fro m S a ndino et al. (2010).

The simulations performed in this study predicted that the scaffold walls
blocked blood vessels to reach to the centre of the scaffold and the vascular
network was mainly formed in the external pores. Consequently, when com
pressive strains were applied, only 40% of the lattice points differentiated into
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bone despite th at 70% of the lattice points were under mechanical stimulation
favouring bone (Figure 2.20). An increased loading inhibited vascularisation
of the scaffold further and increased chondrogenesis in the scaffold.

a

b

c

0 Empty points •Fibroblasts • Chondrocytes • O steoblasts

Figure 2.20:

MSCs ‘ ECs

The results from the tissue engineering scaffold sim ulations

adopting the lattice approach. The image illustrates the interconnected pores
o f the scaffold and the distribution o f a) the vascular network, b) the bio
physical stim ulus and c) the predicted tissue differentiation Sandino et al.
( 2010 ).

2.6.5

C o m p u ta tio n a l to o l V: G en etic A lgorith m s

The mechanoregulation of bone can also be studied from an evolutionary per
spective. Studying the evolution and emergence of a mechanism can enhance
our understanding of the optimality and plasticity of the mechanism. More
over, evolutionary studies can help identifying the overall importance of a
mechanism in biology since only the most crucial mechanisms would emerge,
be selected upon and evolve (or be maintained). The importance of biome
chanics in terms of fitness of animals is seen in many scenarios in biology.
For example, horn structures are very im portant for survival as those with
bad structure have higher probability of injury compared to those with good
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structure, which in turn affects the abihty of protecting and mating (Rayner
and Wootton, 1991). Since it is very difficult and time-consuming to perform
evolutionary experiments of bone development and adaptability, hypotheses
about the evolution of biological mechanisms and processes can be investi
gated using genetic algorithms (Goodman and Coughlin, 2000; Muller, 2007;
Sommer, 2009).
Genetics algorithms can vary depending on their purpose and goals, how
ever in general, they consist of a genetic representation, i.e. the genes that
will be subjected to evolution, and a fitness function which evaluates the ge
netic representation. The fitness function depends on the scope of the study
and affects the selection process. To simulate evolution, a population is ini
tialised where each animal is given a genetic representation and the fitness
of each individual is assessed. The individuals with best fitness have higher
chance to move on to the mating process where they can pass on their genes
to the next generation and through this increase the overall fitness of the
population. The selection process can be modelled in many different ways
and plays a significant role in the performance of the algorithm. Depending
on the scope of the investigations selection can for example be modelled as
random or depend on the fitness evaluation. The evolutionary simulation
is usually terminated when an optimal solution has been reached or after a
fixed number of generations.
Most commonly, genetic algorithms have been developed to investigate
optim a or variability in bone structure and morphology. These studies have
for example shown how structured bone phenotypes emerged in evolution as
an adaptation to the mechanical environment (de Margerie et al., 2006) but
th at evolution has not given rise to an optimal bone cross-sectional pheno
type (Nowlan and Prendergast, 2005). The significance of a bone trait in
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evolution has also been investigated by studies of present bone. In a study
by Currey et al. (2007), the variabihty of mechanical properties of bone was
tested and they discovered th at variability was much smaller in the pre-yield
behaviour of compact bone compared to the post-yield behaviour. The au
thors argued th at the fact th at some bone mechanical properties are more
tightly determined than others has implications for the optimum values set
by natural selection. The study showed th at after yield, damage is occurring
in the bone and the inhomogeneities and imprecise positioning of flaws re
sult in larger variability. But since bone needs to be stiff and tough in the
physiological environment, its mineral content is more optimised and has a
more predictable pre-yield behaviour. It is also well known that large vari
ability in a population enables quick adaptation to changing environments.
Perhaps, the large variability in post-yield behavior of compact bone could
also be a sign of fast adaptability of mechanical properties that might be
necessary during repair and in the evolution of long bones. But so far, no
studies have investigated the emergence of mechanoregulated processes, such
as the process of fracture repair, in evolution.

2.6.6

C orrob oration of m ech an oregu lation th eories

Different computational tools have been developed in the quest of under
standing the process of mechanoregulated tissue differentiation.

The im

provement of such tools can help capturing the details of the process to a
greater extent, for example more mechanistic modelling of cellular activities
has been shown to better and more extensively capture tissue differentiation
patterns (Isaksson et al., 2008a). However, since the differentiated cell phe
notypes are predominantly regulated by the distribution of local stresses or
strains, it is crucial to investigate the predictive capacities of the proposed
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mechanoregulation theories per se. These hypotheses need to be robustly
corroborated such th a t both qualitative and quantitative predictions, cor
responding to experimental observations, can be made for different differ
entiation scenarios and animal populations. Only then can we realise the
capacity of mechanoregulated tissue differentiation simulations in practical
bioengineering apphcations.
In order to confirm or refute proposed theories of mechanoregulation,
it is im portant th a t the hypotheses are testable (Prendergast, 2001). For
example, the theories proposed by Pauwels (1960) and Carter et al. (1988)
suggest mechanical factors such as hydrostatic pressure and tensile strain as
the main stimuli for tissue differentiation and do not quantify the amount of
mechanical stimuli required to diff’e rentiate different tissue phenotypes. This
means th at the theories can only be superficially compared to experimental
observations and are therefore not corroborable (Prendergast, 2001).
One way to try and test such theories is to tune the stimulatory and in
hibitory levels of stresses and strains to a well-defined animal experiment. For
example in a computational study, Bailon-Plaza and van der Meulen (2003)
calibrated the mechanoregulation theory of Carter et al. (1988) to the frac
ture heahng experiments of Goodship and Kenwright (1985) such th at their
simulations predicted successful healing in stimulated groups. Their model
calibrations suggested th at strains between 0.6%-1.5% are stimulatory for
osteogenic activity, whereas strains between 5%-6% have an inhibitory ef
fect and th at strains above 6% arrest any osteoblastic cell activity, including
osteoblast proliferation, chondrocyte replacement and degradation. By us
ing the cahbrated strain thresholds, their model was successful in capturing
the effect of moderate, insufficient and excessive mechanical loading on frac
ture healing and also predicted the negative effects of delayed stimulation
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as shown in animal experiments Goodship at al. (1998) (see Figure 2.21).
However, it should be noted th at this type of model has not corroborated
the mechanoregulation theory of Carter et al. (1988) but has proposed mag
nitudes of strain th a t can promote and inhibit osteogenesis.
Bone ECM density
Stim ulated g ro u p
w eek 3

w eek 4

( x 0 .1 g / m l)

U nstim ulated g roup

1

week 3

week 6

week 9

week 15

0.5

Jo
week 6

w eek 12

(b)

(a)

Figure 2.21: The model using calibrated strain levels captured the effect of
normal bone regeneration process due to mechanical stim ulation whereas an
incomplete ossification o f the fracture gap was predicted in the unstimulated
case (Bailon-Plaza and van der Meulen, 2003).

It is also im portant to distinguish between the performance of the compu
tational model and the predictive capacities of the mechanoregulation the
ories. For example, the theories of Claes and Heigele (1999), Prendergast
et al. (1997) and Gomez-Benito et al. (2005), which propose quantitative
levels mechanical stimuli for tissue differentiation have been used to simu
late distraction osteogenesis (Isaksson et al., 2007; Reina-Romo et al., 2009).
The simulations suggest th at all models could capture the major effects of low
distraction rates, but failed in predicting the delayed bone-union observed in
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experiments during higher rates of distraction (Reina-Romo et al., 2009).
One explanation to this could be th at it is a limitation of the mathematical
model used to simulate the process. As the authors discuss (Reina-Romo
et al., 2009), their model has limitations in capturing the temporal nature of
tissue differentiation since it shows changes in the stiffness of the distracted
gap after 16 days th at did not match with the experimental observations.
The theories of Carter et al. (1988), Claes and Heigele (1999) and Prendergast et al. (1997) have been also investigated in identical computer models
of fracture healing and compared to results from an in vivo study to estab
lish which of the theories were the most accurate (Isaksson et al., 2006a).
The results showed th at all theories were able to predict tissue differentia
tion during axial loading quite well, however during torsional rotation only
the mechanoregulation model of Prendergast et al. (1997) was able to predict
full bridging as observed in histology'.
The simulations were compared to an animal experiment that showed
very large variation among specimens such th at the simulations predicting
non-union of the fracture during axial loading were in agreement with some
specimens but not others. And since the model adopting the biophysical
stimulus of Prendergast et al. (1997) did not predict variable outcomes such
as the bridging and final healing during axial compression, observed in some
specimens, only qualitative corroboration of the theory was possible (Isaksson
et al., 2006a).
The proposed mechanoregulation theories have performed well in pre
dicting the course of fracture healing during axial loading, which is the tissue
differentiation scenario where the theories were firstly formed. Studies have
shown th at these theories can fail when applied to different differentiation
scenarios and loading conditions (Geris et al., 2003; Isaksson et al., 2006a;
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Geris et al., 2008). However it is still very difficult to distinguish between
a computational modelling limitation, design of in vivo experimentation to
which the simulations are compared, or the ability of the mechanoregulation
theories. Therefore, it is believed th a t the simulations need to be able to
consider the inter-animal variability th at is observed in animal experiments
and th at the mechanoregulation theories must be implemented more rigor
ously on a wider set of tissue differentiation investigations in order to realise
their general capacities to predict the mechanoregulated tissue differentiation
process.

2.7

C on clu sion s

It has been established th a t the bone regeneration process is regulated by
environmental and genetic factors; and it is believed that computational
models can further improve our understanding of mechanobiology since they
allow for corroboration of hypotheses and could give possible explanations
to mechanobiological responses, as observed in experiments.

Present-day

models have been able to show the main effects of the mechanical environ
ment on the tissue regeneration process. However, the variability observed
in the process has not been addressed yet in computational investigations.
Moreover, to the author’s knowledge, there are no models that investigate
variability of skeletal traits and mechanisms, such as tissue differentiation
and mechanosensitivity from an evolutionary perspective. Studying the evo
lution and emergence of a mechanism can help our understanding of the
optimality and adaptability of the mechanism and give us further insight in
the variability th at can exist in a population. Understanding the source of
variability and modelling it is crucial if proposed mechanoregulation theories
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are to be better corroborated. This would have great implications for the use
of computational models in practical bioengineering applications.
Towards this goal, the lattice modelling approach has shown good prospe
cts as it is, at present, the only mechanobiological simulation tool th a t pro
vides non-deterministic simulations. In previous studies as outlined above,
the approach has predicted variable tissue differentiation patterns which indi
cate th at it could be capable of capturing some of the experimentally observed
variabihty through stochastic cell activities alone. Furthermore, the studies
implementing the lattice approach have suggested th a t it is a suitable tool
for modelling cell phenotype-specific activities during tissue differentiation
and th at it allows modelling the eflFect of angiogenesis on mechanoregulated
cell differentiation in various scenarios. The author proposes therefore to
use the lattice modelling approach to investigate the source of variability in
the mechanoregulated tissue differentiation process. To fulfill the objectives
of this thesis, variability will be investigated in three different studies from
three different aspects (environmental, genetic and evolutionary):
1. The effects of environmental variability is analysed in mechanobiologi
cal simulations of a bone chamber experiment. In this study, variability
introduced by the stochastic cell activities is quantified and simulations
with variable environmental parameters are performed and compared
to in vivo d ata for both quantitative and qualitative corroboration.
2. Literature has described mechanosensitive genes that are up- and downregulated with mechanical stimulation and alter cell activity rates. This
is identified as a source of genetic variability and sensitivity simulations
are performed to investigate its influence on the tissue differentiation
patterns. The simulation results are evaluated with histology from bone
chamber experiments.
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3. Finally, the evolutionary aspects of mechanoregulation is explored. This
investigation creates a framework for simulating genetic variability in
animal populations which can be used for population-based simula
tions of mechanoregulated tissue differentiation simulations. It chal
lenges the importance of mechanoregulation in biology by simulating
the emergence of the mechanoregulated endochondral healing process
in evolution, using a genetic algorithm.
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M

3.1

ethods

In trod uction

As outlined in the previous chapter, the author investigates the source of
variability in three different studies from three different perspectives: en
vironm ental, genetic and evolutionary.

These studies share some general

simulations m ethods developed for tissue differentiation, which are described
in this chapter. The first two studies are based on a com putational model
of an in vivo bone cham ber experiment. Please see Appendix A for a de
tailed description of the bone chamber design, experim ental procedure and
histological data.

3.2

F in ite elem ent m odel o f th e bone
cham ber experim ent

To determ ine the mechanical environment of the bone chamber, the cylin
drical interior space of the chamber was depicted using 14200 eight-node
hexahedral finite elements. The chamber w’all and the two openings were
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modelled as boundary conditions allowing solid displacem ent and fluid flow
through the nodes defining the ingrowth openings and th e small area en
closed by the piston and the chamber wall (Figure 3.1), which corresponded
to conditions in the chamber experiments*.

Pressure

Figure 3.1: FE model o f the chamber with boundary conditions as follows:
tttt-'

fluid flow; ■■■■:

= Uy = 0; — ■— ■— ■

= Uy =

= 0.

The mechanical stim ulus was created by applying a pressure load on the
top surface of the growing tissues, with the piston. It was considered th a t the
blood pressure and the daily activity of the anim al contribute to low levels of
strain and fluid flow inside the chamber during the unloaded periods. Thus
given th a t the normal systolic blood pressure for Sprague Dawley rats, as
used in the animal experiments, is 120-160 mmHg (Fletcher et al., 1992;
Hulman and Falkner, 1994), the unloaded tim e period was modelled as if the
*Please see the Appendix A for a detailed description of the bone chamber experiment
and the results
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tissues were subjected to an intermediate pressure load of 0.02 MPa, apphed
with the piston.
The mechanical loading with the piston was modelled based on the loading
conditions applied during the loaded in vivo bone chamber experiments where
tissues within the chamber were exerted to a pressure of 2 MPa, every 12
hours. The load was modelled as a linear ramp from 0 to 2 MPa in 0.3 s and
held constant at 2 M Pa for another 2.7 s. All tissues were modelled as linear
poroelastic homogeneous materials (see Table 3.1 for parameter values) and
the fluid velocity and the strains created by the mechanical loading were
calculated using poroelastic analysis in Abaqus v 6.7-1.
Im m ature

M ature

bone

bone

10

1000

6000

1

0.5

10

37

0.167

0.167

0.3

0.3

0.3

0.8

0.8

0.8

0.8

0.8

Solid bulk M odulus { MP a )

2300

2300

3400

13920

13920

Fluid bulk m odulus { MP a )

2300

2300

2300

2300

2300

Young’s m odulus { MP a )
Perm eability {m' ^/ Ns x 10“ ^“*)
Poisson’s ratio
Porosity

G ranulation

Fibrous

tissue

tissue

0.2

2

1

Cartilage

Table 3.1: List of material parameters for tissue phenotypes that could exist
in the model, modelled according to Byrne et al. (2007).

3.3

M odelling cell activities

In order to describe cell activities, the lattice modelling approach was adopted.
This approach was implemented by dividing each element into a three-diniensional grid (named a lattice) where each position (named a lattice point)
represented a space for both a cell and the surrounding matrix (Perez and
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Prendergast, 2007; Byrne et al., 2007) (Figure 3.2). All the elements were
modelled to be of an equal size of 0.1 mm and with 1000 lattice points inside
each element, thus giving spacing around each lattice point of 10 /xm (Lanza
et al., 2005). In this lattice cells migrated, proliferated, differentiated, apoptosed, synthesized new extracellular matrix and formed new capillaries.

^ Cell p o sitio n

Finite e l e m e n t

Lattice

Figure 3.2: A finite elem en t consisting o f 10 x 10 x 10 lattice points.

Cell migration was modelled with a random walk algorithm, which de
scribes the cell movement in a random direction in the three-dimensional
lattice space. If the chosen position for migration was already occupied a
new direction of migration was randomly attributed to the cell. However,
if all directions were tested and found to be occupied by other cells then
migration of th at particular cell would not occur.
The process of cell proliferation was modelled as a combination of mito
sis and migration. The cells underwent proliferation such that mother and
daughter cells could occupy the free neighbouring positions, selected at ran
dom. In the event when all neighbouring positions were already occupied
with other cells, proliferation would not occur. Apoptosis of cehs was per
formed by eliminating the cell phenotype of interest in a randomly chosen
position in the lattice domain. Similar to apoptosis, differentiation of cells
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occurred in a random fashion. The extracellular matrices of the cells were
modelled by assigning tissue-specific material properties to the cells. Fur
thermore all cell activities were performed with cell phenotype-specific rates
according to literature (Isaksson et al., 2008b; Grinnell, 1994; Tamariz and
Grinnell, 2002) (see Table 3.2).
The model could also consider angiogenesis, the formation of new capil
laries. Newly formed blood vessels were modelled as sequences of endothelial
cells (Figure 3.3) (Checa and Prendergast, 2009) and could grow in three
different directions chosen at random, 1) random direction, 2) previous direc
tion or 3) towards angiogenic growth factors. In this model VEGF, released
by hypertrophic chondrocytes, was assumed to act as angiogenic stimulator
which guided the vessel growth. The new capillaries could also branch in
A string of lattice
points occu pied
by endothelial
cells

A n g io g e n ic

stim ulators

R andom
direction

O

,

H ypertrophic
c h o n d ro cy tes

0

° 0

o

o

O

O

T he longer v essel,
th e higher its
p ro te b ili^ to

I

braixh

O
P revious
direction

:: !>

ez 2 s

P a re n t v e s s e l

Figure 3.3: Illustration o f m odelled angiogenic processes, where vessels were
modelled as sequences o f endothelial cells occupying the lattice, vessel growth
had biased growth towards angiogenic stim u la to rs and branching occurred with
a higher probability fo r longer vessels.

a stochastic manner, where the probability of branching increased with the
length of the vessel. In the event of anastomosis, i.e. when two blood vessels
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fuse, branching and growth of the vessel would cease.
The process of angiogenesis depended also on the mechanical environ
ment, where high levels of mechanical stimulus inhibited new blood vessel
formation.

Furtherm ore, the growth rate of the capillaries was modelled

with a hnear relationship between increase in vessel length and mechani
cal stim ulus such th a t the growth rate decreased w ith increased biophysical
stimulus.

3.4

M echanoregulation o f stem cell
differentiation

Cells differentiated into different phenotypes as predicted by the mechanoreg
ulation theory of Prendergast et al. (1997). This theory proposes a biophys
ical stimulus (S), based on a combination of fluid flow {u) and octahedral
shear strain (7), described as Equation 3.1.
3 = - + "^
a
0

(3.1)

where a = 0.0375 and b — 3 /im /s are experim entally defined constants
(Huiskes et al., 1997). Depending on the level of biophysical stimulus, the
mesenchymal stem cells differentiated into fibroblasts (fibrous tissue), chon
drocytes (cartilage) or osteoblasts (bone) according to the following scheme
(Huiskes et al., 1997),
(

Im m ature bone

S' < 0.53
S =

0.53 < S' < 1 Mature bone
1 < S' < 3

Cartilage

S > 3

Fibrous tissue
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The mechanical stimulus also affected cell activities such as mitosis and
apoptosis. This was modelled such that the cells would only undergo mitosis
when subjected to an appropriate biophysical stimulus, i.e. a stimulus en
couraging the corresponding cell phenotype. Otherwise if the cells were under
an inappropriate mechanical environment, they were gradually removed by
apoptosis.
When angiogenesis was incorporated in the model, cells differentiated de
pending on both the mechanoregulation theory and the site vascularity. This
affected the differentiation process such that in regions of mechanical stimu
lus for bone and low vascularity, MSCs would differentiate into chondrocytes
instead. The degree of vascularity was determined by the distance to the
nearest blood vessel {DB). The model assumed that the cells needed to be
within an oxygen diffusion distance, set as 100 /xm, in order to be in a wellvascularised region. Cells at larger distance than 100 //m from a blood vessel
were assumed to be in a hypoxic environment and thus differentiated into
chondrocytes. The process was modelled according the following set of rules:
IF S = 'bone’
AND IF DB < oxygen diffusion distance
THEN osteogenesis
ELSE chondrogenesis
END

3.5

C om p u tation al schem e

The time course of the tissue regeneration inside the chamber was modelled
in a series of time increments, where each increment represented 12 hours.
The bone chamber was assumed to be filled with granulation tissue at the
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start of the simulations and a number of lattice points (30%) at the in
growth openings were seeded with mesenchymal stem cells (MSCs). In the
event when angiogenesis was included in the model, the lattice points at the
ingrowth openings would also be seeded with vessel sprouts modelled as en
dothelial cells (ECs) randomly distributed at the openings and occupying
5% of the lattice points th at define the ingrowth holes. The MSCs and ECs
were assumed to originate from the bone marrow and could disperse into the
chamber through migration and proliferation.
In every iteration, randomly chosen mature MSCs (after 6 days in this
model) differentiated with a defined rate into fibroblasts, chondrocytes or
osteoblasts (see Figure 3.4).

Since chondrocytes and osteoblasts are less

motile, only the migration of fibroblasts and MSCs were considered in this
model, with rates taken from literature (Appeddu and Shur, 1994). Due to
the similar morphology of fibroblasts and MSCs (Grinnell, 1994; Tamariz and
Grinnell, 2002) both phenotypes were assumed to migrate at an equal speed
(Table 3.2). Cell phenotype-specific rates were adopted also for proliferation
and apoptosis.
Proliferation

Apoptosis

Differentiation

M igration

ra te ( 1 / 2 ^ 0 ^*"^)

ra te {l / 2day~^)

ra te {l / 2day~^)

rate {f i m/ h)

Stem cells

0.30

0.025

0.15

26.6

F ibroblasts

0.27

0.025

-

26.6

C hondrocytes

0.10

0.05

-

-

O steoblasts

0.15

0.08

-

-

Cell type

Table 3.2: L ist o f cell phenotype specific a ctivity rates adopted in the model.

Since diff'erent cell phenotypes that synthesize different extracellular ma
trices with different material parameters could exist in an element, a rule of
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m ixtures was used to calculate the m aterial properties in each element, in
every iteration (Huiskes et al., 1997). In order to prevent an unphysiological
rapid change in m aterial properties of the elements, th e values were averaged
over ten previous iterations.

After 9 weeks, corresponding to the tim e of

harvest in the experim ents, the simulations were halted and compared to the
m vivo histological d a ta (see Appendix A, Specimen 1-7 for histology).
B eg in

Initialise FEM a n d la ttice
U p d a te FEM
a n d la ttice

U p d a te m a te n a l
p ro p e rtie s

P o r o e la s tic F E a n a ly s is
(s tra in a n d fluid flow ) to
c o m p u te ttie
m e c h a n o re g u la tlo n
stim u lu s, S

B lo o d v e s s e l grow tfi a s a
fu n c tio n of ttie
m e c h a n o r e g u la tlo n
stim u lu s , S

M SC M igration
& P ro liferatio n

No
M SC A g e
s u fficien t?

I v#s
C ell d iffe re n tia tio n ( m e c n a n o r e g u la tio n a n d rules):
ta k e s In fo rm atio n a d o u t t h e b lo p n y sic a! e n v ir o n m e n t (I.e., S ), o u tp u t from ttie
a n g lo g e n e s ls algorltnm (O j c o n c e n tra tio n ) a n d tfie M S C d istn fiu tlo n , a n d u s e s th e
D ifferen tiated ceiis
M igration &
P ro life ratio n

in fo rm atio n to c r e a te a n ew d istrib u tio n of c e lls p h e n o ty p e s w ithin th e d o m a in
Rules
,

IF (S = 'bore'A N D Oj bv^ THEN
CARTILAGE
IF (S = 'bone' AND 0 , hlgii) THEN
BONE

Figure 3.4'- The general computational scheme adopted in this work.
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C o r r o b o r a t io n o f m e c h a n o b io l o g ic a l
SIMULATIONS OF TISSUE D IFFER EN TIATIO N IN AN
IN VIVO BONE CHAM BER USING A
LATTICE-M ODELLING APPROACH*

4.1

In tro d u ctio n

Several mechanoregulatory theories each using different biophysical stimuli
have been proposed for describing the influence of the mechanical environ
ment on tissue differentiation (see review in Chapter 2). The earliest are
those of Pauwels (1960), who proposed a combination of hydrostatic pres
sure and shear strain, Carter et al. (1988) who proposed compressive stress
and tensile strain, Claes and Heigele (1999) th at suggested local stress and
hydrostatic pressure and Prendergast et al. (1997) who proposed a combi*This chapter is a modified version of the paper pubhshed as: Khayyeri H., Checa
S., Tagil M., Prendergast P.J., Corroboration o f mechanobiological simulations of tissue
differentiation in an in vivo bone chamber using a lattice-modeling approach, Journal of
Orthopaedic Research, 2009, Vol. 27, pp. 1659-1666
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nation of shear strain and fluid flow to regulate cell differentiation.

The

theories of Carter et al. (1988), Claes and Heigele (1999) and Prendergast
et al. (1997) have been compared using an identical com putational model of
healing in an osteotomy (Isaksson et al., 2006a). All models were able to pre
dict the process of normal fracture healing; however when applying torsional
loading, only the biophysical stimulus proposed by Prendergast et al. (1997)
was able to capture healing patterns closest to th at observed in the animal
experiments. Geris et al. (2008) applied the models of Prendergast et al.
(1997) and Claes and Heigele (1999) to simulate an in vivo bone chamber
experiment. It was concluded th at both models were able to describe the
process of tissue regeneration in the chamber qualitatively, but th at more
qualitative and quantitative experimental results are necessary for corrobo
rating the predictive capacities of the mechanoregulatory models.
Although these theories have been able to predict some of the main as
pects of the tissue regeneration process in cases such as fracture healing
(Carter et al., 1998a; Lacroix and Prendergast, 2002b; Isaksson et al., 2006a;
Hayward and Morgan, 2009), tissue engineering (Kelly and Prendergast,
2006; Byrne et al., 2007), bone/im plant interfaces (Huiskes et al., 1997; Ambard and Swider, 2006; Geris et al., 2008) or distraction osteogenesis (Loboa
et al., 2005; Morgan et al., 2006; Isaksson et al., 2007; Boccaccio et al., 2008);
they may be criticised for lack of corroboration with experimental data.
Bone chamber experiments constitute a well-suited environment for the
corroboration of tissue differentiation theories. They provide a controlled me
chanical environment which allows the application of different known loads.
Compared to the heterogenic calluses found in fracture experiments, the pre
determined geometry of the chambers constitutes a definitive advantage in
tissue differentiation experiments and simulations. Several bone chambers
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have been developed and tested on different animals to investigate processes
relating to mechanobiology and tissue engineering (Guldberg et al., 1997;
Tagil and Aspenberg, 1999; Geris et al., 2003). Among these, Tagil and
Aspenberg’s bone chamber experiments on rats are ideal for corroboration
of tissue differentiation simulations, since there is a defined loading and be
cause very considerable experimental work has been reported (Tagil and
Aspenberg, 1999; de Rooij et al., 2001; Hannink et al., 2006).
This bone chamber consists of a hollow screw with two ingrowth openings
at the bottom of the implant from which mesenchymal progenitor cells can
penetrate and fill the chamber. In the experiments^ mechanical loading was
applied via a piston, which the chamber is equipped with and which when
loaded, exerted a pressure on the in-growing tissues (see Figure 2.4, Chapter
2). After 9 weeks, the histology from the in vivo bone chamber experiment
shows a strong influence of the mechanical environment on the tissue differ
entiation process and great variability in the tissue differentiation patterns
among the animals. More specifically, the outcomes of the bone chamber
show two different differentiation pathways (see Figure 4.1); one where dif
ferentiation of cartilage can be observed (in 4 out of 7 of the specimens, see
Figure 4.1b) and another with no cartilage but more fibrous tissue formation
(found in 3 out of 7 of the specimens, see Figure 4.1c); this degree of variation
has not been reported in other in vivo bone chamber experiments.

4.1.1

O b jectiv es o f th is chapter

In this study, the aim was to implement the mechanoregulation algorithm
by Prendergast et al. (1997) in a computer simulation of the bone cham^Please see Appendix A for a more detailed description of the bone chamber and the
results
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- N ecrotic ti s s u e
- Fibrous tissu e
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- M arro w cavity

L o ad ed

Figure 4-1-' Sim plified histology o f the results: (a) unloaded cham ber after 9
weeks and (b) loaded chambers after 9 weeks, w ith a developed m arrow cavity
and cartilage on a well-developed bone layer, and (c) loaded cham ber after 9
weeks with under-developed m arrow cavity and no cartilage layer.

ber experiments by Tagil and Aspenberg (1999). The results from the bone
chamber simulations were directly compared to the histological sections ob
tained during the animal experiments. A three-dimensional lattice approach
(Byrne et al., 2007) was adopted to model cell activities and a random walk
theory (Perez and Prendergast, 2007) to describe cell dispersal; two biophys
ical stimuli (fluid flow and shear strain) were used to regulate tissue differ
entiation inside a mechanically-loaded bone chamber. It was of the author’s
interest to know whether or not the stochastic nature of the lattice model
together with changes in the environment th at are likely to occur during the
conduction of the animal experiments would capture the variability observed
between the animals. Different mechanical and biological parameters which
could represent a source of variability during the experiments or anticipated
to have a great impact on simulation outcomes were therefore studied to
establish their relevance in explaining the variability observed among the
animals. It was hypothesised th at simulations of this bone chamber experi
ment can corroborate mechanoregulation theories, and if that is confirmed,
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the computational model of the bone chamber will be a useful virtual tool
in orthopaedic research particularly for further investigations of the effect of
mechanical factors in tissue differentiation.

4.2
4.2.1

M aterials and m eth od s
M od ellin g th e b on e cham ber ex p erim en t

The methods described in Chapter 3 were used to model the bone chamber
and the cell activities. A finite element model of the of the bone chamber was
developed and in order to describe cell activities, the lattice approach was
implemented. The cells in this lattice migrated, proliferated, differentiated,
apoptosed and synthesized new extracellular matrices, based on the mechani
cal environment surrounding the cells. Cell differentiation was modulated by
the mechanoregulation theory proposed by Prendergast et al. (1997), which
suggests th at fluid flow and shear strain are the main mechanical stimuli th at
regulate stem cell differentiation.
Following the experimental protocol, two groups of simulations were con
ducted; unloaded and loaded chambers. The unloaded chambers (control
chambers) were not subjected to any manually applied loading for 9 weeks,
whilst the loaded chambers were kept unloaded for 3 weeks and then manu
ally loaded for another 6 consecutive weeks. It was considered th at the blood
pressure and the daily activity of the animal contribute to low levels of strain
and fluid flow inside the chamber during the unloaded periods. Thus the un
loaded time period was modelled as if the tissues were subjected to a pressure
load of 0.02 A-IPa. The mechanical loading (for the loaded simulations) was
modelled as 2 MPa pressure forces apphed with the piston, every 12 hours.
The process of tissue differentiation inside the chamber was modelled
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similar to the computational scheme outlined in Chapter 3. The bone cham
ber was assumed to be filled with granulation tissue, initially, and MSCs
were seeded on the ingrowth openings th at were allowed to disperse into the
chamber. After some m aturation time (after 6 days in this model), the MSCs
at randomly selected locations in the lattice differentiated into fibroblasts,
chondrocytes or osteoblasts based on the mechanoregulation algorithm of
Prendergast et al. (1997). At the end of each iteration, the material proper
ties were updated and if the time had reached 9 weeks, corresponding to the
time of harvest in the experiments, the simulations were interrupted.

4 .2 .2

In v e stig a tin g th e effect o f e n v ir o n m en ta l
v a ria b ility

In an attem pt to understand the variability found among the animals of the
experiment, the following environmental parameters were investigated:
• Load magnitude', throughout the animal experiments the pressure load
was applied manually and a certain variability due to human manip
ulation of the loading device is expected. The effect of low (1 MPa),
baseline (2 MPa) and high (3 MPa) load on the tissue regeneration in
the chamber was investigated.
• Implant positioning-, during the surgical procedure the bone chamber is
screwed into the epiphyseal cortex and the ingrowth openings become
placed at the level of the cortical bone and the pointed end of the
implant is engaged through the opposite cortical bone. Although the
largest area of the ingrowth openings are in a region where there is
bone marrow, the positioning of the implant may be such th at some
parts of the ingrowth openings are blocked by the cortical bone and
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thus restricting MSC access into the chamber. T he effect of partial
blocking (1/3 of the height) of the ingrowth openings was investigated.
• Blood pressure-, during the unloaded period, the cells were assumed to
be under a load caused by th e blood pressure of the animal. The effect
of low (0.01 M Pa), baseline (0.02 M Pa) and high (0.04 M Pa) blood
pressure was investigated.
• M SC density at the ingrowth openings; the density of A4SCs in the bone
marrow may be different between animals. The access and the am ount
of MSCs in the bone cham ber could affect the strain and fluid flow
relationships and thus the tissue differentiation outcome. The effect
of a low, baseline and a high density of cells (20%, 30% and 50%,
respectively) a t the ingrow th openings was investigated.

4.3
4.3.1

R e su lts
T h e effect o f m ech an ical load ing on th e tissu e
d ifferentiation p rocess

The simulation of the unloaded bone cham ber experim ent showed th a t intram em branous ossification gradually filled the chamber w ith bone whereas
very little bone was formed in the loaded cham ber (Figure 4.2). After 9 weeks
of simulation, no cartilage was observed in the unloaded cham ber whereas a
small am ount of cartilage appears in the loaded bone cham ber (Figure 4.2).
Due to the higher fluid flows and shear strains, a large am ount of flbrous
tissue was found at the base of the loaded chamber, whilst no flbrous tissue
was observed in the unloaded sim ulation (Figure 4.2).
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Figure 4-2: (a) Cross section o f the bone cham ber with the results presented.
The section corresponds with the histology sections o f the experiments,

(b)

S im u lation results after 3, 6, and 9 weeks f o r unloading and loading cases.
The rectangle illustrates the cross section o f the cham ber with the ingrowth
holes located at the bottom left.

The coloured lattice points show the differ

e n tia ted cell phenotypes due to m echanical stim ulu s and M SCs.
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4 .3 .2

V ariab ility cap tu red by sto ch a stic cell a ctiv ities

Due to the stochastic nature of cell activity, different results are expected for
each run of the algorithm when using the same param eter values. Five identi
cal baseline simulations were compared and although there was a difference in
the point-to-point correlation of lattice points, neither of the results from the
five baseline simulations showed a difference in histology. The percentages
of each cell phenotype were calculated for each run of the algorithm for the
loaded simulations (see Table 4.1) and the means of chondrocyte, fibroblast
and osteoblast differentiation were 4.6%, 86.2% and 9.2% respectively. Stan
dard deviations for each differentiated cell phenotype, explaining the variabil
ity in the outcome, were calculated as 1.7% for chondrocyte differentiation,
1.8% for fibroblast differentiation and 0.2% for osteoblast differentiation.

Osteoblasts (%)

Fibroblasts (%)

Chondrocytes(%)

Baseline simulation 1

9.1

87.6

3.3

Baseline simulation 2

9.2

87.6

3.2

Baseline simulation 3

9.3

84.4

6.3

Baseline simulation 4

9.1

87.6

3.3

Baseline simulation 5

9.5

84.0

6.5

Load magnitude 1 MPa

28.6

62.3

9.1

Load magnitude 3 MPa

5.6

89.6

4.8

Blocking parts of the openings

8.9

84.8

6.3

20% MSCs at the ingrowth openings

10.1

83.3

6.6

50% MSCs at the ingrowth openings

7.6

86.7

5.7

Cell phenotypes:

Table 4-1- Percentages o f the differentiated cell phenotypes inside the bone
cham ber fo r different scaffold stiffness.
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4 .3 .3

V ariability as an effect o f en viron m en tal factors

A low load magnitude (1 MPa) showed less fibrous tissue formation compared
to the baseline simulation, due to lower strains and fluid flows, but pro
moted differentiation of chondrocytes and osteoblasts. Under higher loading
(3 MPa) the chamber was mainly filled with fibroblasts and with less chondro
cytes and osteoblasts (Figure 4.3). Partial blocking of the ingrowth openings
caused a lower tissue height in the loaded chamber and more chondrocyte
differentiation, with less osteoblasts and fibroblasts (Figure 4.4). The block
age restricted the MSC access into the chamber so that the cells with access
had to migrate further in order to fill the chamber.

Crosssectio n

B

C

F

B

C

[

1
!

F

,

B
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•
'i

i
L o a d in g 1 MPa

L o a d in g 2 MPa

L o a d in g 3 MPa

Figure 4-3: S im ulation results fo r varied loading on the piston, a fter 9 weeks.
The phenotypes are osteoblasts (B ), chondrocytes (C), and fibroblasts (F).

An environment exposed to high blood pressure (0.04 MPa) promoted dif
ferentiation of chondrocytes in the unloaded chamber, as a result of increased
strain and fluid flow (Figure 4.5). In the simulations where the MSC density
at the ingrowth openings was varied, neither the loaded nor the unloaded
bone chamber showed a significant change in the tissue outcome.
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-

-

results from the blocked and original loaded simulation after 9 weeks.

The

results show differentiated cell phenotypes: osteoblasts (B), chondrocytes (C),
and fibroblasts (F).
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Figure 4-5: Results from unloaded simulations where a variation in blood
pressure was assumed to create different load magnitudes.
are osteoblasts (B), chondrocytes (C), and fibroblasts (F).
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4.4

D iscussion

The bone chamber constitutes a relatively reproducible and mechanically
controlled environment which is, in principle, well suited for corroboration of
mechanobiological simulations of tissue differentiation. In this study, partial
corroboration of the mechanoregulation algorithm, based on shear strain and
fluid flow, was achieved by simulating the bone chamber experiments devel
oped by Tagil and Aspenberg (1999). The presence of cartilaginous tissue
predicted in the loaded chamber agreed with the histology in terms of both
layout and amount. The non-deterministic behaviour of the model due to its
stochastic nature also showed a higher variability in the loaded simulations
compared to the unloaded simulations, as seen in the histology; however the
case where no cartilage formed in the loaded experiments (Figure 4.1c) was
never predicted by the simulations. For the simulations of the unloaded bone
chambers, only a qualitative corroboration could be achieved.
The model contains many parameters that are taken from literature data
and has several simplifications in relation to the biological reality. Model
parameters, such as rates for different cell processes and material parame
ters th at vary a great deal in the literature can have a significant effect on
simulation outcomes but were not varied in this study. Furthermore, only
differentiation of MSCs was considered in this model - processes such as ded
ifferentiation and transdifferentiation have been omitted. Another issue is
th at angiogenesis was not explicitly accounted for in the model. The process
of bone resorption was also not accounted for in the simulations. However, a
previous animal study has shown that high fluid pressures causes osteolysis
or bone resorption (Skoglund and Aspenberg, 2003). The inclusion of bone
resorption in the model would be a further source of variability and could
perhaps capture the dichotomous result observed in the in vivo chamber ex70
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periments. Also, the genetic variability th a t exists in an animal population
has not been taken account of, as one might expect the parameters related
to cell activity (e.g. migration and proliferation rates) to be variable in the
population. It is intriguing to speculate th at this is why the experimentally
observed variability was not predicted by the simulations.
The computer simulation of the unloaded experiments was not able to
capture the fibro\is layer on top of the bone which is found in all specimens
of the histology (Figure 4.1). This layer of fibrous tissue could be the perios
teum th at covers the outer surface of all bones in vertebrates and is, most
probably, chemically and not mechanically induced. Simulations of neither
the unloaded nor the loaded experiments captured the formation of a marrow
cavity, which is often seen in the specimens (Figure 4.1). One explanation
could be th a t the marrow cells found in the bone chamber are mesenchymal
fat cells whose differentiation pathway is not included in the the mechanoregulation algorithm or are absent because transdifferentiation is not accounted
for in the model. Since cell death due to necrosis was not included in the
model, the necrotic tissue found in the animal experiments was not predicted
by the simulations.

4.4.1

M od el corroboration w ith in vivo resu lts from
th e b on e cham ber exp erim en t

Despite these limitations, the computer simulations of the bone chamber ex
periments captured many of the trends seen in the histological results. In the
unloaded experiment, no cartilaginous tissue was found in either the simu
lation (Figure 4.2) or the histology (Figure 4.1a). Simulation of the loaded
experiment (Figure 4.2) predicted the phenomena seen in some animals where
a layer of cartilage has formed between the fibrous tissue and the bone inter71
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face (Figure 4.1b) which clearly points out the effect of mechanical loading
on the process of tissue differentiation, as this phenomena was not observed
in any of the unloaded bone chambers.
In the histology of the loaded bone chamber experiment, one of the spec
imens shows neither bone nor cartilage formation but only fibrous tissue
throughout the entire chamber. However, the application of higher loading
on the tissues could not simulate the complete lack of bone and cartilage in
the bone chamber. Interestingly, when assuming th at the position of the im
plant is such th at part of the ingrowth openings are blocked, the height of the
tissues formed inside the chamber was lower. The fact th at the bone cham
ber does not get entirely filled with tissues has previously been explained
by chemical signals; which are proposed to have limited diffusion distance
into the chamber (Tagil and Aspenberg, 1999). The result of the simulations
where the ingrowth openings were partly blocked highlights th at the tissue
height in the chamber could also be influenced and subjected to variability
th at is due to the surgical procedure.
The investigations of different MSC densities at the ingrowth openings
did not contribute to a significant change in the predicted tissue distribu
tion.

This indicates th at parameters such as migration and proliferation

rates dominate over the initial conditions, in th at they control the amount of
MSCs in the chamber and hence the differentiation process. When simulat
ing different blood pressures in the unloaded experiment, the results of the
simulation with high blood pressure (0.04 MPa) showed chondrocyte differ
entiation which is never found in the histology. This indicates the sensitivity
of our assumption regarding blood pressure and the importance of the mag
nitude of initial loading at the site of injuries; in this case, caused by the
implantation of the bone chamber. The investigations show th at the vari72
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ability in tissue distribution and amount is larger in the loaded simulation
than the unloaded, which is also seen in the animal experiments.

4.4.2

M ain con clu sion s

In summary, the goal of this study was to create a computational model
of a mechanically controlled bone chamber experiment for corroboration of
mechanoregulation theories for tissue differentiation. The results of this study
showed th a t by modelling the cellular activities as stochastic processes using
a lattice model, the mechanoregulatory algorithm compelled by fluid flow and
shear strain makes it feasible to predict the differentiated tissue distribution
found in the bone chamber experiments. Contrary to other tissue differen
tiation simulations, which model cell migration as a diffusion process, this
model adopted the random walk approach to capture the process in a more
explicit manner (Fisher et al., 2007).
Simulations performed in this study indicate that the role of human fac
tors during the bone chamber experiment, such as loading and surgery, are
significant and could perhaps explain some of the differences observed in
the experimental tissue outcome. Although attem pts on simulating the ob
served variability among the specimens of the experiment were made, the
model did not capture the full extent of the differences such th at quantita
tive corroborations could be made. In fact, the source of the variability in
experimental outcome remains unsolved. This raises the question whether
or not mechanobiological models need to be yet more complex to achieve
experimental corroboration.
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V a r i a b i l i t y o b s e r v e d in m e c h a n o r e g u l a t e d
IN V IV O T I S S U E D I F F E R E N T I A T I O N C A N B E
E X P L A I N E D B Y V A R IA T IO N IN C E L L
M E C H A N O S E N S IT IV IT Y *

5.1

Introduction

It has long been hypothesised th at the differentiation of mesenchymal stem
cells is regulated by the mechanical environment (Pauwels, 1960). Many an
imal experiments have corroborated the influence of mechanical stimuli on
tissue phenotype (Duda et al., 2005; Goodship and Kenwright, 1985; Perren,
1979); however, many questions about mechanoregulation of tissue differ
entiation remain unrevealed. Among these: Why is there often a significant
degree of inter-specimen A'ariability in tissue differentiation outcomes, even in
*Tliis chapter is a modified version of the paper published as: Khayyeri H., Checa
S., Tagil M., Aspenberg P., Prendergast P.J., Variability observed in mechano-regulated in
vivo tissue differentiation can be explained by variation in cell mechano-sensitivity, Journal
of Biomechanics, 2010, Vol. 44 (6), pp. 1051-1058
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well-controlled experiments? Several in vivo investigations of mechanoregulated tissue differentiation report a high variability between individuals (Geris
et al., 2008; Guldberg et al., 1997; Reina-Romo et al., 2009). In some cases
the variability is so great th at the results become difficult to interpret (Tagil
and Aspenberg, 1999; de Rooij et al., 2001).
The variable outcomes of tissue differentiation experiments can be ex
plained as variation due to either environmental factors (differences in the
mechanical loading, surgical procedure, mitrition, etc) or variation in genetic
factors among individuals of a population. The findings in the previous chap
ter, investigating environmental variability on tissue differentiation patterns
inside a mechanically loaded bone chamber, indicated th at variations in en
vironmental factors cannot explain the extent of variability observed among
the animals of the in vivo experiment. This raised the question whether
the mechanoregulated tissue differentiation response can be linked to genetic
variability in animal populations.
It has been shown th at variations in gene expression for recruiting skele
tal progenitor cells in different strains of mice cause temporal variations in
osteogenic and chondrogenic differentiation during endochondral bone forma
tion (Jepsen et al., 2008). During mechanical loading, mechanosensitive genes
are up- or down-regulated and their expression patterns have been shown to
affect cell activity rates in the course of tissue formation (Aspenberg et al.,
2000; Barry et al., 2001; Provot and Schipani, 2005; Nowlan et al., 2008b;
Palomares et al., 2009; Kelly and Jacobs, 2010). In addition, mechanosensi
tive genes are expressed with a large variation in animals of the same species
compared to housekeeping genes (Balaburski and O’Coimor, 2003). It has
also been shown th at mechanosensitivity is positively correlated with bone
turnover rates and negatively associated with bone mineral density (Judex
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et al., 2002), which in turn affects the course of tissue differentiation and
fracture heahng (Balaburski and O ’Connor, 2003; Jepsen et al., 2008; Li
et al., 2001; Manigrasso and O’Connor, 2008). It is therefore intriguing to
wonder if variation in mechanosensitivity can explain the variation in tissue
differentiation observed in vivo.
Computer models can be used to test hypotheses regarding the origin
of variability in differentiation outcomes by corroborating simulation output
against experimental results. Mechanoregulation theories proposed by Carter
et al. (1988), Claes and Heigele (1999) and Prendergast et al. (1997), have
been able to capture the main features of the tissue differentiation process in
various computational mechanobiology studies (Carter et al., 1998a; Lacroix
and Prendergast, 2002a; Kelly and Prendergast, 2005; Isaksson et al., 2006b;
Liu and Niebur, 2008; Hayward and Morgan,-2009). In the previous chap
ter investigating tissue differentiation inside a bone conduction chamber, the
effects of environmental factors (loading, surgical procedure) on the differ
entiation process were explored in simulations of tissue differentiation. The
results showed th at variation in environmental factors alone did not capture
the variability to the extent th at is observed in animal experiments.

5.1.1

O b jectives o f th is chapter

The hypothesis of this study was th at the variable outcomes observed in
experiments of mechanoregulation of tissue differentiation can be explained,
at least partly, by variation in the mechanoregulated cell activity rates for
proliferation, differentiation and apoptosis. To test this hypothesis, a bone
chamber experiment designed by Tagil and Aspenberg (1999), was modelled.
If the hypothesis, that variation in cell activity rates can capture the vari
ability observed in the animal experiment, is corroborated it would suggest
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that it is im portant to include such variation in tissue differentiation simula
tions so as to get a clear picture of the probable outcomes rather than relying
on deterministic simulations based on best-estimate parameters th a t are, in
reahty, subject to genetic variation. Computational models th at simulate
variability in outcomes would be more useful in tissue engineering applica
tions.

5.2
5.2.1

M aterials and m eth ods
S im u lation m od el o f th e b on e cham ber
ex p erim en t

A computational framework of the bone chamber experiment was created
using finite element modelling and a C-I--I- interface, as outlined in detail in
Chapter 3. Cell activities such as cell migration, proliferation, apoptosis, and
differentiation were implemented as Monte Carlo processes th at depended
on the mechanical environment (Perez and Prendergast, 2007; Checa and
Prendergast, 2009). Angiogenesis (formation of new capillaries) was modelled
according to Checa and Prendergast (2009) where capillaries are described as
a ’string’ of lattice points occupied by endothelial cells with capillary growth
in either of three directions: the previous direction, a random direction, or
towards VEGF th a t is released by hypertrophic chondrocytes and acts as
an angiogenic stimulator. Each capillary could branch stochastically, with
the length of the capillary increasing its probability of branching.

Stem

cell differentiation was therefore determined by both the level of biophysical
stimulus (S) and the oxygen availability, as determined by local vascularity
(see Chapter 3 for more detailed description).
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This model also modelled bone resorption according to Lacroix and Prendergast (2002a) such th at regions under low biophysical stimulus would pro
mote the removal of bone cells. The differentiation of different cell hneages
were therefore determined by the following scheme:
IF (5 > 3 )

Fibrous tissue differentiation

IF ( K

Cartilage differentiation

5 < 3)

IF (0.53 < S < 1 )

Immature bone differentiation

IF (0.01 < 5 < 0.53)

Mature bone differentiation

IF {S < 0.01)

Bone resorption

During the iteration process in the simulations, cell activities occurred
with cell phenotype-specific rates. These cell activities occurred only w'hen
the cell w'as subjected to an appropriate stimulus, e.g. in a region of mechan
ical stimulus for cartilage, only chondrocyte differentiation and proliferation
was allowed whilst other cell phenotypes underwent apoptosis. This allowed
changes in cell activity rates to be directly associated with the specimen’s
response to mechanical stimulus, where higher rates corresponded to a more
mechanosensitive response and vice versa. After 9 weeks, corresponding to
the time of harvest in the in vivo experiments, the simulation, i.e. the it
eration loop, was ended. Simulations of the bone chamber were carried out
according to the in vivo experiments (Tagil and Aspenberg, 1999):
i) Loaded group - chamber kept unloaded (0.02 M Pa in simulations) for
3 weeks and then loaded (2 MPa) with the piston for 6 following weeks
and
ii) Control group - chamber kept unloaded for 9 weeks (0.02 M Pa in sim
ulations).
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5.2.2

M o d ellin g variability in cell m ech a n o sen sitiv ity

A cell phenotype-specific sensitivity analysis was initially perform ed on dif
ferentiation and proliferation rates (see Table 1 for values used) to distinguish
between the im portant param eters. Then to consider inter-specim en variabil
ity in cell activity rates in the model, a random num ber (R), describing upor down-regulation of an activity from its basehne value, was introduced; i.e.
the ra te of an activity was described as R times baseline rate and the value
for R was random ly chosen from a uniform distribution such th a t,
i)
ii)

e [0.5,1] if down-regulation
R e [1,3] if up-regulation.

The intervals for R were chosen such th a t when multiplied by baseline rate
values, the final activity rate would never be lower th an 0.01 per iteration
or higher th an 1.0 per iteration, i.e. th a t no more th an all cells of a specific
phenotype would be able to undergo, for example, proliferation at the same
tim e (iteration).
To investigate the variable n atu re of the outcomes, the three cell activities
of differentiation, proliferation and apoptosis were performed w ith varied
rates for all cell phenotypes. Because each simulation is stochastic due to the
probabilistic modelling of cellular activities (e.g. random walk) and since the
degree of up- or dow n-regulation could have a significant effect on the results,
four simulations of each com bination were run - since there are 3 activities and
4 simulations, the full perm utatio n of simulations then requires 32 separate
simulations, see Table 5.1. Furtherm ore, simulations according to those in
Table 5.1, b u t excluding variations in MSC proliferation rate, were perform ed
to investigate the effect of turn in g off variabihty in MSC activity - thus 64
simulations were done in total.
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Simulation

Osteoblasts

Chondrocytes

Fibroblasts

Down

Down

D o o ti

0.95

0.55

0.77

5a

lb

0.77

0.92

0.85

Ic

0.7G

0.87

0.93

la

Id

2a

0.78

0.64

0.60

Down

Down

Up

0.79

0.78

2.18

Simulation

Osteoblasts

Chondrocytes

Fibroblasts

Up

Down

D owti

2.27

0.82

0.82

5b

1.85

0.93

0.71

5c

2.50

0.55

0,50

5d

2.21

0.77

0.90

Up

Down

Up

2.23

0.82

1.41

6a

2b

0.86

0.61

1.58

6b

1.98

0.83

2.33

2c

0.61

0.83

1.49

6c

1.78

0.75

2.03

6d

2.19

0.68

1.24

Up

Up

D owti

7a

2.32

2.35

0.84

2d

0.93

0.56

2.54

Down

Up

Do™

3a

0.80

2.24

0.64

3b

0.77

1.25

0.81

7b

1.59

1.05

0.80

3c

0.G3

2.57

0.71

7c

1.03

2.64

0.67

7d

1.89

1.11

0.72

Up

Up

Up

3d

0.75

1.11

0.80

Down

Up

Up

4a

0.78

2.16

2.17

8a

2.37

2.46

1.30

4b

0.62

1.03

1.96

8b

1.28

1.39

1.24

4c

0.50

2.85

2.24

8c

1.10

2.38

1.78

4d

0.G3

1.96

1.88

8d

1.28

1.43

1.81

Table 5.1: List o f 32 sim ulations with variable R-values, selected at random
from uniform distributions. The R-values were multiplied with baseline rates
(from Isaksson et a i, 2008b) to simulate the up- or down-regulation o f cell
activities.

5.3

R esults

The sensitivity study investigating ceh phenotype-specific prohferation and
differentiation rates showed th at the simulation outcomes are very sensitive
to MSC prohferation rates, but are not significantly affected by variations
in fibroblast, osteoblast and chondrocyte prohferation rates, or the rate of
MSC differentiation.

Higher MSC proliferation rates predicted an overall
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increase (up to 20%) in tissue differentiation inside the chamber. The para
metric model variations in the unloaded bone chamber (control group) simu
lations did not show a significant change in the tissue differentiation pathway
when varying cell activity rates (variable cell activity rates predicted variable
amount of osteoblasts in the chamber and never chondrocytes or fibroblasts).
This corroborates the idea that the variability observed in the loaded cham
bers is caused by a difference in cellular response to mechanical loading, i.e.
inter-animal differences in mechanosensitivity. The loaded simulations with
variable cell activity rates for tissue formation/differentiation in the cham
ber showed, in general, a large amount of fibrous tissue at the bottom of
the chamber followed by endochondral ossification on top, after 9 weeks, see
Figure 5.1(i). Simulations with low cell activity rates predicted more fibrous
tissue and chondrocytes but less osteoblasts (e.g. Figure 5.1(i), simulation
ref. no. Id), whereas computations with higher cell activity rates showed the
formation of an osteoblastic bridge across the chamber followed by a layer of
chondrocytes on top (e.g. Figure 5.1(i), simulation ref. no. 8c).
The systematic variation of activity rates showed th at the endochondral
ossification inside the chamber was highly dependent on the rates for cell
proliferation and apoptosis. Higher rates induced more osteoblast and chon
drocyte formation; see Figure 5.1(i). Simulations with variable cell activity
rates excluding MSC proliferation still showed a variable result, but variation
was considerably less (see Figure 5.1(ii)). These results also show th at apop
tosis of cells - a process which makes space for new cells - influences the rate
of endochondral ossification. Higher rates of apoptosis, relative to baseline
rates, showed faster and more bone formation - to see this compare a low
rate (e.g. ref. no. 3a in Figure 5.1 and Table 5.1) with a high rate (e.g. ref.
no. 4a in Figure 5.1 and Table 5.1).
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S clcctcd s im u latio n s(scc Table 2 for referen ce n u m b er)
(i)
Cross-section

Cell type

S im u lations w ith v a ria b le rates for all cell p h en o ty p es
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Figure 5.1: A selection o f the fin a l outcomes fro m the sim ulations performed
(Table 5.1) illu s tra tin g the effect o f up and down regulation o f cell activities,
a fte r 9 weeks,

( i) The higher amounts o f fibrous tissue in some sim ula

tions is due to fa ste r M S C p ro life ra tio n rates that f i l l the entire chamber
w ith MSCs. (a ) S im ulations excluding variable M S C p ro life ra tio n rate show
a much sm aller v a ria tio n in fibrous tissue fo rm a tio n between the sim ulation
groups (1-8) but s till indicate a larger v a ria tio n in the osteoblast and chondro
cyte d iffe re n tia tio n process. The coloured lattice points represent osteoblasts
(O B ), chondrocytes (C C ), and fibroblasts (F B ).
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The degree of variation, i.e. whether R-values were close to one (baseline
values) or deviated largely from the baseline, influenced the variability of
outcomes also within the different simulation groups (see Table 5.2). Turn
ing off the variability of MSC proliferation rate showed reduced variability
within the simulation group compared to the sinmlations with it turned on.
This shows the highly influential nature of MSC mechanosensitivity on tissue
differentiation outcomes. Such differences were not observed between turning
on/off the variation of other cell phenotypical activity rates. The collection
of simulations shows that variable cell activity rates predict variation also in
the tissue differentiation pathways followed, see Figure 5.2, and not just the
final outcomes.

B

A
C

5J

o

o

X.

Figure 5.2: A m ount o f different cell phenotypes differentiated in the bone
chamber over time (from day 1 - day 63). The variable cell activity rates also
induced a variation in differentiation pathways and outcomes (A). Exclud
ing variable M SC proliferation rate in the simulations predicted less variable
pathways and outcomes (B), but indicates a sim ilar trend in the endochondral
ossification process.
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Simulation ref. no.

Osteoblasts

Chondrocytes

Fibroblasts

according to

Mean

St.d

Mean

St.d

Mean

St.d

(%)

(%)

(%)

(%)

(%)

(%)

Table 5.1

Variability of mechano sensitivity in all cells
la-d

0.5

0.6

2.4

2.6

40.1

10.2

2a-d

0.3

0.6

0.7

0.9

24.6

11.7

3a-d

9.0

3.8

9.8

2.7

62.1

7.8

4a-d

15.7

7.3

2.8

1.1

44.3

6.3

5a-d

1.1

1.0

2.9

2.6

46.2

7.8

6a-d

2.0

1.9

1.7

0.9

37.8

2.3

7a-d

7.4

3.8

10.6

4.0

62.0

5.8

8a-d

13.8

6.1

5.6

2.3

58.6

7.3

Variability of mechano sensitivity in all cells except MSCs
la-d

1.8

0.2

5.9

0.3

50.1

0.9

2a-d

11.9

0.8

3.1

0.3

37.5

1.5

3a-d

1.7

0.2

5.8

0.4

49.2

0.7

4a-d

10.5

1.3

3.2

0.1

35.9

0.8

5a-d

2.9

0.2

6.9

0.2

53.1

0.3

6a-d

11.9

0.4

4.1

1.3

43.2

4.5

7a-d

2.5

0.4

4.0

0.5

52.1

0.7

8a-d

10.3

2.9

4.2

0.9

44.1

3.5

Table 5.2: The amount of different cell phenotypes occupying the chamber
volume after 9 weeks of simulations, where the variation in the simulation
groups is caused by the degree of variation in cell activity rates, i. e. R-value,
and the stochastic behaviour of cells in the lattice modelling approach. Simu
lations with constant M S C proliferation rate show smaller standard deviations
and thus reduced variability within the simulation groups.

85

C hapter 5

3

15 -

o.

IQ-

20

30

40

50

60

Time (days)
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Figure 5.3: N um ber o f osteoblasts inside the chamber over tim e (a) f o r dif
feren t cell activity rates showing a large variability in the final outcomes,
(b) with M S C proliferation rates kept constant and variability in differenti
ated cell a c tiv ity rates showing a dichotom ous result in the am ount o f bone
form ation.
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5.4

D iscussion

One of the challenges in the engineering of musculo-skeletal tissues is to
understand the processes behind mechanoregulated tissue differentiation. If
simulations are to be useful for engineering design, one issue th at needs to
be addressed is the variable response between different individuals, which
occurs even under the same level of loading and in a controlled environment.
The results of this study corroborated the hypothesis th at variation in cell
mechanosensitivity could be responsible for variation in tissue differentiation
outcomes in mechanoregulated tissue differentiation in bone chambers.

5.4.1

C orroboration w ith in vivo ob servation s

There can be many other biologically variable factors, such as variation in
tissue mechanical properties, nutrition intake, bone density, chemotaxis and
intrinsic cell activities, behind the large variability observed in the in vivo
experiments. But despite these, generally, simulations with higher cell activ
ity rates were in good correlation with the 4 out of 7 specimens (showing a
layer of bone across the chamber covered by a layer of cartilage on top after 9
weeks), whereas simulations with lower cell activity rates corresponded to the
remaining 3 out of 7 specimens in the experiment (predicting sporadic bone
formation and a large amount of chondrocytes and fibrous tissue). Also, fur
ther unpublished d ata using the chamber described in Tagil and Aspenberg
(1999) shows fibrous tissue formation, a region of chondrocytes and scattered
bone islands after 9 weeks [unpublished in Tagil and Aspenberg (1999) but
shown here in Figure 5.4]; this new data is similar to simulation results with
the lowest cell activity rates.
The model showed high sensitivity to MSC proliferation rates. Higher
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rates produced more MSCs in th e chamber, and caused larger am ounts of
bone and fibrous tissue, and less cartilage. Variable MSC proliferation rates
resulted not only in larger variability in the outcomes bu t also induced a
higher sensitivity of the model to the degree of variation in all activity rates,
i.e. identical simulations but w ith small differences in R-values showed quite
different outcomes. This sensitivity to MSC activity is also observed in an in
vivo experiment by Jepsen et al. (2008), where differences in th e recruitm ent
of progenitor cells affected th e rate of fracture healing. In particular, they
found th a t such differences in MSC recruitm ent caused variable endochondral
ossification rates, a result which was also observed in this bone cham ber
study.

Bone

— Cartilage

Figure 5.4: Additional histology o f the bone chamber experiment. The result
slice, from the mid-cross-section o f the bone chamber, shows a large am ount
o f fibrous tissue form ation but also a region o f cartilage cells across and
at the centre o f the chamber.

The enlargement shows the line o f cartilage

surrounded by fibrous tissue but also some newly form ed bone islands.

5.4.2

M odel lim itations and sensitivities

Regarding lim itations, it m ust be emphasised th a t, even though the outcomes
of the sim ulations show th a t variable cell mechanosensivity results in predic-
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tions of variation in outcome similar to th a t observed in vivo, the results do
not prove th a t variable mechanosensitivity is the cause of such variation in
reality. Furthermore, hematopoetic and fat cells th at fill the marrow cav
ity in vivo are not incorporated in the computational model. This causes
the simulations to predict a large amount of fibrous tissue formation in re
gions where bone marrow is observed in vivo. As investigated by Isaksson
et al. (2009), tissue mechanical properties, such as permeability and Young’s
modulus, are highly influential, which makes model predictions of this kind
sensitive to these parameters. Nagel and Kelly (2010) have further shown
th at including the anisotropic behaviour of tissues and the re-organisation
of collagen fibres as a function of mechanical stimulus is of significance for
mechanoregulated tissue diff'erentiation predictions.
As Figure 5 indicates, the applied piston loading after 3 weeks initiates
a high degree of osteoblast apoptosis, which can be difficult to corroborate
quantitatively with the available data. The inhibition of osteoblast differen
tiation and initiation of osteoblast apoptosis predicted by the model (due to
the higher stimuli environment caused by the loading) is in agreement with
in vivo experimental findings which showed th at high mechanical strains de
crease osteoblast formation (Meyer et al., 2001) and high fluid flows induce
bone resorption (Skripitz and Aspenberg, 2000). In vitro studies have further
shown th a t stretch-induced osteoblast apoptosis rate is higher for immature
bone cells, compared to m ature (Weyts et al., 2003) and th at high compres
sive forces can increase apoptosis of human osteoblast-like cells as much as
30% in 24 hours (Goga et al., 2006). Also, species-specific param eter values
are crucial for more accurate simulations and data on the distribution of cell
activity rates within the population are necessary to discern the relationship
between cell activity rates and tissue differentiation more precisely, and to
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evaluate the predictive ability of cell phenotype-specific modelling.
Moreover sensitivity studies were not performed on cell phenotype-specific
apoptosis rates or cell migration. Parameters related to the mechanoregulation algorithm could also contribute to variability in the outcomes, partic
ularly since these could not only be individual-specific but most probably
also species-specific; this aspect needs further investigation. The scope of
this study was however to test the hypothesis that variable cell activity rates
could explain variability in the mechanoregulated tissue differentiation pro
cess. A previous computational mechanoregulation study that varied cellular
and biological parameters using factorial analysis (Isaksson et al., 2008b), has
shown very low sensitivity to MSC proliferation rates, contrary to observa
tions in this study, but higher sensitivity to initial MSC concentrations in
the model. In our simulations, where MSC proliferation rates are kept at
baseline, the model shows some sensitivity to parameters related to bone
and cartilage formation and apoptosis, similar to th at reported by Isaksson
et al. (2008b). However, the differences in parameter sensitivity could also
depend on the tissue diff'erentiation scenario investigated. In this study, the
bone chamber is sensitive to MSC proliferation rates because the chamber
is not fully filled with MSCs when the differentiation process starts, there
fore the amount of MSCs occupying the chamber significantly affects the
differentiation patterns.

5.4.3

M ain con clu sion s

The simulations suggest th a t differences in mechanosensitivity in the form
of differences in mechanoregulated cell activity rates among animals have a
strong influence on the tissue differentiation process. These simulation results
are along the same lines as previous findings in animal studies of variation
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in bone traits - they found th at variation in mechanosensitivity in different
strains of mice affect the rate of bone apposition during mechanical load
ing (Robling and Turner, 2002) and that differences in growth patterns and
rate of bone formation influences fracture risk and bone fragility through
out life (Price et al., 2005). Other experimental findings have further shown
differences in the rate of fracture healing between different strains of mice,
indicating th at variability in mechanosensitive cell activity rates th a t con
trol endochondral ossification can be due to genetic variations in an animal
population (Li et al., 2001; Jepsen et al., 2008).
In conclusion, this study expands a computational framework of mechanoregulated tissue differentiation by showing th at variable cell mechanoregulation gives simulation outcomes matching the variability observed experimen
tally. The results corroborate the mechanoregulation theory of Prendergast
et al. (1997) not only because the model captures the load-dependent tis
sue differentiation process but also because the variability in the cell activity
parameters returns a variability similar to th at observed in vivo. Computa
tional models th at can accurately capture intra- and inter-species variations
in response to loading are essential for a better understanding of mechanobiology and this investigation illustrates how variability can be included in
simulations of tissue differentiation.
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T he em ergence of mechanoregulated
ENDOCHONDRAL OSSIFICATION IN EVOLUTION

6.1

In tro d u ctio n

It has been said by th e famous Russian biologist, Dobzhansky, th a t “nothing
in biology can be understood except in the light o f evolution”. If this is true in
mechanobiology it behooves us to establish how m echanoregulatory frame
works may have come about by natural selection. Many experim ents have
shown th a t mechanical forces can regulate the differentiation of mesenchymal
stem cells (MSCs) (Estes et al., 2004; Guilak et al., 2009), and furtherm ore
th a t the differentiation of a specific tissue can only occur w ithin a range of
m echanical stimuli, e.g. low mechanical stimuli promotes bone differentiation
and high stimuli inhibits differentiation of mesenchymal stem cells to bone
cells and even resorbs bone (Chen et al., 2007; Jacobs et al., 2010; Kelly and
Jacobs, 2010). It has also been shown th a t mechanoregulation of skeletogenesis is m odulated by mechanosensitive genes (Nowlan et al., 2007, 2008b,a).
M echanoregulation theories have been proposed to describe MSC differen
tiation into skeletal tissues (C arter et al., 1988; Claes and Heigele, 1999;
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Prendergast et al., 1997; Gomez-Benito et al., 2005; Pauwels, 1960; Perren,
1979) depending on different magnitudes of various biophysical stimuli and
the theories have been partly corroborated in computational simulations of
various tissue differentiation scenarios (Isaksson et al., 2006a; Geris et al.,
2008; Liu and Niebur, 2008; Hayward and Morgan, 2009). Since these theo
ries hypothesise th at there are preferred biophysical stimuli - or ’windows’ delimiting particular mesenchymal stem cell differentiation pathways, it is in
triguing to speculate about what could have caused such ’windows’ to emerge
in evolution.
Much of our knowledge about bone evolution comes from fossil evidence.
The earliest vertebrate fossils originate from the Cambrian period and reveal
skeletal bones consisting of a shell of membrane bone and a cartilaginous
endoskeleton (Orkin, 1952), see Carter and Beaupre (2001) and Hall (2005)
for a review. Endochondral bone appeared later and was found in fossils from
cartilaginous fish-like creatures from the Ordovician, Silurian and Devonian
periods - these fossils show both endochondral and membrane bone (Orkin,
1952).
The endochondral ossification process during bone development has much
in common with endochondral bone healing (Gerstenfeld et al., 2003; Gerstenfeld and Einhorn, 2003), and fracture healing experiments have become
a common model for investigating the mechanobiological factors underly
ing the ossification process (van der Meulen and Huiskes, 2002). Studies of
bone fractures show th a t intramembranous healing, involving ossification on
a fibrous membrane can unify small and stable fractures. In larger fracture
gaps and more straining mechanical environment, endochondral ossification
is necessary for healing where a cartilage matrix is laid down which later,
if the soft tissue succeeds in stabilising the fracture, ossifies into bone. It
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is hkely th a t endochondral healing emerged in evolution because it confers
a greater fitness for survival in a more demanding mechanical environment.
Evolution acted on the adaptability of cellular activities to the environment
whereby animals with endoskeleton, consisting of only cartilage, evolved into
those th at could progress the differentiation of cartilage into bone, i.e. could
execute an endochondral ossification process.
We propose the hypothesis th at the emergence of mechanosensitive genes
for MSC differentiation is sufficient to trigger endochondral ossification in
evolution, which stabilises in the population as it gives a greater fitness for
survival. In particular, we propose th at the emergence of mechanosensitive
genes, when favoured by natural selection, could have led to the emergence
and maintenance of new differentiation processes - specifically the endochon
dral ossification pathway.

6.2

M e th o d s

A combination of a mechanoregulated tissue differentiation model and a ge
netic algorithm describing evolutionary change is used to test this hypothesis.
The fitness function, needed for the genetic algorithm will be evaluated with
simulations of mechanoregulated fracture healing, where the fitness of indi
viduals depended on their healing time.

6.2.1

T h e tissu e differentiation m od el

A three-dimensional finite element model of a mouse fracture was developed
to simulate the mechanoregulated healing process (see Figure 6.1). For sym
metry reasons, only one-eighth of a fracture callus region needed to be mod
elled; it consisted of 1662 eight-node hexahedral elements that were assigned
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poroelastic m aterial properties (see C hapter 3).

C o m p ressiv e load

Cortical
bone

Marrow
cavity

Fracture

gap

Figure 6.1: The three-dimensional finite element model o f 1 /8 o f a fracture
consisting o f a marrow cavity surrounded by cortical hone and a fracture
callus. Compressive forces were applied on the cortical bone area.

A 4 mm fracture gap was modelled; loading was 2 body-weights { B W)
daily. Each finite element had th e same size and was divided into 1000 lattice
points, to model the stochastic cell activities. The mechanical environment
com puted for each finite elem ent was m apped onto the grid of lattice points
representing positions for cell activity, as outlined in C hapter 3 (see Fig
ure 3.2, in C hapter 3). Then depending on the mechanical environment, cells
were allowed to m igrate, proliferate, apoptose and undergo differentiation in
a stochastic m anner and w ith cell phenotype-specific rates. Cells differenti
ated guided by a biophysical stim ulus (-S' = ^ + | , where a = 0.00375 and
b = 3 /im /s are experim entally determ ined constants), based on fluid flow (7 )
and shear strain [u] (Prendergast et al., 1997), see Figure 6.2A.
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S=7 a + I) b
0 < S < 111

Bone

111 • S < 11

Caitilage

S ■11

Fibrouf! tiss’iie

7
m =0

7
m >0

m- n

B
Figure 6.2: A ) The mechanoregulation theory of P rendergast et a l (1997)
where the ’w in d o w s ’ o f biophysical stim uli are d e te rm in e d by the boundary
values m and n ( m = l , n = 3 in the original algorith m ). B ) The m -valu e was
varied in the fracture healing sim ulations and the n-value was kept constant.
When m = 0 , endochondral ossification has not emerged and only cartilage
can form . A s m becomes greater than zero ( m > 0 ) , bone f o r m a tio n within an
appropriate biophysical stim ulu s is enabled.

The course of heahng was simulated in a series of time increments, where
one increment represented one day. During each increment, mesenchymal
stem cells, originating from the marrow, periosteum and outer callus, mi
grated and proliferated into the fracture site and after some maturation time
(here 6 days) the cells differentiated into osteoblasts, chondrocytes or fibrob-
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lasts depending on the biophysical stimulus, S. Healing was assumed to be
reached when the entire fracture gap had been replaced with osteoblasts.
Tissue differentiation simulations with variations of the endochondral
boundary (m-value) were performed to generate a function for healing time,
keeping the boundary between cartilage and fibrous tissue (n-value) constant
(see Figure 6.2B). Simulations to compute the healing time {HT) were per
formed with the following m-values: 0.01, 0.1, 0.5, 1.0, 1.5, 2.0 and 2.5. Since
each run of identical fracture healing simulations could give different heal
ing times due to the stochastic modelling of cell activities, three identical
simulations were performed for each m-value.

6.2.2

T h e fitn ess fu n ction

Shorter healing time {HT) represented better fitness and gave higher proba
bility for surviving and therefore mating. As endochondral ossification would
emerge (m>0) in evolution, the healing time changed and therefore the fit
ness. The fitness of individuals was assessed as the probability of surviving
a fracture, which depended on their healing time, i.e. H T as a function of
m, and a hazard rate ( HR), see Equation 6.1.
Pr{survival) = 1 —HT{ m) * H R

(6.1)

The hazard rate can be described as the probability of dying each day with
a non-unified fracture and was modelled to increase such that the probability
of an individual dying increased with the time taken to heal. For this study,
the hazard rate was chosen as 0.004, so that individuals that never healed
would always die whereas those that took long time to heal would have
less than 20% chance of surviving and individuals with fast healing time
would have about 80% chance to survive a fracture. The function for healing
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time {HT{m)), used in the genetic algorithm to assess fitness, depended on
the interpolation between d ata points simulated by the tissue differentiation
model. In this study, a non-linear least square regression was used to generate
a continuous healing time function, {HT{m)), for the simulated data points.

6 .2 .3

T h e g en etic algorithm

Evolutionary change was modelled using a genetic algorithm where a diploid
population was assumed to be equipped with a gene set of 5 loci (Nowlan
and Prendergast, 2005) th at determined the mechanobiological response to
loading. Each individual was assumed to be equipped with 10 alleles (2 per
loci) where each allele could have a value in the range 0 to 1. The allelic
values determined the r??.-value for each individual according to the following
sum (see Equation 6.2).
( 6.2)

i=l
where k is the number of alleles, Qis and

are alleles from locus i and from

the s and t gene set (e.g. see numbering of the gene set for Parent 1 in
Figure 6.3).
Initially all allelic values were zero giving for each individual in the popu
lation, m =0, meaning th at no endochondral ossification could occur. Mating
was modelled as a random selection process with recombination. For each
mating parent a haploid gene set, i.e. five alleles, was selected at random
from the parent’s gene pool and combined with the haploid germ of another
parent to form the gene set of one child (see Figure 6.3). Mutations occurred
at the recombination of different loci with a rate of 10“^ and changed the
allelic values, creating genetic variation. The size of the m utation was cho
sen at random from a uniform distribution between 0 and 1. Therefore, by
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Figure 6.3:

Graphical illustration o f recombination, where each locus is

equipped with two allelic values (e.g. g ^ and g u ).

Five alleles, one from

each locus, are randomly selected from each parent and inherited by the child.

m utation, non-zero m-values could emerge in the population allowing endo
chondral ossification for these individuals.

6 .2 .4

Im p lem en tatio n

A population of 1000 individuals without the ability of m echanoregulated en
dochondral ossification was created. This was done by setting all allelic values
to zero yielding m = 0 for all individuals. Allelic values larger than zero (giving
m > 0) arose through m utation. W ith m utation, the ability of mechanoreg
ulated osteoblast differentiation emerged - m echanoregulated because only
if the biophysical stimuli were appropriate, then MSC differentiation into
osteoblasts would occur.
In each generation, 20% of the population was assum ed to fracture their
skeleton.

Depending on their fitness (m-value) th e fractured individuals

would heal w ith different times. N atural selection affected the evolutionary
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process such th a t individuals with low fitness (longer healing times) would
have low probability to survive a fracture and m ate whereas individuals w ith
higher fitness (shorter healing times) would have a b etter chance of surviv
ing, therefore m ating and passing their genes on to the next generation. The
surviving individuals were reunited with the non-fractured population and
created the parent gene pool, which through random selection and recombi
nation generated the new generation.
Each generation was assumed to have only one m ating opportunity w ith
no overlaps between the generations. Furtherm ore, th e population size was
kept constant such th a t every generation alw^ays resulted in 1000 new in
dividuals.

The evolution process was sim ulated for 1000 generations, see

Figure 6.4 for the com putational scheme.

6.2.5

S en sitiv ity investigations

Four param eters th a t have a significant infiuence on the model predictions
were investigated. These were,
• T he hazard rate

{ H R ) :

Simulations were run w ith increased (0.008)

and decreased (0.001) hazard rates, w ith a baseline rate of 0.004.
• The percentage of fractures per generation, which could affect the evo
lutionary process and the distribution of gene values in the population.
Simulations were perform ed w ith increased (80%) and decreased (5%)
fractures rates per generation, with the baseline of 20%.
• M utation rate, which is a significant param eter as m utations are the sole
cause of genetic variability and its m aintenance. The genetic algorithm
was run with increased (10~^) and decreased (10“ ^) m utation rates,
baseline being 10“ “^.
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• Mechanical loading, which is known to affect healing tim e in fracture
healing sim ulations and could shift the fitness function. Tissue differ
entiation sim ulations were performed where daily mechanical loading,
modelled as body weight, was increased or decreased with 20% respec
tively and genetic simulations using variations of the simulated fitness
function were performed.

START

N ow p o p u la tio n

80% n on -f r a c t u r e d

20% fractured
F it n ess
assessm ent
Survivals

R a n d o m m a ti n g a n d
M u tatio n s

recom bination

YES

g en eration < 1000
NO

END

Figure 6-4:

Com putational scheme of the evolutionary genetic algorithm.

A population of 1000 individuals were created where 20% of the individuals
fractured their bones. The fractured individuals with higher fitness had higher
probability to survive and participate in mating. M utations occurred at the
rate of 10~^ creating non-zero allelic values that could be favoured by natural
selection if the new individual fractured its bone.
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6.3

R esu lts

6.3.1

T h e fracture healing sim u lation s

The baseUne fracture heahng simulations (m = l, n=3, see Figure 6.2) showed
how the fracture callus was initially filled with granulation tissue and re
placed with bone through endochondral ossification. Due to the stochastic
modelling of cell activities, each run of the simulation showed a somewhat
different healing time. This resulted in a small variability in healing time
for simulations using identical m-values. In this baseline simulation, see Fig
ure 6.5, the mechanical loading differentiated MSCs into fibrous tissue and
chondrocytes at the fracture gap, which was entirely filled with osteoblasts
after 62 days.

I

7 days

14 days

21 days

28 days

49 days

62 days

I- G ranulation tissue

- Fibrous tissue

• C hondrocytes

• O steoblasts

Figure 6.5: The tim e course o f fracture healing in baseline sim ulation (m = l,
n= 3). The fracture callus is initially filled with granulation tissue and bone
differentiation starts in the outer callus, slowly progressing through endochon
dral ossification to unify the fracture gap.
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6.3.2

T h e sim u lated fitness fun ction

Fracture heahng simulations with varying m-value generated the healing
time function which showed that lower m-values result in very slow heal
ing; whereas higher m-values simulate faster fracture healing, see Figure 6.6.
200
180160-

•O 1 2 0

•I 100 O)

I

8060
40
20

2.5

05
m-value

Figure 6.6: The simulated healing tim e function, where the data points are
simulated with the fracture healing tissue differentiation simulations and the
continuous fu n ction is derived from non-linear least square regression. Due
to the stochastic cell activities in the fracture healing simulations, variable
healing tim es are observed fo r simulations with identical m -values (three sim 
ulations are presented at each m -value in this graph).

It can be seen th at the m-value was not directly proportional to healing
time since after certain increase in m-value, the healing time would not de
crease significantly and thus showed nonlinear relationship to m. The fitness
function illustrates th at the evolutionary pressure on the m-value is initially
high.

However, if the m-value continues to increases, the gain in fitness
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diminishes and levels off the evolutionary pressure towards higher m-values.

6.3.3

T h e evolu tion ary sim u lation s

The entire population was initially unable to form osteoblasts through mechanoregulation and all individuals th at fractured their skeleton would die.
When mutations occurred and the m-value became non-zero (i.e. the capac
ity for endochondral ossification emerged), individuals with this gene were
favoured by natural selection, since they had a chance to survive the fracture
and participate in the mating process to pass on their genes to the next gen
eration (Figure 6.7). The results show th at the distribution of allelic values
(or gene values) in the population shifted therefore towards higher m-values
(Figure 6.7).
After 1000 generations, the mutations have changed the gene frequencies
of the population and a new distribution of genes and m-values have emerged
(Figure 6.7). Each run of the evolution simulation produced different distri
butions. However it is noteworthy th at similar mean m-values emerged in
each simulated evolution, see Table 6.1 and Figure 6.8.

Simulation no.

1

2

3

4

5

Mean m-value

1.00

0.90

0.89

1.20

1.04

Standard deviation

0.12

0.13

0.07

0.25

0.17

Table 6.1: Five identical evolution sim ulations produce different distributions
with different mean m-values.
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Figure 6.8: The distribution of m-values in five identical evolution sim u
lations, using baseline parameters, after 1000 generations. The simulation
runs correspond to those reported in Table 6.1.

6 .3 .4

S en sitiv ity sim u lation s

The simulation with increased hazard rate {H R —0.009) showed the emer
gence of higher gene values and therefore also distributions centred on higher
777-values. When lower hazard rate (i/i?=0.001) was modelled, a different
evolutionary process was observed with lower mean m-values in the popu
lation, after 1000 generations. Alterations of the percentage of fractures in
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the population during each generation showed further a small increase in the
mean m-value for higher fracture rates (80%), whereas a lower percentage of
fractures (5%) predicted lower mean m-values. Furthermore, the simulations
with higher (10“^) and lower (10“^) mutation rates resulted in higher and
lower mean ?n-values respectively. The results of the sensitivity studies are
summarised in Table 6.2.
Sim ulation:

M ean m-value

Standard deviation

Hazard rate 0.009

1.51

0.19

Hazard rate 0.001

0.49

0.11

80% fractures per generation

1.14

0.18

5% fractures per generation

0.73

0.20

M utation rate 10“^

1.34

0.27

M utation rate 10“^

0.37

0.004

Table 6.2: Sum m ary o f sensitivity results, showing the simulated mean mvalues and standard deviations in the population.

Tissue differentiation simulations where the mechanical loading at the
fracture site was altered showed expected variations in time of healing. Higher
mechanical loading resulted in longer healing times whereas lower mechanical
loading showed faster endochondral healing (see Figure 6.9). The simulated
d ata points therefore lead to new healing time functions and thus new fitness
functions, one which was shifted upwards relative to the baseline healing time
function (when fitted to the data points for simulations with higher loading)
and the other was shifted downwards (when fitted to the data points for simu
lations with lower loading). The evolutionary simulations predict higher and
lower m-values emerging in the population when using the fitness functions
generated for higher and lower loading respectively (see Table 6.3).
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Figure 6.9: Healing tim e fu n c tio n fitte d to sim ulations data points derived
fro m tissue d ifferentiatio n sim ulations w ith high and low loading.

The ge

netic algorithm shows a distrib u tio n o f m-values w ith means around 1.44
(std=0.31) and 0.74 (std=0.15), afte r 1000 generations, f o r (A ) high and
(B ) low loading environments respectively.

109

C hapter 6

Simulation no.

1

2

3

4

5

Mean m-value

1.44

1.24

1.26

1.67

1.13

Standard deviation

0.31

0.20

0.23

0.21

0.12

Mean m-value

0.75

1.07

0.64

1.12

0.53

Standard deviation

0.16

0.18

0.16

0.25

0.10

Higher loading

Lower loading

Table 6.3: Five identical evolution simulations o f each fitness fu n ctio n gener
ated fo r higher and lower mechanical loading respectively. The results show a
clear difference in the distribution o f m.-values where higher loading predicted
the emergence o f higher mean m -values in a population.

6.4

D iscussion

In this paper we have corroborated the hypothesis th a t if mechanosensitive
genes emerge to trigger an endochondral ossification process, then they stabihse in the population since the ability of mechanoregulated MSC differenti
ation gives a great advantage and is a crucial adaptive response for survival.
As w ith any model, they have lim ited faithfulness to reality. T he model pre
sented in this study simplifies the evolutionary process of bone formation,
not considering complex phenom ena such as gene dominance, other more
complex m ating systems and m utation rates. The sensitivity investigations
showed th a t the genetic algorithm is sensitive to the m utation rate. In this
study, the m utation rate of 10” ^ per gene per recombination was chosen as
it showed th a t variation is m aintained in the population over the simulated
generations.

110

Chapter 6

The tissue differentiation model adopted in this study has been simplified
from its previously implemented form in order to remove complex phenom
ena. For example, the process of angiogenesis, as developed by Checa and
Prendergast (2009), is not modelled directly. Furthermore the distinction
between m ature osteoblasts, immature osteoblasts and resorption is not con
sidered (here we only consider immature osteoblasts differentiation). It also
adopts a simple finite element model of a small fracture callus. The effect of
more complex fracture geometries and the inclusion of angiogenesis on the
fitness function are suggested for future investigations. The author would like
to add th at endochondral ossification probably emerged during development
and not under the process of healing. However, the endochondral ossification
process during development is very similar to that of fracture healing, which
makes it suitable for fitness function simulations.
Moreover, the fitness fimction could have a different appearance if the
simulations had adopted other mechanoregulation theories. However, stud
ies have shown th at the theory of Prendergast et al. (1997) have performed
well in predicting the influence of the mechanical environment on the tis
sue differentiation process (Isaksson et al., 2006a). This theory has been also
more extensively corroborated in different tissue differentiation investigations
(Kelly and Prendergast, 2006; Andreykiv et al., 2008b,a; Hayward and Mor
gan, 2009; Nagel and Kelly, 2010; Sandino et al., 2010); suggesting that the
theory is the most appropriate one for this type of theoretical investigations
of the mechanoregulated tissue differentiation process.
The fitness function, being determined by only the ability to heal frac
tures, is a further simplification. Fracture healing is a process th at is sensi
tive to fracture geometry, mechanical environment, and many other factors.
Other studies have for example pointed out that tissue differentiation simula111
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tions are sensitive to variations in material parameters (Lacroix et al., 2002;
Isaksson et al., 2009; Byrne et al., 2011; Andreykiv et al., 2008b) and cellular
activities (Isaksson et al., 2008b; Cox et al., 2010), which in turn also affect
the fitness function.
Since the ability to heal fractures is crucial for mobility it is likely th at
it has a profound effect on the survival of vertebrates in evolution. There
is no doubt however th at there are many other factors besides the ability
to heal fractures th at could have played an important role for the fitness
and the survival of the animals, including others related to bone forma
tion. In fact, cross-sectional bone growth has often been described in rela
tion to mechanosensitivity where thinner bones have been associated with
higher mechanosensitivity and thicker bones with low mechanoresponsiveness (Turner and Beamer, 2002; Robhng et al., 2007; Jepsen et al., 2008;
Tommasini et al., 2009). The fitness function used in this model could be
expanded and integrated with the ideas presented in previous bone evolution
studies (Nowlan and Prendergast, 2005; Nowlan et al., 2011) where thicker
bones would be able to better resist daily loads, but be heavy to carry and
less mechanosensitive if subjected to injury. Thinner bones on the other hand
would be more responsive to mechanical loading but have a higher risk of frac
ture. A population with a homogeneous bone size for all individuals could be
subjected to selection pressures th a t favour those members of the population
with appropriate mechanoregulation response, i.e. higher mechanosensitivity
(m >0), which would promote smaller bones. Too small bones would how
ever be disadvantageous due to the higher risk of fracture. The result of this
process would be changes in the skeletal shapes of the animals which would
not happen without mechanoregulation (Prendergast, 2002). This could cre
ate simulations where it is less likely that m-values larger than zero would
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stabihse in the population.
Despite the simplifications, the model captures interesting evolutionary
aspects of the emergence of mechanoregulated endochondral ossification. Each
run of the genetic simulation shows a different final distribution of the re
value; however the means are all very close to the m-value proposed by the
mechanoregulation theory of Prendergast et al. (1997). This indicates th at
the ’windows’ of biophysical stimuli, proposed in the mechanoregulation the
ories, could have emerged as an im portant adaptation to changing mechanical
environments.
Moreover, the fracture healing simulations subjected to higher and lower
mechanical loading shifted the fitness function up and down respectively;
meaning th at heavier animals, subjecting their fracture to higher loading have
a lower probability of surviving than the lighter animals. This corresponds
to evolutionary theories on bone morphology', stating th a t minimising bone
mass was important for animal fitness since heavy bones are more expensive
to maintain and subjected to higher daily stresses (Nowlan and Prendergast,
2005; Prendergast, 2002). The results have also captured the ideas in a re
cent simulation of fracture healing th at investigate species-specific responses
to mechanical loading (Checa et al., 2011). Their simulations suggested th at
different m-values exist for different species, more specifically th at sheep th at
are heavier animals respond to loading following higher m-values compared
to mice th at are lighter and have lower m-values. The evolutionary simula
tions in this study propose th at speciation in mechanosensitivity is due to
an adaptation to body weight or increased loading such as stronger muscle
forces due to faster swimming.
In general, it seems reasonable to assume th at healing of skeletal tissues
became crucial for survival as the environmental pressures increased. Carti113
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laginous tissues are more difficult to break but they are also more difficult
for the body to repair, so calcified bony tissues were advantageous because
of their stronger structural integrity th at could better resist increased envi
ronmental demands and their fast adaptability to the changing environment.
Investigations of early fossils indicate further that the emergence of bone tis
sue had a more protective function rather than supportive functions, since the
bony endoskeleton had the tendency to revert into cartilage in many groups
of fishes (Hall, 2005; Orkin, 1952). The evolution simulations, governed by
a fitness function from fracture healing simulations, show that mechanoregulation of endochondral ossification was indeed important for survival.
The criticalness of mechanical stimulus for progression of ossification has
also been previously shown in developmental studies of avian embryonic long
bones (Nowlan et al., 2008a) and ’muscle-less’ m utant mice (Nowlan et al.,
2010a), where the specimens th at were not subjected to mechanical forces
showed abnormal ossification processes. In a computational study, van der
Meulen et al. (1993) showed th at mechanobiological factors are crucial for
cross-sectional long bone growth during development and illustrated much
less cross-sectional growth when the bone was subjected to only biological
factors with no mechanoregulation. These findings are along the same line as
the simulation results with lower hazard rates (/fi?=0.001) and simulation
with 5% fractures per generation. Lower hazard rates means th at there is
a low probability of dying from a fracture, even with the lack of endochon
dral healing. This reduces the significance of mechanoregulation for survival
and decreases the selection pressures for higher m-values, resulting in lower
m-values in the population and a temporally different endochondral process.
Similar effect is observed in the simulations where only 5% of the individ
uals fracture their bones each generation, leading to less individuals being
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subjected to natural selection th at therefore lower emerging m-values.
Overall, the results show that, after 1000 generations, the mutations have
integrated in the population such th a t all the individuals are equipped with
the abihty of mechanoregulated endochondral ossification. The less beneficial
m utations have been replaced with those of higher fitness and arrived at
a distribution of m-values for the population. This distribution represents
population variability in the endochondral healing process in response to
loading which has also been reported on in in vivo fracture healing studies
(e.g. Goodship and Kenwright, 1985; Bishop et al., 2006; Jepsen et al., 2008).

6.4.1

M ain conclusions

The author believes th at the simulations of this study have illustrated that
the emergence of mechanosensitive genes for MSC differentiation is sufficient
to trigger endochondral ossification in evolution, which stabilises in the pop
ulation as it gives a greater fitness for survival. The results indicate that
the response to biophysical stimulation has been vital for the emergence of
mechanoregulated tissue differentiation processes and may be behind the evo
lutionary success of vertebrates. The simulations of evolution have further
arrived at a distribution of m-values showing the existence of variability in
the mechanoregulated response in a population. This investigation empha
sises the crucial role of mechanical stimulation during bone evolution and
healing where the derived variability between the animals of a population,
corresponding to variabihty in present animal populations, highlights the
prospects of probabilistic population-based simulations in the future.

115

Chapter 6

C hapter 7
D isc u ssio n

7.1

In tro d u ctio n

In this work, the author proposed th at evolution has given rise to mechanosensitive genes th a t are the main determinants of variabihty in the mechanoregulated tissue differentiation process. This thesis has been explored in the pre
vious chapters, which have investigated the source of variabihty from three
different perspectives: environmental, genetic and evolutionary. The results
have supported the author’s thesis and it is believed th at the work presented
will have an impact on the use of computational tools in mechanobiological
research.
Computer models th at simulate the process of mechanoregulated tissue
differentiation began as single time-point analyses of simplified fracture do
mains, in the 1980s, and have developed into real-time simulations of the
differentiation process th at consider cell phenotype-specific activities and
anatomically correct 3D fracture geometries. The development of compu
tational models is interesting for mechanobiological research as they help re
searchers to better understand the mechanobiological processes th at underlie
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tissue differentiation. This has been done to the extent that computational
tools have become a new way of experimentation that can be very powerful
when integrated with in vitro and in vivo observations. Developing better
computational models can also be useful when implemented in the context
of clinical applications as they can for example shorten the design time for
new medical devices. This work has added to the development of computa
tional models by identifying the genetic and environmental parameters th at
could be behind the variability in the mechanoregulated tissue patterns ob
served in vivo. It is the first in its kind to perform variability simulations
of the mechanoregulated tissue differentiation process in a population and to
simulate the emergence of endochondral ossification in evolution.
However, as comes with any model, this model has some inherent assump
tions and simplifications. Most limitations and assumptions in relation to the
model used in this work have already been addressed in previous chapters.
But the main limitations are discussed in more detail in the sections below.

7.2
7.2.1

L im itation s o f th e present stu dy
T h e la ttic e m o d ellin g approach

Some of the limitations of this study are associated with the lattice modelling
approach for modelhng cells and their activities. In this approach, the cell
size is assumed to be equal for all cell phenotypes whereas in nature cells
can attain different sizes and shapes. This simplification is mostly noticed
in terms of computational time for larger tissue differentiation simulations.
Adopting a small cell size for a relatively large model could result in much
longer computing time but not necessarily better or more accurate results.
Modelling larger cell sizes can reduce computing time, however, if the cell
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size is too large, the model can behave unrealistically. Also, the influence of
the stochastic cell activities is greater in models with lower cell densities. To
deal with this issue, the Cellular Potts model can be used, which is a lattice
based approach th at allows cells to be represented by more than one voxel, in
the lattice domain (Lennon et al., 2011). This enables larger and various cell
sizes to be modelled and maintains the advantages of the lattice approach
th at allow modelling of contact inhibition and stochastic cell behaviours.
More recently, off-lattice computational models have been developed where
the cells are allowed to migrate more freely in space, compared to the lattice
approach where cells are limited to a structure grid. Drasdo (2005) have in
troduced an off-lattice model where proliferating cells push out neighbouring
cells to make space for the daughter cells. This model has been implemented
successfully in models of cancerous tissue growth (Ramis-Conde et al., 2008);
however it is not developed to consider applied mechanical forces th at are
crucial for skeletal tissue differentiation.
Moreover, Geris et al. (2010a) have developed an off-lattice cell model
where the proliferation process considered the presence or absence of vari
ous metabolites, sufficient space and mechanical stress. Although this model
can account for applied stresses and strain, it models cell behaviour on ag
gregates and does not represent the in vivo behaviour of cells. The cellbased model by Geris et al. (2010a) also requires significant computing power
which makes it expensive in terms of computing time for larger models. A
model th at combines the off-lattice capacities for cells to move freely in space
and has the ability to consider the application of external mechanical forces
within reasonable computational time would solve many of the problems re
lated to modelling unknown final geometries (e.g. fracture callus growth) in
mechanobiological simulations.
119

Chapter 7

7.2.2

M aterial properties

The material property values for each tissue phenotype were assigned ac
cording to data found in literature. These parameters are material constants
in the model th at are assigned to the finite elements when the change in
extracellular matrices of tissues is predicted. However, studies have shown
spatial and temporal variation of material properties during fracture callus
repair (Leong and Morgan, 2008, 2009). This illustrates th at it would be
more realistic to model a continuous change of material properties during
the tissue differentiation process instead of averaging over large changes in
material properties to prevent unphysiologically rapid changes in material
parameters when tissues are formed.
In addition, studies of inbred mice have shown differences in bone mate
rial properties between different strains of mice (Turner et al., 2000; Jepsen
et al., 2001; Tommasini et al., 2005). This indicates th at the spatial and
temporal variations of material properties observed during fracture repair
are also individual-specific and can be subjected to genetic variation. Un
derstanding how this variability is expressed and modelled in simulations
of tissue differentiation can increase the variability predicted by the models
and also help answering questions regarding the role of species-specific and
individual-specific material properties in tissue regeneration.
The assignment of material properties in this model is a homogenisation
process th at needs to be improved. Each finite element can contain 1000 lat
tice points and up to five different extracellular matrices (granulation tissue,
immature bone, m ature bone, fibrous tissue and cartilage), but is assigned
material properties based on the volume fraction of the different cell pheno
types within the element. This is referred to as the ’rule of mixtures’ and
removes the heterogeneity in material properties th at should be implied by
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the lattice model.
Furthermore, computational models have illustrated th at including the
anisotropic behaviour of tissues and the re-organisation of collagen fibres as
a function of mechanical stimulus is significant for mechanoregulated tissue
differentiation predictions (Nagel and Kelly, 2010). This illustrates how the
existing constitutive material models can be improved.

7.2.3

C ell a c tiv ity p aram eters

This work identified the cell activity parameters as a source of genetic vari
ability, in simulations of mechanoregulated tissue differentiation. The base
line cell activity rates were modelled according to literature and variability
simulations of modelled cell activities rates captured the variability observed
in the in vivo experiments of a bone chamber. In fact, the model captured
the dichotomous outcome which was the main variability in the in vivo his
tology. The results suggest th at variable cell mechanosensitivity, expressed
as variable cell activity rates, could be behind the variability observed in
animal experiments.
Researchers have tried to model how some mechanosensitive genes are
integrated in a genetic network to regulate endochondral ossification in the
growth plate (van Donkelaar and Huiskes, 2007). The rate of cell activities
have been correlated to mechanical stimulus, where perturbations in the me
chanical environment is assumed to alter different gene concentration levels
and thus the rates of proliferation. However, modelling genetic regulatory
networks are only suitable for small systems where the main genes that con
trol the process are identified. For more complex processes, the approach
becomes computationally expensive and will not perform adequately if an
im portant gene is left out.
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A major issue with current mechanobiological models are th at they only
consider the macroscopic influence of mechanical loading, on organ-level.
Studies using high resolution finite element models have shown that the mi
croscopic loads, sensed by cells, can be much larger than the applied macro
scopic loads (Sandino et al., 2008; Stops et al., 2008). Also, the environmental
variations on the microscopic level could be larger than the macroscopic envi
ronmental variations, as investigated in this thesis, and therefore significantly
affect the process of cell differentiation. Models th at adopt high resolution
finite element analysis are necessary to better understand the influence of
mechanical stimuli on cell differentiation.

7 .2 .4

T h e e v o lu tio n a r y sim u la tio n s

The use of computational models has become increasingly common in re
search of evolution of development, also known as evo-devo. These models
are often very simplistic but they still provide good theories and hypothesis
on how evolution has altered developmental processes and genes to create
novel mechanisms and structures. Questions like, how do complex structures
and functions emerge? And how are form and function modified in evolu
tion? were key biomechanical problems posed by Charles Darwin (Rayner
and Wootton, 1991). Understanding these problems and the relationship be
tween bone form, function and evolutionary processes, leading to the current
diversity in the complex morphological system can help us understand the
basis of skeletal tissue design.
In Chapter 6, a genetic algorithm was used to consider evolutionary
change and simulate the emergence of endochondral ossification, favoured
by natural selection. One of the limitations in this algorithm is the use of
only five genes th at control the mechanoregulation response to mechanical
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loading. Although the average effect of the genes is considered, the rela
tionship between the gene values and the mechanoregulation response (mvalue) is linear which could be too simplistic. Considering a larger gene set
would allow for more recombinations and mutations and change the variation
in the population; however our knowledge of how many genes th at impact
mechanoregulated bone regeneration is still incomplete and five genes seem
sufficient for capturing the emergence of endochondral ossification in evolu
tion.
Another assumption associated with this study is th at the rate of endo
chondral fracture healing is the only factor th at determines the fitness of an
animal. The ability to heal fractures must have been crucial for survival, but
there are many other factors th at could have played an im portant role for
the fitness of the animals. Since bone morphology has often been described
in relation to mechanosensitivity, where thinner bones have been associated
with higher mechanosensitivity (faster fracture healing) and thicker bones
with low mechanoresponsiveness (slower fracture healing), it would be inter
esting to integrate the existing model with previous studies th at investigate
the evolution of bone growth on bone phenotypes (Nowlan and Prendergast,
2005; Nowlan et al., 2011). The fitness function can therefore be expanded
into also considering the cross-sectional thickness of bones, where thinner
bones would have higher risk to fracture and thicker bones would be better
at resisting daily loads, up to a limit where the bones become too heavy
(Nowlan and Prendergast, 2005; van der Meulen et al., 1993).
The model adopts the mechanoregulation algorithm of Prendergast et al.
(1997) to simulate the endochondral ossification process of fracture heal
ing. Using other theories of mechanoregulation, such as the one proposed by
Claes and Heigele (1999) based on compressive stresses and strains, would
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suggest a somewhat different biological process in terms of the emergence of
mechanoregulated endochondral ossification. The mechanoregulation theory
of Claes and Heigele (1999) suggest that, if endochondral ossification has not
evolved, the fracture gap would be filled with fibrous tissue only. But th at
some intramembranous bone formation would occur in regions of low mechan
ical stimulus (probably at the outer callus), see Figure 7.1. The theory further
indicates that, as the ability of endochondral healing appears in evolution,
cartilage tissue can be formed in the fracture callus and slowly be replaced
by bone. This is different to the predictions made by the mechanoregulation
theory of Prendergast et al. (1997) which shows th at cartilaginous tissue is
present at the fracture gap together with fibrous tissue despite the absence of
endochondral ossification (Figure 7.2). In other words, the Claes and Heigele
model inhibits cartilage difi'erentiation if endochondral healing does not exist
whereas the theory of Prendergast et al. (1997) allows cartilage formation
despite the lack of endochondral heahng abilities.
As follows from the Biogenic Law, often expressed as ’ontogeny reca
pitulates phylogeny’, the two different biological processes proposed by the
mechanoregulation theory of Claes and Heigele (1999) and Prendergast et al.
(1997) can be compared to embryonic studies of long bone development that
investigate the infiuence of mechanical forces on the endochondral ossifica
tion process. These studies show th at the mammahan and avian long bones
are formed on a cartilage template, which undergoes hypertrophy enabling
periosteal and endochondral bone formation (Nowlan et al., 2007). The ab
sence of mechanical forces in turn does not inhibit the formation of cartilage
but affects the extent in which the cartilage ossifies into bone (Xowlan et al.,
2010b,a). Moreover, the mechanosensitive genes expressions during long bone
ossification and development has been correlated with fluid flow and shear
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Figure 7.1: Illustration o f the m echanoregulation theory o f Claes and Heigele
(1999).

The m echanical stim u li predicting endochondral bone ossification,

through cartilage differentiation that is replaced with bone, would have p re
dicted fibrous connective tissue w ithout the capacity o f endochondral ossifica
tion.

strain (Nowlan et al., 2008b; Roddy et al., 2009). These findings indicate
that the mechanoregulation theory of Prendergast et al. (1997) might be the
best-suited mechanoregulation theory, among those proposed, for studies of
bone development and evolution.
Furthermore, to speed up the evolutionary process mutations rates were
rather high to maintain variation in the small population and evolution was
only simulated for 1000 generations. In reality, the mechanoregulated en125
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Figure 1.2: Illustration o f the m echanoregulation theory o f Prendergast et al.
(1997) W ithout the capacity o f endochondral ossification, the biophysical
stim u li predicting bone differentiation would have prom oted cartilage instead.

dochondral ossification process is believed to have emerged over millions of
years. However, as illustrated by Erickson et al. (2002) material properties
of the avian and mammalian femur have not changed significantly over the
past 475 million years, indicating that they have been conserved in evolution.
Since the process of mechanoregulated endochondral ossification depends on
the tissue deformations (i.e. material properties) it is likely that the process
did not change significantly either after it had emerged and become estab
lished in nature.
Evolutionary investigations can also be performed with selection experi
ments, where a group of animals are artificially selected based on for example
the size of their bones and allowed to reproduce to form the next generation.
After a fixed number of generations, the bones of the animals can be inves
tigated and compared over the generations which would give insight in how
the trait for determining bone size is inherited and affects the fitness of the
animal. However, these experiments are extremely time consuming.
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7.3

E xp erim ental lim itation s

One of the main hmitations of computational models is the lack of valida
tion with experimental data. In this study, histology from the bone chamber
experiments have been available and of great use however more in vivo in
vestigations are necessary to better corroborate the simulations performed
in this work. The variability observed in the bone chamber experiments is
very large and appears as a dichotomy. To understand this variability bet
ter and to quantify the variability in response to loading, more experimental
data is needed. Furthermore, sampling the chambers at different time points
would give much more information about the variability of tissue differenti
ation pathways during the regeneration process. For example, the chambers
are not loaded until after 3 weeks and it would be useful to have histology
from the bone chambers at this time-point since any variation in the initial
conditions could affect the final tissue differentiation patterns. The initial
conditions are also im portant to evaluate the predictive capacities of the
models simulating the real-time tissue differentiation process.
Most experimental studies of the mechanoregulated tissue differentiation
process focus on the magnitude or type of mechanical stimuli for the differ
entiation of a specific tissue. Very few investigate the variability of response
to mechanical loading between specimens of the same species, which means
that there is insufficient experimental d ata to confirm computational sim
ulations th a t model this environmental variability. Studies of inbred mice
and their response to mechanical loading is however more common in the
literature and have shown th at the degree of bone mechanosensitivity and
morphology are partly under genetic control. However, these studies often
investigate the response of developed long bones and not the response during
tissue regeneration. Those th at do study tissue regeneration in inbred mice
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are focused on genetic variability and do not consider the effects of mechani
cal loading. The author therefore believes th at a more integrated approach is
necessary to overlap this gap in order to better understand the processes of
tissue regeneration. Recent reviews have also emphasised the need for better
understanding of the mechanisms of mechanotransduction on a multi-scale
level. They state th at the effect of mechanical loading on organ, cell and
molecular level need to be b etter understood and the biological response on
all levels need to be integrated for advancement in mechanobiology (Jacobs
et al., 2010; Kelly and Jacobs, 2010).
Moreover, the use of imaging techniques such as i^ C T , MRI and X-ray can
allow for more quantitative measurements of tissues formed, bone geometries
and bone structures which can give more realistic computer simulations in the
future. Access to these param eters can enable patient-specific orthopaedic
treatments.

7.4

C o rro b o ra tio n o f m ech a n o reg u la tio n
th eo ries

The corroboration of mechanoregulation theories would have a significant
impact in mechanobiological research. It would enable simulations to predict
the mechanobiological response of an experiment, which allows testing of
hypotheses th at are interestimg on their own and provide better theoretical
knowledge about the process. Such simulations would also be useful in clinical
applications, as they could foir example predict the performance of a surgical
implant. Furthermore, prediictive computational models could also reduce
the number of animal experinneiits. In this context it is interesting to wonder
whether mechanoregulation t.heories can be f u l l y corroborated.
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In the hterature review, it was discussed th at in order to be able to
corroborate mechanoregulation theories, they need to be testable and outline
not only type of mechanical stimuli but also give quantitative suggestions
of the stimuli. Carter et al. (1988) proposed a mechanoregulation theory
based on hydrostatic strain and compressive stress. However, since the theory
does not propose any quantities of mechanical stimuli, it can be ostensibly
correlated with most mechanobiological experiments without adding further
to our knowledge about the process.
Gomez-Benito et al. (2005) proposed th a t deviatoric strain is the main
mechanical stimulus th at determines stem cell fate. The mechanoregulation
theory is implemented with a highly integrated set of differential equations
for cell activities, which depend on cell m aturity and the degree of ossifica
tion. However, this makes the model too complex such that it is difficult
to distinguish between the performance of the suggested mechanoregulation
theory and the limitations of the m athem atical model. The author believes
th at computational models th a t aim at corroborating mechanoregulation the
ories must be developed with care, avoiding adding further complexity to the
system unless it is proven necessary.
The author also thinks th at some com putational models have been too
hasty in considering a mechanoregulation theory as corroborated (Lacroix
and Prendergast, 2002a). Later studies, using th e same computational model
have shown th at the same mechanoregulation theory actually failed to cap
ture the mechanobiological process observed in experiments when applied on
a different tissue differentiation scenario (Geris et al., 2008), thus the theory
cannot be considered as adequately corroborated. However it is im portant
to distinguish between the performance of the computational tool, used to
simulate the mechanoregulation process, and tlhe mechanoregulation theory
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itself. Previous computational models (before this thesis) did not consider
animal variability in response to loading, despite reports of variability in ani
mal experiments. This was a significant limitation as the variability between
the animals is so great th at some group of results match the simulation
outcomes whereas other groups show a completely different differentiation
pathway (Tagil and Aspenberg, 1999; Bishop et al., 2006); making corrob
oration of mechanoregulation theories impossible with those computational
models (Isaksson et al., 2006a).
This thesis has investigated the source of variabihty in mechanobiological simulations from three different perspectives: environmental, genetic and
evolutionary. The results have shown that, although environmental variabil
ity is im portant, genetic variability expressed as variation in mechanosensitive
cell activities is the main source of variability in mechanobiological processes.
The variability simulations are in correlation with experimental results of a
bone chamber experiment where the simulations have captured the range
of variability by predicting the dichotomous outcome (one group with bone
and another group with no or very little bone) observed in the experiment.
The author believes this work has further corroborated the mechanoregu
lation theory of Prendergast et al. (1997) but that computational models
must still be improved to enhance their abilities of corroborating theories of
mechanoregulation.
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C onclusions

8.1
8.1.1

C on clu sion s
Main results

This work has corroborated the hypothesis th at evolution has given rise to
mechanosensitive genes th at are the main determinants of the variability ob
served in the mechanoregulated tissue differentiation process. Cell activities
were modelled using a lattice approach, which considered the stochastic be
haviour of cell movements. The source of variability was identified in environ
mental and genetic investigations of a 3D finite element element model of an
in vivo mechanobiological tissue differentiation experiment of a bone cham
ber. The predicted tissue differentiation patterns were compared to histology
obtained from the in vivo experiment and other reported tissue differentia
tion studies, to corroborate the hypothesis of this work. Furthermore, the
evolution simulation predicted the emergence of the mechanoregulated endo
chondral ossification process, which appeared with a variability in an animal
population. The main arguments of the thesis may be built up as follows:
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a)

The bone chamber simulations were in good agreement with th e in
vivo histology, showing the load-dependent tissue differentiation pro
cess - this further corroborated the mechanoregulation theory of Prendergast et al. (1997). W hile it was therefore concluded th a t fluid flow
and shear strain seem to be the principal mechanical stimuli for reg
ulating mesenchymal stem cell differentiation into bone, cartilage and
fibrous tissue, it was nonetheless apparent th a t features of the process
were missing from the sim ulations because the variability in the exper
iment, which is one of its most obvious results, was not found in the
simulations.

b)

In this study, the stochastic behaviour of cell activities was not suffi
cient to capture the variability in tissue differentiation patterns th a t is
observed in the animal experim ent.

c) W hen varying the mechanical environment of the bone chamber model,
the simulations did not predict variable tissue differentiation outcomes
to the same extent as reported in the bone chamber experiment. Thus,
variations in environm ental factors such as mechanical loading and sur
gical im plantation, while significant, could not be the main source of
variability in the tissue differentiation process.
d)

Simulations w ith variable gene expression between animals modelled as
variable cell activity rates (variable cell mechanosensitivity) predicted
similar variability to th a t observed in vivo. In particular, the dichotomous results (one group w ith bone and another group w ith no or very
h ttle bone) found in the experim ents were predicted in the simulations.
This indicates th a t it is very likely th a t the main source of inter-anim al
variability is genetic variations in mechanosensitivity.
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e) This result is a significant step forward in computational mechanobiology and suggests the importance of unravelling the relationship between
biophysical stimuli and mechanosensitive gene expression.
f) A new computational framework was developed for investigating the
relationship between mechanical stimuli and mechanosensitive genes,
which showed that the emergence of mechanosensitive genes were very
im portant for the emergence of endochondral ossification in evolution,
w'ithout which the process of endochondral ossification would not have
emerged and established with a variability in the population.
g) The simulations predicted variability in the endochondral ossification
process emerging through evolution. This corroborates the extend of
variability in mechanosensitivity in a population.

8.1.2

Future work

The future work should be directed towards probabilistic simulations of tis
sue difTerentiation for a population. The work in this thesis has provided a
platform for developing more realistic tissue differentiation models where the
variable inter-specimen response to mechanical loading can be considered.
The following are recommended for further improvement and development of
mechanoregulated simulations of tissue differentiation:
• OfT-lattice modelling in combination with high resolution finite element
modelling would enable better representation of the micro mechanical
stimulus experienced by the cells and deal with some of the restrictions
imposed on the geometry of the modelled domain and the averaged
material properties based on volume fractions.
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• The ideas presented in this thesis can be tested on other types of
mechanoregulation simulations, such as bone remodelling and tissue
engineering (see Appendix B). This could corroborate the hypothesis
th at the variability observed in animal experiments is mainly due to
variable response to mechanical loading (mechanosensitivity), which is
under genetic control.
• More experimental data for cell activities and material properties would
provide better understanding of the variability in tissue differentiation
and improve tissue differentiation models so that species-specific simu
lations can be performed and be better compared with in vivo obser
vations.
• The mechanoregulation theories, can be more extensively investigated
and compared in a more diverse range of tissue differentiation experi
ments to elucidate their overall capacity to predict the mechanoregulated differentiation process in animals of different species and of dif
ferent sizes.
• The genetically determined mechanosensitivity has often been corre
lated with bone morphology in studies of inbred mice (Akhter et al.,
1998; Robling and Turner, 2002; Turner and Beamer, 2002; Robhng
et al., 2007). Expanding the fitness function, used in the genetic al
gorithm into also considering bone morphological traits such as crosssectional area, as modelled by Nowlan and Prendergast (2005), could
give further insights in the relationship between the mechanobiological
response and bone morphology and enhance our understanding of the
significance of mechanobiology in evolution.
• W ith a combination of better mechanoregulated tissue differentiation
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simulations, genetic algorithms th a t simulate inter-specimen variability
and imaging techniques th at enable realistic bone and fracture geome
tries, population-based simulations of tissue differentiation can be per
formed. These simulations would have a range of tissue differentiation
outcomes with a probability of occurrence in the population and could
be quantitatively evaluated with animal experiments.
The author believes th at an integrated systems biology approach, using
engineering methods th a t combine mathematical models and experimental
data to corroborate or falsify hypotheses, has a great potential to bring insight
and greater depth into our understanding of skeletal mechanobiology; not
only as it is interesting in itself, but future work in this area can have a
great impact in clinical applications and help towards better diagnosis and
treatments of skeletal diseases.
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T h e in v i v o b o n e c h a m b e r e x p e r i m e n t *

*This ap pendix describes th e bone cham ber ex perim ent first published in: T agil M.
and A spenberg P., Cartilage induction by controlled m echanicalstimulation in vivo, Jo u rn a l
of O rthopaedic Research, 1999, Vol. 17, pp. 200-204
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A .l

T he bone cham ber design

The bone chamber consists of a hollow titanium cyhnder with two ingrowth
openings at the bottom of the implant, which allows cells to migrate into the
hollow screw from the subcortical cancellous bone (see Figure A .la). The
hollow cyhnder has an interior diameter of 2 mm and is 5 mm long. The
loaded chamber is equipped with a piston (0=1.8 mm), which protrudes into
the chamber from the subcutaneous end towards the intraosseous end when
subjected to an external mechanical force. The piston is connected to a spring
that brings the piston back to its original position when external loading is
interrupted. By applying a known force on the top of the piston, mechanical
stimuli can be transm itted to the tissues within the chamber (Figure A .lb).

(a)

(b)

(c)

Figure A .l: (a) A picture o f the bone chamber, where an ingrowth opening at
the shape of a quadrant is seen in the bottom o f the screw, (b) Cross section
of the loaded chamber. Red arrows point at the ingrowth openings, and the
grey arrow at the piston and the direction o f loading, (c) The im plantation
of the bone chamber (here: the control chamber) into a rat tibia. The arrows
point at the ingrowth openings.
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A .2

E xp erim ental procedure

The chambers were inserted in the tibias of male Sprague-Dawley rats (Fig
ure A .lc). Each animal was implanted with both a loaded and a control
chamber in the left and right hind leg chosen randomly. During the experi
ment, the chambers were initially left unloaded for 3 weeks, allowing tissue
to grow in, and were then subjected to mechanical loading for 6 consecutive
weeks. Loading was applied manually with a specially designed dynamome
ter (Figure A.2) th at consisted of a metal rod, a cylinder and a spring. The
cylinder could glide on the metal rod and when pushed down to a marked
level, a known force was transm itted from the rod to the piston. Tagil and
Aspenberg calculated the compressive forces to be 2 MPa, which was applied
on the implanted chambers as cyclic loading, twice daily. Each load cycle
was 3 seconds of loading and 3 seconds of unloading, and 20 load cycles were
applied at each loading event during the day. The control chambers were
kept unloaded during the entire 9 weeks of the experiment.

Figure A .2: E xperim ental loading procedure.

The m etal rod is a specially

designed dyn a m o m eter by which m echanical loading was applied on the im 
planted chambers.
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A .3

R esu lts from th e bone cham ber
exp erim en t

The animals were havested after 9 weeks. The histology obtained from the
loaded chambers showed large variability (Table A .l) that appeared as a
dichotomy among the animals. In the loaded group, 3 out of 7 of the loaded
Specimen

1

2

3

4

5

6

7

Mean

St.D

Unloaded bone chambers
Bone m arrow (%)

32.9

44.4

22.3

37.3

59.3

42.3

31.6

38.6

11.7

Bone (%)

28.1

31.2

37.3

26.3

28.0

25.7

40.5

31.0

5.7

Fibrous tissue (%)

39.0

24.4

40.4

36.4

12.6

31.9

27.9

30.4

9.8

Cartilage(% )

0

0

0

0

0

0

0

0

0

Necrotic tissue (%)

0

0

0

0

0

0

0

0

0

Bone marrow (%)

0

14.6

8.6

37.7

38.6

57.0

57.5

30.6

23.1

Bone (%)

0

26.8

20.8

38.7

21.3

25.9

31.4

23.5

12.7

94.0

46.0

55.1

15.3

25.5

5.0

5.6

35.2

32.7

0

0

0

3.1

6.2

8.2

5.5

3.3

3.4

6.0

12.6

15.7

5.2

8.4

3.9

0

7.4

5.3

Loaded bone chambers

Fibrous tissue (%)
Cartilage(% )
N ecrotic tissue (%)

Table A .l : Percentage o f tissue types differentiated in a cross section o f each
bone cham ber - seven unloaded and loaded specim ens. The m ean areas and
standard deviations were calculated fo r each phenotype.

chambers showed very sparse bone formation and ingrowth, and no marrow
cavity (see Table A .l and histology for Specimen 1-3, loaded). The histology
of these chambers demonstrated mainly fibrous tissue, some necrosis next
to the piston, and some randomly distributed bone islands throughout the
chamber. The remaining 4 chambers revealed a marrow cavity surrounded
by bone and an apparent cartilage layer on top of the bone (see Table A.l
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and histology for Specimen 4-7, loaded).
The results from the control group showed th a t all the specimens had a
newly formed marrow cavity surrounded by woven bone which was topped
with vascularised fibrous tissue. None of the control chambers, which were
kept unloaded, showed any cartilage differentiation (see Specimen 1-7, con
trols and Table A .l).
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Specimen 1

Loaded

Control

Specimen 2

•

•

Loaded

Control
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Specimen 3
!

1

Control

Loaded

Specimen 4

Control

Loaded
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Specimen 5

Control

Loaded
Specimen 6

Control

Loaded
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Specimen 7
«

Loaded

Control
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T is s u e d i f f e r e n t i a t i o n in a n in v iv o
BIOREACTOR: IN SILICO INVESTIGATIONS OF
SCAFFOLD STIFFNESS*

*This appendix is a paper published as: Khayyeri H., Checa S., Tagil M., O ’Brien F .J.,
Prendergast P.J., Tissue differentiation in an in vivo bioreactor: in silico investigations of
scaffold stiffness, Journal of Materials Science: M aterials in Medicine, 2010, Vol. 21, pp.
2331-2336
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Tissue differentiation in an in vivo bioreactor:
in silico investigations of scaffold stiffness
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A b s tr a c t S caffold design rem ains a m ain ch allen g e in
tissue en g in eerin g due to the large num ber o f req u irem en ts
that n eed to be m et in o rd er to create functional tissues
in vivo. C o m p u ter sim ulations o f tissue differentiation

v ascu larisatio n and stem cell differentiation can occur [1].

within scaffolds could serve as a pow erful tool in e lu c i
dating the design req u irem en ts for scaffolds in tissue
engineering. In this study, a lattice-based m odel o f a 3D
porous scaffo ld co n stru ct d erived from m icro C T and a

m atch scaffold m echanical properties to the graft en v i
ro n m en t n ot only to p rev en t m echanical failure o f the
scaffold b ut also to create an appropriate m echanical
e n v iro n m en t for the desired tissue differentiation pathw ay.
B io m aterials science has m ainly used a trial-and-error

m ech an o -b io logical sim u latio n o f a bone ch am b er e x p e ri
m ent w ere co m b in ed to in v estig ate the effect o f scaffold
stiffness on tissue d ifferen tiatio n inside the ch am b er. T he
results in dicate that h ig h er scaffold stiffness, holding pore
structure co n stant, en h an ce s bone form ation. T his study
d em o n strates that a lattice approach is very su itab le for
m o d ellin g scaffolds in m echano-biological sim ulations,
since it can accurately represent the m icro-porous g e o m e
tries o f scaffolds in a 3D en v iro n m en t and red u ce c o m 
putational co sts at the sam e tim e.

By virtue o f its stiffness and pore structure, the scaffold
d eterm in es the m echanical environm ent and thereby
m o d u lates tissue d ifferentiation. It is therefore critical to

approach to scaffold design [2]. In o rder to achieve
im proved cellu lar infiltration and better control o f the
m echanical co n d itio n s inside the constructs bioreactors
have b een designed [2, 3]. A lthough they have im proved
the reliab ility o f in vitro .scaffold experim ents, it is esse n 
tial that scaffolds perform in an in vivo environm ent to
p ro m o te cellu lar infiltration and d esired tissue form ation.
S teps to w ard s this goal could be guided by the use o f
c o m p u tatio n al analysis.
C u rren t com putational m odels for predicting tissue
form atio n adopt m ech an o -reg u latio n theories that link

1 I n tro d u c tio n

m echanical forces to m esenchym al differentiation p ath 

In tissue en g ineering, scaffolds play a c n tical role in reg

p roposed by P auw els [4], H e suggested that shear stress
and h y d ro static p ressure reg u lates tissue differentiation in

w ays. O ne o f the earliest m echano-regulation theories w as
u lating cell activities. T h e y p rovide a volum e in w hich

fractu re calluses. L ater, C a rter et al. [5] proposed an
H. K hayyeri • S. C h ec a ■ F. J. O 'B rien ■ P. J. Prenderga.st ( E l )
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Sw eden
F. J. O ’B rien
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oste o g en ic index, describ ed as a com bination of distortional strain and hydrostatic pressure, to m odulate the
p rocess o f skeletal tissue d ifferentiation. A m ore qu an ti
tative m odel w as put forw ard by C laes and H eigele [6] w ho
d eterm in ed

tissue

form ation

by

proposing

different

th resh o ld s o f hydrostatic pressure and local stress for bone,
cartilag e and fibrous tissue differentiaU on. By characteris
ing the skeletal tissues as b iphasic m aterials, P rendergast
et al. [7] p roposed that a biophysical stim ulus (a com bi
nation o f fluid flow and shear strain) regulated tissue

^
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fo rm atio n . A lth o u g h th e m ech an o -reg u latio n th eo ries o f
C a rter e t al. [5], C la e s and H eigele [6], and P ren d erg ast
et al. [7] h av e b een ab le to cap tu re the m ain asp ects o f
tissu e d iffe re n tia tio n , the p red ictio n s by the theory o f
P re n d erg a st et al. [7] h av e b een m ost su ccessfu lly co rre
lated w ith e x p e rim e n ta l resu lts [8 -1 1 ]. A n o th er key factor

loading regim e, w hich m akes it ap p ro p riate for tissue d if
ferentiation sim ulations, particu larly for in v estig atin g and
ev alu atin g the m echanical p ro p erties o f a scaffold construct.
T he o bjective o f this w ork w as to exam ine the effe ct o f
the m echanical properties (Y o u n g 's m odulus) o f a scaffold
w ith a know n 3D g eom etry and m aterial pro p erties, on the

that re g u la te s tissu e d ifferen tiatio n is the form ation o f

tissue differen tiatio n process inside a bone cham ber, using

blood v essels. New'ly fo rm ed b lood vessels pro v id e cells
w ith o x y g e n and n u trie n ts w hich are essential fo r cell

a co m p u ter m odel. S pecifically, w e h y pothesise that the

p ro liferatio n an d su rv iv al. Since the diffusion o f oxygen is

the co m p lex ity o f the scaffold can thereby be included in

lim ited to a few h u n d red m icro m e te rs from the cap illaries,

the sim ulation. If this h y p o th esis can be confirm ed then this

the v a scu lar m o rp h o lo g y at the site m ay play a significant
role in d e te m iin in g tissu e d ifferen tiatio n p attern s [12].
P rev io u s tissu e d ifferen tiatio n sim ulations adopting the

presents a m ethodological approach for inv estig atin g the
in terrelationship betw een scaffold g eo m etry and m echano-

scaffold can be rep resen ted using a lattice m odel, and that

reg u latio n in tissue engineering.

m ech an o -reg u latio n th eo ry o f P ren d erg ast et al. [7] w ithin
a scaffo ld h a v e b een co n d u cted ; the effects o f p orosity,
p erm eab ility , Y o u n g ’s m o d u lu s, d issolution rate [13] and
an g io g en esis [14] on tissue d ifferen tiatio n p attern s w ere

2 M ethods

in v estig ated . H o w ev er, these studies used a conceptual
graft e n v iro n m e n t/e x p e rim e n t— o n e o f the aim s o f this
paper is to re p o rt on ho w w e have exten d ed that w ork to

A finite elem ent m odel o f the bone ch am b er w as created
(Fig. Ic) to determ in e the local m echanical environm ent
acting on the cells. E ach elem ent w as divided into 1.000

deal w ith real sc affo ld s and th eir perfo rm an ce in existing
m ech an o -reg u lated in v iv o ex p erim ents.

lattice points (d istan ce betw een lattice points 10 nm )
(Fig. Id) w here each point rep re sen ted a position a cell and
its ex tracellu lar m atrix [16] o r scaffold m aterial could

S im u latio n s o f tissu e d ifferen tiatio n inside a m ec h a n i
cally lo ad ed in v iv o b o n e ch am b er have ach iev ed q u alita

o ccupy. T he cells w ere allow ed to m igrate, proliferate,

tive c o rro b o ra tio n in p rev io u s studies [10, I I ] and show n

apoptose, differentiate and synthesise new ex tracellu lar

that the w ell d efin ed and m ech an ically co n tro lled e n v iro n 
m ent m ak e b o n e ch am b ers very suitable for tissue d iffe r
entiatio n e x p e rim e n ts and sim u lations. In this study, a bone

m atrices w hile new capillaries invaded the cham ber,
d ep en d in g on the su rrounding m ech an ical environm ent.
T he scaffold m aterial w as included in the ch am b er by

ch am b er d ev elo p ed by T ag il and A spenberg [15] w as used

su p e rim posing cross-sections (pixels) o f pro cessed ).iCT

(Fig. la ); co n sistin g o f a h o llo w cy lin d er w ith tw o ingrow th
open in g s at th e b o tto m (Fig. lb ). T h is bone ch am b er allow s
the ap p licatio n o f kn o w n p ressure loads on a defined

scans o f a highly porous (>90*%) collagen G A G -scaffold.
w hich has been used in bone tissue en g in eerin g [1 7 -2 0 ]. on
the lattice points (Fig. le). T he scaffold co n stru ct w as

(a)

(b)

F ig. 1 a T h e b o n e ch a m b er, w here ihe a rro w points al an ingrow th
opening, b C ro ss-sectio n o f the bone ch am ber fl51 w here the thin
a rro w s p o in t al the ingrow th o penin gs and the ihick arro w points at
the piston b y w hich loading is applied, c F E-m odel o f the in terio r o f
the bone ch a m b e r w here th e ch a m b er w all w’as m odelled as boundary
co nditions: T t t j : free fluid flow :
u* = Uy = 0:

tTTt-

^
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(d)

(e)

Ux = Uy = U/ = 0. d A finite elem en t co n tain in g 10 x 10 x 10
lattice p o in ts fo r the sim u latio n o f cell activ ity fl3 ]. e S ketch o f the
bone ch a m b er illustrating the scaffo ld co n stru ct at the m id -cro ss
section o f the cham ber: “q u ad ran ts’ o f the openings and the sections
through the b iom aterial are rep resen ted a.s dark patch es in the crosssection
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Structured w ith

4 0 0 urn.

for the 6 fo llo w in g w e ek s. T h e tissu e s and the sca ffo ld

M aterial d ata, for both tissues and scaffold, w as m odelled

pore

size b etw een

in sid e the ch am b er w ere assu m ed to be under ver\' lo w

according to the literature [11. 21],

lo a d in g rep resen tin g norm al rat b lo o d p ressure during the

300

and

A random w a lk algorith in [ 16 ] w a s im p le m e n te d for c ell

u n loaded tim e period and w ere su b jected to 0 .0 2 M Pa

m igration . C e ll proliferation (m ito s is ) occu rred b y a llo w in g

[1 1 ]. T he e ffe c t o f sc a ffo ld Y o u n g 's in od u lu s on tissue

m other and dau ghter c e lls to ra n d o m ly o c c u p y n e ig h 

d ifferen tiation patterns w a s in v e stig a te d b y varying the

b ou rin g free la ttice poin ts in 21 d iffe re n t states [22].

sca ffo ld Y o u n g 's m od u lu s w ith in e x p e riin e n ta lly reported

C ell d ifferen tia tio n a lso occu rred in a random fash ion
but m od u lated b y the site v a scu la rity [1 2 ] and a b io p h y sica l

v a lu e s

[2.‘;- 2 7 ]:

0 .0 0 1 .

0 .0 1 .

0 .1 .

1.0.

10,

100

and

1 0 0 0 M Pa.

stim u lu s d e scrib ed as a c o m b in a tio n o f fluid flo w and shear
strain [ 7 ], D iffer e n t le v e ls o f stim u lu s d e te n n in e d the d if
feren tiation o f m esen ch y m a l stem c e lls into o steo b la sts,
ch o n d ro c y te s and fib rob lasts w h ic h fo rm ed b o n e, cartilage

3 Results

and fibrous tissu e, r esp e c tiv e ly . H ig h le v e ls o f b iop h ysical
stim u lu s p rom oted

d iffe re n tia tio n

o f fib rob lasts, w hilst

A fter 9 w e e k s, for le ss s tiff s c a ffo ld s (Y o u n g 's m od ulus

interm ediate stim u lu s resulted in ch o n d ro c y te s. L o w le v e ls

b e tw een 1 and 1 ,0 0 0 kP a) sim u la tio n s predicted a large

o f m e ch a n ica l stim u la tio n fa v o u red o s te o b la s tic d ifferen 

am ount o f fibrous tissu e form ation due to high fluid flo w s

tiation but o n ly in w e ll va.scularised areas w h ere o x y g e n

and shear strains in sid e the ch am b er and sm all am ounts o f

ten sio n w a s high. M ese n c h y in a l stem

c h o n d ro g en ic and o s te o g e n ic d ifferen tiation (T able 1). B y

c e lls (M S C s) in

reg io n s under a m e ch a n ica l stim u lu s fa v o ra b le for o s te o 

in creasin g the s tiffn e ss o f the sc a ffo ld m aterial, larger

blast d ifferen tia tio n but w ith p o o r v a scu la rity fo llo w e d the

am ou nts o f c h o n d ro c y te s and o ste o b la sts w ere predicted

c h o n d ro g e n ic pa th w a y rather than the o s te o g e n ic [12].

and a d e c re a se in fibroblast d ifferen tiation w a s ob.served,

C a p illa ries w ere d escrib ed a s a seq u e n c e o f en d oth elial

see T ab le I and F ig. 2. In the siin u lation w here a rather

c e lls . C a p illary tip s co u ld e x te n d eith er in the previous

s tiff sca ffo ld w a s co n sid ered ( E =

direction (p er sisten ce ), a random d ir e c tio n , o r a lon g a

layer o f ch o n d ro c y te s surrounded b y o ste o b la sts with n o

1.0 0 0 M P a), a th ick

con cen tra tio n gradient (e .g ., V E G F that a cts a s an a n g io 

fib rob lasts w a s predicted (F ig. 2). T he results a lso sh ow ed

g e n ic facto r and is a ssu m ed to be r elea sed b y hypertrophic

a greater and

ch o n d ro c y te s) [1 2 ]. E ach v e ss e l had a p o s sib ility to branch

ch am b er du e to the lo w e r tn ech an ical stim u lu s en viron 

w ith a p ro b a b ility d eterm in ed b y the len g th o f the v e sse l

m ent in d u ced b y stiffer sca ffo ld m aterial (a population
from

high er en d o th elia l

6 .6

to

8.2%

of

c e ll

the

in vasion

cham b er

in the

[1 2 ], w here lo n g er v e s s e ls had a h ig h er p ro b a b ility. T he

in crease

g row th o f the v e s s e ls w a s restricted by a n a sto m o sis (the

for £ = 0 .0 0 1 - 1 ,0 0 0 M P a). H o w e v er , this has no sig n ifi

volu m e

fu sio n o f tw o sprouts) and a h ig h m e c h a n ic a l stim u lu s [ I 2].

cant e ffe c t on the d ifferen tiation o u tco m e sin c e the high

bone

p orosity o f the sca ffo ld and the initial lo w m echanical

cham b er w a s m o d elled as an itera tiv e p r o c ess w h ere each

en viron m en t (3 w e e k s under n o extern al m ech an ical lo a d )

iteration corresp o n d ed to 12 h. T h e ch a m b er w a s in itially

p rovid es e a sy a c c e s s for the fo n n a tio n o f the n ew c a p il

filled w ith sca ffo ld m aterial and gran u lation tissu e. A s an

laries in the entire ch ain b er for all sim u lated sca ffo ld

T he

tissu e

d ifferen tia tio n

p r o c ess

in sid e

the

initial c o n d itio n , M S C s and e n d o th e lia l c e lls w ere seed ed

Y o u n g 's

at the in g ro w th o p e n in g s. N e x t the c e lls b eg a n to infiltrate

in d icate

m od u lu s.

the ch a m b er by m ig ra tio n and pro lifera tio n . A fter the

regeneration .

a cru cial

T h erefore
role

for

the

p red iction s

sca ffo ld

s tiffn e ss

clearly
in b o n e

M S C s reach ed a m aturation a g e (6 d a y s) th ey d iffe re n ti
ated d e p e n d in g on the b io p h y sic a l stim u lu s and the sitesp e cific v a scu la rity , w ith c e ll p h en o ty p e s p e cific rates [23].
S in ce the la ttice p o in ts in an e le m e n t c o u ld not o n ly rep
resent d ifferen t c e ll p h en o ty p e s w h ich s y n th e siz e extra
c ellu la r m atrices w ith d ifferen t m aterial properties but also
h a v e m aterial p roperties o f the s c a ffo ld con stru ct, a rule o f
m ix tu res w a s used to d eterm in e the m aterial property o f
e a ch e le m e n t [2 4 ], A ls o , in ord er to preven t an un p h ysiolo g ic a l rapid ch a n g e in m aterial p ro p erties, the v a lu e s w ere
a v era g ed o v e r 10 p rev io u s itera tio n s.
C o rresp o n d in g ly w ith the e x p e r im e n ts [1,‘i], the c h a m 
b er w a s kept u n lo a d ed fo r 3 w e e k s a llo w in g tissu e to
g ro w in and then su b jected to 2 M P a lo a d in g , e v e r y 12 h.

Table 1 Percentages of the differentiated cel) phenotypes inside the
bone chamber for different scaffold stiffness
Scaffold Young's
modulus fMPa)

Fibroblasts
(%)

Chondrocytes

0.001

89.5

5.8

4.7

0.01

89.6

5.9

4.5

0.1

89.0

5.7

5.3

1.0

89.2

5.9

4.9

m

OslRiblasts
(%)

10

82.6

8.7

8.7

100

59.3

19.7

20.1

1.6

32.7

65.7

1000
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Fig. 2 M id-cross-sections of
the chambver \s here the coloured
lattice points illustrate
endotheliaJ cells (EC),
mesenchymal stem cells (MSC)
fibroblasts (FB), chondrocytes
(CC) and osteoblasts (OB). The
black lattice points scattered in
the entire cham ber denote the
scaffold occupying the cham ber

C ross-section

E (MPa)

EC

MSC

FB

GO

OB

1.0

10

The cross-section of
the bone chamber in
which the results are
shown. Arrows
pointing at the
Ingrowth openings
situated at the “fronth a lf of the chamber

100

1000

4 Discussion

A large am ount o f fibrous tissue w as h o w ev er still predicted
at the bottom o f the ch am b er in the vicinity o f the ingrow th

T his stu d y sh o w s that the lattice m odelling approach has
the benefit o f b ein g ab le to accu rately include the m icroporous g e o m e trie s o f sc affo ld s in m echano-biological
sim u latio n s th at have p rev io u sly b een done using sm aller
m esh size |2 8 ]. T he lattice p o ints are successful in rep re

o p en in g s, w here the fluid flows and shear strains are high.
W hen im plem enting E = 1 G P a, fibrous tissue w as no
lo n g er found at the ingrow th o p enings and o n ly bone and
cartilag e could be observed in the cham ber. A further

senting c e lls an d th e ir ex tracellu lar m atric es as w ell as
scaffold m aterial and the high density o f lattice points

increase in scaffold stiffness ( E = 2 G Pa) co n clu d ed in
very low biophysical stim ulus and only bone d ifferen tiatio n
(resu lts not show n).

allo w s f o r e x p licit m o d ellin g o f scaffold pore co n fig u ra
tions th at are o th erw ise difficult to capture in standard

A lth o u g h w e have been careful to assign values to
p aram eters consistent w ith literature [23] it is a lim itation

F E -m o d els. T h e resu lts o b tain ed in this study indicate that

o f the m odel that som e param eters are difficult to define
p recisely , such as the p em ieability o f different tissues,

the large p o re size allo w s cells and blood vessels to easily
en ter and fill th e scaffo ld and to supply sufficient nutrients

m atu ratio n age and cell process rates. T he scaffold c o n 

and o x y g en . T h e scaffo ld co n stru ct is very porous and only
10% o f th e ch a m b e r is filled w ith scaffold m aterial. T he

struct w as not co n sid ered to be d eg rad ab le w hich co u ld be
essen tial lo the process o f tissue d ifferentiation. M oreover,

sim u latio n s

the p lastic d eform ation (buckling) o f the scaffold struts w as
n ot taken into consideration. T his m ight h ave a m ajor

show

that

in creasing

scaffold

m echanical

stiffness fro m 1 to 1,000 kP a d o es not have a significant
effect on th e tissu e d ifferen tiatio n o utcom e after 9 w eeks
w hereas

a

h ig h e r

m ech an ical

stiffness

effe ct on the cell access to the in terio r o f the scaffold by

( £ > 1 M P a)

clo g g in g the openings. A lthough the sim ulations are non-

enh an ces b o n e d ifferen tiatio n in highly porous constructs.
T his su g g e sts a lo ad in g -sp ecific scaffold stiffness threshold

determ in istic in that they adopt stochastic m o d ellin g o f cell

above w h ich b o n e reg en eratio n is facilitated.
S im u latio n s o f scaffo ld stiffness b eing > 1 0 M P a show ed

p ro cesses, a p revious study has show n that this cannot
cap tu re the inter-specim en variability found in ex p erim en ts
o f the bone ch am b er [11]. H ence it m ust be noted that the

a sign ifican t in crease o f b o ne and cartilage form ation.

sim u latio n s perform ed in this study are ex p ected to be

^
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su b jected lo a larger variability in an in vivo anim al
p o pulation.
D espite the above lim itations, m odel predictions w ere
ab le to cap tu re the effect o f scaffold stiffness on tissue
d ifferen tiatio n patterns w hich corroborate w ith ex p erim en 
tal o b serv ations [29, 30]. In contrast to p revious m odels,
this fram ew o rk adopts not only a m echanistic approach but
also co n sid ers the effect o f angiogenesis on tissue d iffer
en tiatio n p atterns in a w ell con tro lled environm ent. It sim 
ulates an already existing in vivo ex p erim en t that h as been
successfu l in show ing the significant effect o f m echanical
lo ad in g on the tissue differentiation process.
W e co n clude that our h ypothesis is co n fin n ed ; th at the
lattice m o d elling approach is suitable for studies o f tissue
d ifferen tiatio n inside scaffolds, as this technique w as not
on ly ab le to represent cellu lar p ro cesses explicitly but
cap tu red also the com plex m icro -p o ro u s geom etry o f the
scaffo ld . W ith the lattice m odel a sm aller m esh size is not
necessary fo r capturing the porous configuration o f a
scaffo ld w'hich in turn reduces com putational tim e and
pro b lem s related to the m eshing o f the scaffold. T he result
o f this study reaffirm s the im portance o f the design o f
tissue en g in eering scaffolds and suggests a thresh o ld for
scaffo ld stiffness above w hich osteo g en esis is enhanced.
T h e successful im plem entation o f the lattice m odel, for
rep resen tin g com plex scaffold pore geom etries, ad v an ces a
novel ap p ro ach for tissue e n g in eerin g scaffoJd.s. .specifi
cally fo r co m putational investigations o f the relationship
b etw een scaffold pore geom etries and m echano-regulation.
A c k n o w le d g m e n ls T he authors w ould like to acknow ledge A m ir
A l-M unajjed fo r assisting w ith the acquisition o f m icro-C T im ag es o f
the scaffold used in this study. T h is project w'as funded by S cience
F oundation Ireland Principal Investigator A ward.
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