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Skeletal  regeneration  and  bone  fracture  repair  involves  complex  cellular  and  molecular  events  that  result
in  new  bone  formation.  Many  of the  critical  steps  during  bone  healing  are  dependent  on  the  local  mechan-
ical  environment  in  the  healing  tissue.  Computational  models  are  used  together  with  mechano-regulation
algorithms  to predict  the  influence  of  mechanical  stimuli  on  the  tissue  differentiation  process  during  bone
healing.

This paper  reviews  the  field  of computational  mechanobiology  with  focus  on  bone  healing.  The  history
of  mechanoregulatory  modeling  is  described,  as  well  as  the  recent  advances  and  current  problems.  Most
recent advances  have  been  focusing  on  integrating  the  mechano-regulatory  algorithms  with  more  sophis-
echano-regulation ticated  description  of  the  cellular  and  molecular  events.  Achieving  suitable  validation  for  the  models  is
the most  significant  challenge.  Thus  far, focus  has  been  on  corroborating  mechanoregulatory  models  by
comparing  existing  models  with  well  characterized  experimental  data,  identify  shortcomings  and  fur-
ther develop  improved  computational  models  of  bone  healing.  Ultimately,  these  models  can  be  used  to
help  unraveling  the  basic  principles  of  cell  and  tissue  differentiation,  optimization  of implant  design,  and
potentially  to  investigate  treatments  of non-union  and  other  pathologies.
. Introduction

Bone regeneration and fracture healing is so common in life
hat it is easy to overlook how astonishing it is as a biomechanical
henomenon. In contrast to other adult biological tissues, which
eal with the production of scar tissue, bone heals with bone. The
epair includes complex and multifactorial processes of cellular and
olecular events that results in new bone formation. New bone

s formed and continuously remodeled until its mechanical prop-
rties are restored and the original site of injury can hardly be
ecognized. Most commonly, the bone heals sequentially by tis-
ue differentiation, where several intermediate tissues are formed
hat stabilizes the fracture and finally results in bony bridging of the
racture. The principles of bone fracture healing are similar to other
one forming and regenerative processes, e.g. long bone growth
uring fetal development, limb lengthening (distraction osteoge-
esis), bone ingrowth (osseointegration) on implants, and bone
issue engineering.
Impaired healing has been associated with a variety of factors,
ncluding the mechanical and the biological environments. It is

ell recognized that mechanical stimulation can induce fracture
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healing or alter its biological pathway (Claes et al., 1997, 1998;
Goodship and Kenwright, 1985). However, the mechanisms by
which mechanical stimuli are transferred into a biological response
remain partly unknown. A better understanding of these pro-
cesses would enable the development of more accurate and rational
strategies for fracture treatment and would open up unlimited
fields of research in other disciplines of regenerative medicine.

Mechanobiology describes the mechanisms by which mechan-
ical loads regulates biological processes through signals to cells
(in contrast to biomechanics which is the study of the mechanical
behavior of biological systems) (van der Meulen and Huiskes, 2002).
When the mechanisms of mechanically regulated tissue formation
are better understood, then physiological conditions and pharma-
cological agents may  be developed to promote better and faster
bone tissue formation. Computer modeling is having a profound
effect on the field of mechanobiology (Prendergast, 1997). The rela-
tionship between global mechanical loads and the local stresses and
strains that influence the tissue formation can be calculated using
computational models. In fact, many biological processes, including
bone repair, are so complex that physical experimentation is often
either too time consuming, too expensive, or impossible. As a result,
mathematical models that simulate the complex systems are more

extensively used. In mechanobiology, computational models have
been developed and used together with in vivo and in vitro experi-
ments to quantitatively determine the rules that govern the effects
of mechanical loading on cells and tissue differentiation, growth,
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daptation and maintenance of bone (van der Meulen and Huiskes,
002).

Mechanical perturbations are applied to model geometry, and
he local mechanical environment is calculated using the finite
lement method (FEM). The biological aspects of the computa-
ions are based on different premises for local mechanical variables
timulating certain cellular activities, for example cell division
proliferation), or changes in bone structure (bone remodeling).
omputational models are gradually becoming more sophisti-
ated with increasing computational power and mechanobiological
nowledge. Both experimental and computational studies are crit-
cal to advance our knowledge in mechanobiology. Integration of
he two fields is important, since models can help interpret experi-

ents and experiments can provide relationships and observations
or model development.

This article will summarize the mechano-regulatory algo-
ithms available in the literature, with focus on studies that have
sed these algorithms in combination with FEM to study bone
epair and the recent advances in the field. Some of the related
roblems are identified, e.g. how to sufficiently validate the nec-
ssary assumptions. Finally, the future potential of corroborated
echanobiological models is discussed, including how mechanical
odeling can be used to improve our understanding of basic biol-

gy during bone regeneration and for developing clinical treatment
rotocols for fracture healing, or in tissue engineering. Given the
xtensive amount of work in this area it is not possible to describe
ll literature in detail. Therefore, the focus is to describe the back-
round and to highlight some of the recent advances and future
irections that may  be important in bone regeneration.

. Bone fracture repair

Bone fractures when its strain limit is exceeded, most com-
only by physical trauma. The fracture results in a series of tissue

esponses that remove tissue debris, re-establish the vascular sup-
ly, and produce new skeletal matrix (Einhorn, 1995). Once a
racture has healed and undergone remodeling, the structure will
ave returned to the pre-injury state.
Bone healing generally occurs through either primary or sec-
ndary healing. Primary fracture healing (also known as direct
ealing, or intramembranous bone formation), involves direct cor-
ical remodeling without any external tissue (callus) formation

ig. 1. Secondary bone fracture healing occurs through a sequential tissue differentiation
allus  formation, external bony bridging and finally bone remodeling.
munications 42 (2012) 22– 31 23

(Perren, 1979). It occurs only under small displacements, with
either a small gap or direct contact of the fractured compact bone
ends. It is a slow process that can take months to years until
healing is complete. In contrast to primary healing, secondary heal-
ing occurs in the presence of some interfragmentary movement
between the fractured bone ends, and is the process by which most
fractures heal naturally. It involves a sequential tissue differenti-
ation processes by which the bone fragments are first stabilized
by an external callus (Fig. 1) (Perren and Rahn, 1980; Perren and
Claes, 2000). Recovery of bone strength is generally more rapid than
in primary healing. The callus stabilizes the fracture by enlarging
its cross sectional area and increasing its stiffness through tissue
differentiation. The interfragmentary movement decreases with
healing time, as the callus stiffens. Finally, the hard callus bridges
the bony fragments and reduces the interfragmentary movement
to such a low level that bone formation can occur in the gap. The
process of bone repair by secondary healing is divided into three
overlapping stages; inflammation, repair (formation of soft and
hard callus tissue), and remodeling (resorption of the callus) (Fig. 1)
(Frost, 1989a,b). The mechanical environment primarily plays a
crucial role in the reparative phase of healing, which will be the
focus of this review.

Shortly, during inflammation, mesenchymal stem cells migrate
towards the fracture region to form a loose granulation tissue
(Gerstenfeld et al., 2003; Postacchini et al., 1995). The cells divide
(proliferate), to later differentiate and change their cell phenotype
to tissue specific cells that can generate fibrous tissue, cartilage
or bone, respectively (Einhorn, 1998). Intramembranous bone
formation also occurs in secondary repair, although at some
distance from the fracture gap (Fig. 1). This rapid formation of
woven bone begins several millimeters away from the fracture
gap (Einhorn, 1998). Concurrently, callus formation through
endochondral ossification occurs at and around the fracture gap.
The soft callus consists of fibrous and/or cartilaginous connective
tissues, which have developed from the mesenchymal tissue. The
amount of cartilage that is formed is dependent on the amount of
mechanical stimulation (Claes et al., 1997; Epari et al., 2006a). The
formation of cartilage usually begins at the cortical bone ends and
expands radially. Eventually the cartilage calcifies, which allows

the ingrowth of bone. The bone formation occurs step by step
towards the fracture plane. Once bony bridging of the callus has
occurred and reunited the fracture ends, the processes of bone
remodeling and resorption dominates the activities in the callus.

 process, from an initial heamatoma (blood cloth), through stages of soft and hard
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he less organized woven bone is gradually replaced by more
ighly organized and stiff lamellar bone, and remodeling of the
ewly formed bone tissue and of the fracture ends restores the
riginal shape and lamellar structure of the bone (Einhorn, 1998).

.1. The relationship between mechanical stimulation and bone
ealing

Mechanical stimulation can induce fracture healing or alter
ts biological pathway (Claes et al., 1997, 1998; Goodship and
enwright, 1985). The most dominant mechanical factors iden-

ified are the fracture geometry (pattern and gap size) and the
agnitude, direction and history of the interfragmentary motion

etween the bone ends. These factors determine the local strain
eld in the callus. The distribution of local strain in the heal-

ng tissue is believed to provide the mechanobiological signal for
egulation of the fracture repair process that stimulates cellu-
ar reactions. Small gaps are beneficial for a fast and successful
ealing process, while larger gaps result in delayed healing, with
ecreased size in the external callus and reduced bone formation

n the fracture gap (Claes et al., 1997). The amount of interfragmen-
ary movement is dictated by external load and fixation stability.

 stiff fixator limits the stimulation of callus formation, while
exible fixation enhances callus formation. Unstable fixation can

ead to excessive motion and result in non-union (Claes et al.,
995; Epari et al., 2006b; Kenwright and Goodship, 1989). The
irection of the interfragmentary movement influences the heal-

ng process. Moderate axial interfragmentary movement is widely
ccepted to enhance fracture repair by stimulating formation of
eriosteal callus and increasing the rate of healing (Kenwright
t al., 1991). Shear movements, however, have resulted in con-
radicting results. Experimental studies have shown that shear

ovements at the fracture site result in healing with decreased
xternal callus formation, delayed bone formation in the fracture
ap, and inferior mechanical stability, compared to healing with
xial movement (Augat et al., 2003). However, other experimen-

al investigations have demonstrated superior healing under shear,
ompared to axial motion (Bishop et al., 2006; Park et al., 1998).
ence, the effect of shear, appears to be highly sensitive to tim-

ng, magnitude, and/or gap size (Augat et al., 2005). More details

Fig. 2. An adaptive mechanobiological m
munications 42 (2012) 22– 31

are available in a recent review of in vivo experimental models that
have been used to investigate the effect of mechanical loading dur-
ing bone healing (Epari et al., 2011). Despite extensive experimental
knowledge, it is still uncertain how these global mechanical stim-
uli translates into pressure, fluid flow or shear at the tissue and
cell level. That translation can be investigated with computational
tools.

Additionally, numerous other factors are highly important for
successful bone healing. For example, sufficient soft tissue coverage
is crucial to restore the vascular supply and provide the cells with
oxygen and nutrients. Moreover, the biochemical milieu including
many growth factors affects the healing. However, those are beyond
the scope of this article, and for more information the reader is
referred to the following review articles (Aspenberg, 2005; Garrison
et al., 2010; Keramaris et al., 2008; Nauth et al., 2010).

3. Computational bone mechanobiology

Computational modeling using FEA has significantly improved
the methodology of the design process in biomedical applications
(Prendergast, 1997). Computational mechanobiology attempts to
determine the quantitative rules that govern the effects of mechan-
ical loading on tissue differentiation, growth, adaptation and
maintenance (van der Meulen and Huiskes, 2002). By utilizing FE
models together with models describing biological activities, these
processes are simulated adaptively (Fig. 2).

The modeling is based on the premise that local mechanical
variables stimulate cell expression to regulate tissue composi-
tion, density or structure. Modeling considerations include force
application at the boundary, force transmission through the tis-
sue matrix, mechanosensation and transduction by cells, and
transformation of extracellular matrix characteristics (Fig. 2).
These parts are combined and represented by variables, param-
eters and mathematical relationships in a FE model. Some of
these variables are known, or can be measured (e.g. morphol-
ogy, mechanical tissue properties, external loading characteristics),

whereas others have to be estimated. Some of the most com-
mon  proposed mechano-regulatory algorithms that have been used
to study tissue differentiation and bone healing are described
below.

odeling scheme of bone healing.
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. Mechanoregulatory algorithms

.1. Early theories

In 1960, Pauwels proposed the first rigorous theoretical
ramework by which the effects of mechanical forces on tissue
ifferentiation pathways occur through mechanical deformation
f the tissues (Pauwels, 1960). He suggested that tissues were
uited to sustain distinct mechanical stressing. Fibrous tissue forms
n regions of tension and cartilaginous tissue are suited to sup-
ort hydrostatic pressure. Hence, he identified strain and pressure
s two distinct stimuli that would stimulate fibrous tissue and
artilage, respectively. Primary bone formation requires a stable,
ow-strain mechanical environment and endochondral bone for-

ation will proceed only after the soft tissues have stabilized
he environment sufficiently to create this low strain environ-

ent (Pauwels, 1960) (Fig. 3a). The fundamental concept was  that
n the case of a healing fracture, it is impossible for direct bone
ormation to bridge an unstable gap without being destroyed.
herefore the purpose of the intermediate tissues is to stabilize
nd stiffen the fracture callus and to create a mechanically undis-
urbed environment where bone can form. Pauwels’ theory was
ased on clinical observation and logic, but he did not have the
eans of measuring or calculating the tissue strains or stresses in

etail.
Perren and Cordey (1980) proposed that tissue differentiation is

ontrolled by the resilience of the callus tissues to strain. Their idea
as that a tissue that ruptures or fails at a certain strain level cannot

e formed in a region experiencing strains greater than this (Fig. 3b).
he interfragmentary strain is determined by taking the longitudi-
al fracture-gap movement and dividing it by the size of the gap.
s a tissue in the fracture gap stiffens, the interfragmentary strain

s reduced allowing healing by progressive tissue-differentiation
rom the initial granulation tissue, to fibrous tissue, cartilagi-
ous tissue and finally bone. However, the hypothesis only
onsidered axial strains and the important strain contributions
rom radial and circumferential strains were not accounted
or.

.2. Single phase finite element models

Based on the ideas of Pauwels, Carter et al. (1988) proposed a
odel in which local stress or strain history explained tissue dif-

erentiation over time. Later, they proposed a more generalized
echano-transduction model (Carter et al., 1998) (Fig. 3c). When

he tissue is subjected to high tensile strains (above the tension
ine) fibrous tissue is produced. Production of cartilaginous tissue
s predicted to occur under high pressure, i.e. to the left of the
ressure line, since this tissue can support and resist hydrostatic
ressure. When the hydrostatic pressure is low, i.e. to the right of
his line, formation of bone occurs. No specific threshold values
ere specified for tension or pressure lines. The studies by Carter

t al. were the first to employ FEA to explore relationships between
ocal stress/strain levels and differentiated tissue types. They mod-
led the tissue in the callus as a single solid (linear elastic) phase.
hey investigated the predictions of the model for a developing
oint, endochondral ossification during fracture healing, and heal-
ng around orthopedic implants (Carter et al., 1988, 1998; Giori
t al., 1995). Carter’s studies stressed that a good blood supply is
ecessary for bone formation, while a compromised blood supply

avors cartilaginous tissue formation. Carter’s mechanobiological
odel has also been used to study oblique fractures (Blenman et al.,
989), pseudoarthrosis formation (Loboa et al., 2001), asymmet-
ic fractures (Gardner et al., 2004) and distraction osteogenesis
Morgan et al., 2006). However, none of the studies predicted tissue
ifferentiation adaptively over time.
munications 42 (2012) 22– 31 25

Claes and associates performed an interdisciplinary study com-
paring data from animal experiments, FEA and cell cultures to
assess the influence of gap size and interfragmentary strain on bone
healing (Claes et al., 1997, 1998). Based on histological observa-
tions, Claes and Heigele (1999) formulated a mechano-regulation
algorithm, similar to that of Carter. For the first time, they quanti-
fied thresholds for when the various tissues were to form (Fig. 3d).
The FEA used to determine the thresholds, was  a solid hyper-
elastic analysis, performed at a few specific time points during
fracture healing. By comparing the mathematical analysis of stress
and strain with histology they could attribute intramembranous
bone formations to local strains of less than 5% and hydrostatic
pressure between ±0.15 MPa. Compressive hydrostatic pressures
greater than −0.15 MPa  and strains smaller than 15% appeared
to stimulate endochondral ossification, with all other conditions
corresponding to areas of fibrous tissue or fibrocartilage. Their the-
ory was based on observations that bone formation occurs mainly
near calcified surfaces. This algorithm has also been combined with
other rules of bone healing, using an iterative FE model controlled
by ‘fuzzy logic’ (Ament and Hofer, 2000) to investigate trabecular
bone fracture healing (Shefelbine et al., 2005).

4.3. Biphasic and adaptive finite element models

In a biphasic analysis of a tissue differentiation experiment
around an orthopedic implant, it was found that the stresses
on the tissues are generated both by the tissue matrix and by
the drag forces from interstitial fluid flow (Huiskes et al., 1997;
Prendergast et al., 1997). This indicated the need for biphasic
models. Prendergast et al. (1997) introduced a model of tissue dif-
ferentiation based on a biphasic poroelastic FE model of the tissues,
and proposed two biophysical stimuli: shear (deviatoric) strain in
the solid phase and fluid velocity in the interstitial fluid phase as the
mechano-transduction variables. High magnitudes of either, favors
fibrous tissue, and only when both stimuli are low enough, can bone
formation occur (Fig. 3e).

Lacroix et al. applied this algorithm to investigate tissue differ-
entiation during fracture healing based on an 2D axisymmetric FE
model (Lacroix and Prendergast, 2002; Lacroix et al., 2002). Their
adaptive poroelastic model was  able to simulate direct periosteal
bone formation, endochondral ossification in the external cal-
lus, stabilization when bridging of the external callus occurs, and
resorption of the external callus (Lacroix and Prendergast, 2002).
The model was able to predict slower healing with increasing gap
size and increased connective tissue production with increased
interfragmentary strain. These studies introduced the first biologi-
cal representations by prescribing stem cell concentrations initially
at the external boundaries and using a diffusive mechanism to col-
lectively simulate migration, proliferation and differentiation of
cells. This model has later been used for successful predictions of
tissue differentiation in a rabbit bone chamber (Geris et al., 2004),
and during osteochondral defect healing (Kelly and Prendergast,
2005).

4.4. Comparison of biophysical stimuli

Although different in theory, the mechano-regulation algo-
rithms described above were shown to be able to predict normal
bone healing reasonably well. Geris et al. (2003) compared the abil-
ity of the algorithms by Claes and Heigele (1999) and Prendergast
et al. (1997) to predict bone formation inside a rabbit bone cham-
ber. They introduced both algorithms in one geometrical model,

but used different material descriptions for each algorithm. They
found that the fluid flow was important for the predicted differen-
tiation patterns in the bone chamber. However, they were not able
to separate the models in terms of their validity (Geris et al., 2003).
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Fig. 3. Mechano-regulatory algorithms. (A) Pauwels scheme for differentiation of mesenchymal cells into musculoskeletal tissues, depending on the combination of volumetric
and  deviatoric deformation (Pauwels, 1960). (B) Perren and Cordey’s idea based on how much elongation each tissue type can tolerate (Perren and Cordey, 1980). (C)
Mechanobiological model based on tensile strain and hydrostatic pressure as proposed by Carter et al. (1998).  (D) The fracture healing model proposed by Claes and Heigele
(1999),  including threshold values for when each tissue type will form. (E) The tissue differentiation scheme proposed by Prendergast et al. (1997) based on the magnitudes
of  fluid velocity and tissue shear strain.

Figures A–D are adapted based on Pauwels (1960),  Perren and Cordey (1980),  Carter et al. (1998),  Claes and Heigele (1999), figure E is reprinted from Lacroix and Prendergast
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saksson et al. (2006b) compared the previously described and new
otential mechano-regulation algorithms’ abilities to predict the
eneral tissue distributions in normal fracture healing under cyclic
xial load. All algorithms were implemented into the same ver-
atile computational FEA model, which allowed direct comparison
etween the algorithms. Several algorithms, based on different bio-
hysical stimuli, were equally well able to predict normal fracture
ealing processes (Isaksson et al., 2006b).  To corroborate the algo-
ithms further, they also compared the predictions with extensive
n vivo experimental bone healing data under two distinctly differ-
nt mechanical conditions: axial compression or torsional rotation
Isaksson et al., 2006a).  None of the established algorithms properly
redicted the spatial and temporal tissue distributions observed
xperimentally under all loading modes and time points. However,
he algorithm based on deviatoric strain and fluid flow (Prendergast
t al., 1997), predicted the experimental results the best (Isaksson
t al., 2006a).

.5. Models of callus growth

It is known that during the tissue differentiation process the
allus not only changes in stiffness and cell density, but also it tends
o change shape. In all studies described above, tissue volumetric
rowth was neglected. Isaksson et al. (2007) included volumetric
rowth into an adaptive FE model of distraction osteogenesis (limb

engthening) using the algorithm by Prendergast et al. (1997).
y including volumetric growth of individual tissue types, it was
hown to correctly predict experimentally observed spatial and
emporal tissue distributions during distraction osteogenesis, as
well as known perturbations due to changes in distraction rate
and frequency (Isaksson et al., 2007). Volumetric growth was
modeled based on the matrix production rates of each tissue type.
Matrix production were simulated based on the biphasic swelling
model (Wilson et al., 2005), by applying a swelling pressure to
the element and considering the subsequent volume expansion
as being an increase in matrix. The tissue was  allowed to swell
for 24 h and were then assumed stress free and used as input for
the next increment. The relaxation behavior of the tissue during
the 24 h corresponded well with that measured experimentally.
However, the evolution of the predicted reaction forces over time
were not corroborated by experimental data (Isaksson et al., 2007).

Garcia-Aznar et al. (2007) developed a continuum mathemati-
cal model that simulated the process of tissue regulation and callus
volumetric growth during fracture healing adaptively. The model
attempted to mimic  events such as stem cell migration, prolifer-
ation, differentiation and cell death of all the cell types, as well
production and degradation of the different tissues involved. They
also included criteria for tissue damage, calcification and remodel-
ing. They chose the second invariant of the deviatoric strain tensor
as the stimulus guiding the tissue differentiation process. The vol-
umetric growth was based on the amount of tissue production
and modeled using a separate FE model based on thermal expan-
sion. Even though the predicted callus geometries in their growth
model were not completely physiological at the boundaries, it was

able to predict increased callus size for increased interfragmentary
movements (Fig. 4) (Garcia-Aznar et al., 2007), as well as realistic
variations when gap size and fixator stiffness were varied (Gomez-
Benito et al., 2005, 2006). This model was improved by Reina-Romo
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t al. (2009) with respect to how it accounts for load history and
sed to simulate distraction osteogenesis. This study also assumed
omplete stress relaxation after each increment. However, in a
econd study, Reina-Romo et al. (2010) presented a macroscopic
rowth mixture formulation and showed that by accounting for the
re-traction stresses that are generated during distraction osteo-
enesis, both variations in distraction rate and the evolution of the
esulting reaction forces over time can be predicted.

.6. Accounting for biological factors

With the exception of the models described under tissue
rowth, the studies above included a highly limited description of
ellular mechanisms. The model by Lacroix and Prendergast (2002)
sed a diffusion mechanism to collectively simulate migration,
roliferation and differentiation of cells. Based on that scheme, it
as identified that the healing speed was most sensitive to cell
iffusion rate. Since real cell activity and tissue production rates
ere not modeled, the “model time” had low physical meaning

Isaksson et al., 2006b).  There are several cell and tissue types
nvolved during bone healing, and they all have varying rates
or each activity that is modeled, e.g. migration, proliferation or
ate of matrix production. Therefore, recent developments in this
rea have focused on describing the different cellular activities
ccurring during bone healing in more detail.

.6.1. Mathematical models based on biochemical factors
Bailon-Plaza and van der Meulen (2001) developed a mathemat-

cal framework to study the effects of growth factors during fracture
ealing. They used finite difference methods to simulate sequen-
ial tissue regulation and cellular events, studying the evolution of
issue specific cells in the callus. In their model, cell differentiation
as controlled by the presence of two growth factors (instead of

echanical stimulation, as the models described above). The rate

f change of cell density, matrix density and growth factor concen-
rations, as well as matrix synthesis and degradation and growth
actor diffusion, were included into their model.

ig. 4. Simulated bone healing based on the model by Garcia-Aznar et al. (2007) includi
arger  callus growth.

art of the figure is reprinted from Garcia-Aznar et al. (2007).
 2007 with permission from Elsevier.
munications 42 (2012) 22– 31 27

4.6.2. Cell-phenotype specific activities
Isaksson et al. (2008a) took a step towards a more mechanis-

tic modeling of cellular activity in bone healing. The formulation
included mechanical modulation of cell phenotype and skeletal
tissue-type specific activities and rates, by describing the tempo-
ral and spatial distributions of fibrous tissue, cartilage and bone,
as regulated by four cell types, mesenchymal stem cells, fibroblast,
chondrocytes and osteoblasts. At each time point and location, each
cell type can migrate, proliferate, differentiate and/or apoptose,
depending on their mechanical stimulation and the activity of other
cell types in the environment. They can also produce tissue, or stim-
ulate tissue removal. This model was shown to correctly predict
the normal fracture healing processes (Fig. 5), as well as delayed
and non-union due to excessive loading, and also the effects of
some specific biological perturbations and pathological situations.
For example, alterations due to periosteal stripping or impaired
cartilage remodeling (endochondral ossification) compared well
with experimental observations (Isaksson et al., 2008a).  The model
requires extensive parametric data as input, which was gathered, as
far as possible, from literature. Since many of the parameter mag-
nitudes are not well established, a factorial analysis was  conducted
using ‘design of experiments’ methods and Taguchi orthogonal
arrays (Isaksson et al., 2008b).  A few cellular parameters were
thereby identified as key factors in the process of bone healing.
These were related to bone formation, and cartilage production and
degradation, which corresponded to those processes that have been
suggested to be crucial biological steps in bone healing. Bone heal-
ing was  found to be sensitive to parameters related to fibrous tissue
and cartilage formation. These parameters had optimum values,
indicating that some amounts of soft tissue production are benefi-
cial, but too little or too much may  be detrimental to the healing
process (Isaksson et al., 2008b). However, in these studies, all cell
activities were modeled on an element basis and anisotropy in the
cell movement was not accounted for.

4.6.3. Stochastic cell modeling

Pérez and Prendergast (2007) developed a new model for cell

dispersal in the callus. A ‘random walk’ model was included to rep-
resent cell migration both with and without a preferred direction,
which implies anisotropic proliferation and migration of cells. The

ng volumetric growth. Increased load lead to delayed bone healing and somewhat
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Fig. 5. Simulated bone healing based on the model by Isaksson et al. (2008a) with more mechanistic cell description, showing spatial and temporal tissue densities of fibrous
t
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eprinted from Isaksson et al. (2008a).
 2008 with permission from Elsevier.

ell mechanisms were modeled as an internal lattice inside each
lement, which accounts more for the differences between the tis-
ue and cell levels. The study simulated an implant–bone interface
n 2D, using the stochastic cell model and the mechano-regulatory

odel by Prendergast et al. (1997).  The predictions of both mod-
ls are similar, although the ‘random walk’ model was able to
redict a more irregular tissue distribution than the diffusion
odel. Due to the stochastic nature of the model, each simula-

ion gave slightly different results. In a simulation of experimental
ata from a bone chamber experiment, qualitative agreement
ith histological data was found (Khayyeri et al., 2009). However,
espite some variability between the simulations, the full vari-
bility found between specimens in the experiment could not be
redicted by the mechanoregulation algorithm until differences in
echano-sensitivity between different individuals were modeled

s differences in cell activity rates (Khayyeri et al., 2011). A similar
odel was also used in a 3D computational simulation of bone heal-

ng in a human tibia with more realistic loading (Byrne et al., 2011).
he main phases of healing, including the resorption phase was  pre-
icted with qualitative agreement with known clinical outcomes
Fig. 6).

.6.4. Vascularization of the tissue
Thus far, the mechanical environment was the only regulator

f cell activity. However, sufficient blood supply is required to
rovide the cells with nutrients and oxygen. Hence, angiogenesis
in-growth of new blood vessels) is a key factor in bone healing. Low
xygen environment promotes cartilage formation, whereas bone
an only form in high oxygen environments (Keramaris et al., 2008).
eris et al. (2006, 2008) further developed the model by Bailon-

laza and van der Meulen (2001),  to also account for angiogenesis
hrough the regulation of a growth factor, and compared the results
ith experimental data of normal fracture healing. The diffusion of

xygen is limited to a few hundred micrometers from capillaries,
and therefore the morphology of the new vascular network plays
a critical role in bone healing. Checa and Prendergast (2009) fur-
ther developed the stochastic cell model by Pérez and Prendergast
(2007), to account for angiogenesis. They simulated tissue differen-
tiation in a bone/implant gap under shear loading, and found that
their model could predict capillary networks similar to those found
in experimental studies. This also resulted in more ‘heterogenous’
patterns of tissue differentiation. The model accounted for the
mechanical influence and showed that higher loads caused a slower
vascular development and delayed bone tissue formation. It has
also been used to evaluate the effect of cell seeding and mechanical
loading on scaffolds, demonstrating the possibilities for these
models in tissue engineering approaches (Checa and Prendergast,
2010). Moreover, this model was used to investigate the inter-
species differences that exist in bone repair, where small animals
show faster healing compared to larger animals (Checa et al., 2011).
Histological data from rat and sheep bone healing was compared
to computer simulations, and they concluded that geometrical
(size) differences between the species alone cannot explain the
distinctions observed experimentally during secondary bone heal-
ing between sheep and rat. However, the study could not conclude
weather these differences are due to differences in cell behavior,
material properties, or the mechano-sensitivity (Checa et al., 2011).

5. Problems and potentials

The FEM is an incredibly powerful tool that has allowed sci-
entists and engineers to accurately predict mechanical responses
in biological tissues and simulate complex processes such as bone
healing adaptively. Moreover, modern software has removed many

of the time-consuming tasks involved in creating the models, and
also opened up the use to more investigators. However, the ease of
use also greatly increases the potential for misuse of the method
and prediction of inaccurate results (Jacobs and Kelly, 2011). It is
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Fig. 6. Simulated bone healing based on the stochastic cell modeling by Pérez and Prendergast (2007), which was used by Byrne et al. (2011) to model 3D bone healing.
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mportant to remember that a computational model is not better
han its worse assumption. As described above, the mechano-
iological models are rapidly becoming more complex, and each
ew mechanical or biological process that is included in the model
equires many more assumptions to be made. The key problem in
echanobiological modeling is validation; To ‘what extent does the

ssumptions and parameters in the model reflect reality’ (Jacobs
nd Kelly, 2011).
.1. Validation

Thus far, validation in this area has focused on compar-
ng the simulation results with experimental data. Ideally, the
experimental data should be obtained by the same investigator
team (Isaksson et al., 2006a, 2007, 2009a; Khayyeri et al., 2009,
2011). However, since that is not always available, it is also com-
mon  to corroborate parts of the model against experimental data
obtained by other laboratories (Isaksson et al., 2008a).  The danger
then is that it is not always possible to know all the details in the
experimental setups, and for example tissue mechanical properties
or boundary conditions may  differ greatly between experimental
setups. With the increasing level of complexity, however, we are

often faced with situations where we  are not able to determine
parameter values as accurately as we  would like. For example,
cell migration rates determined in vitro are used as estimations
for in vivo rates, or experimental data from different species are
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sed and scaled. In those situations it is necessary to conduct a
arametric analysis or a sensitivity analysis. For example, design
f experiments or factorial analysis have been used to assess the
mportance of the assumptions made with respect to the cell activ-
ty rates (Isaksson et al., 2008b), the mechanical properties of the
issues (Isaksson et al., 2009b),  and the assumptions regarding
ngiogenesis (Checa and Prendergast, 2009). If the model is not
ensitive to the parameters that are less well-known, then more
onfidence can be gained in the simulation outcome. However, if
he simulation strongly depends on a parameter for which exper-
mental data is not available, then the specific simulation may  not
e of much value (Jacobs and Kelly, 2011). Parametric studies have

dentified the cellular parameters related to endochondral bone
ormation (Isaksson et al., 2008b)  and three material properties
permeability of granulation tissue, Young’s modulus of cartilage
nd permeability of immature bone) as particularly important.
opefully, this will lead to more experimental studies aimed to
uantify these parameters.

.2. Future potential

Although there are important limitations, especially regarding
alidation of the involved assumptions, mechano-biological mod-
ling has lead to important advances in the field. Corroborated
echanobiological models can be used to improve our understand-

ng of basic biology during bone regeneration, and to identify areas
hat need further investigation. Hence, validated models can be
seful when designing new experiments, and together theoretical
odels and animal experiments can lead to new research questions

nd advances in mechanobiology. One of the most important future
pplications of mechanobiology is for the development of new
linical therapies, for example in bone fracture healing, distrac-
ion osteogenesis or osteoporosis. Geris et al. (2010a,b).  evaluated
heir models’ ability to predict certain pathological cases of frac-
ure healing, and took a first step to attempts to test therapeutic
trategies by injecting mesenchymal stem cells and growth fac-
ors that promotes bone formation at different locations and time
oints. Another area of application is the improvement of implant
esign. With orthopedic implants such as prostheses, cells migrate
p the implant surface and begin to synthesis matrix. However,

f the micromotion is too high bone will not form to stabilize the
mplant-instead a soft tissue layer will form (Prendergast, 2006). An
mportant future domain of applicability is in bone tissue engineer-
ng and regenerative medicine (Boccaccio et al., 2011). Appropriate
iophysical stimuli are needed in bone scaffolds, in addition to
utrients and sufficient oxygen supply, to favor appropriate tis-
ue differentiation (Prendergast et al., 2009). This has been the
ocus of many computational studies recently by e.g. investigat-
ng scaffold mechanical properties, porosity and cell seeding etc.,
nd was recently reviewed by Boccaccio et al. (2011).  Moreover,
ne of the key challenges for the future, is to determine the capa-
ilities and limitations of mechano-biological modeling when it
omes to real hypothesis testing type of investigation in biology,
ompared to descriptive research such as showing associations
etween mechanical and biological parameters or behavior (Jacobs
nd Kelly, 2011). It appears rather clear that engineers have many
easons to be interested in computational modeling of tissue dif-
erentiation and bone regeneration.

.3. Conclusion

Many biological processes, including bone healing, are so com-

lex that for certain research questions physical experimentation

s either too time consuming, too expensive, or impossible. As a
esult, computational models are used more extensively. Mechano-
egulatory theories have been developed and shown able to explain
munications 42 (2012) 22– 31

how the mechanical environment influences tissue differentiation,
growth, maintenance, remodeling and degeneration. Over the last
two  decades, the computational models employed for studies of
bone healing have progressed from single phase linear elastic mod-
els which were evaluated at only one time point (Carter et al., 1998)
via hyperelastic (Claes and Heigele, 1999) to poroelastic material
descriptions implemented in models that adaptively predict tissue
distributions over time (Prendergast et al., 1997). Poroelastic mate-
rial description is especially important when describing the soft
tissues involved in the early stages of healing, and has become the
standard material description. Unfortunately, some of the mate-
rial properties of these soft tissues are not yet well characterized
(Isaksson et al., 2009b).  Recently, the focus has shifted from further
development of the mechanical analyses, towards implementing
more biological aspects, including effects of different cell types,
growth factors and directed cell movement and in-growth of blood
vessels. The models are becoming more multifaceted as the knowl-
edge about the complex biological processes during bone healing
increases. We  are also on the verge of simulating patient specific
data, or including genetic or inter-specimen variability into the
models. Despite the remaining challenge to achieve sufficient vali-
dation, mechanobiology is a field where mechanical modeling can
contribute significantly to our understanding of basic physiology
and pathology and outline future areas of research.
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