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Abstract 
Non-union bone fractures are a standing problem for clinical treatments. It has been 

found that the exogenous growth factor recombinant human bone morphogenetic protein-2 
(rhBMP-2) induces bone healing in potential non-union fractures. However, the currently 
used clinical dose of rhBMP-2 is high and causes side-effects. Mechanical loading is known 
to enhance the induced effects of rhBMP-2 in bone healing, which may lead to a reduced 
required dose. Yet, the exact underlying mechanism is unknown.  

To further investigate the combined role of mechanical loading and rhBMP-2 in the early 
phase of fracture healing a 2D computational model was developed. The model uses a lattice-
based approach where biological rule-based events are combined with finite element analysis 
to simulate both untreated bone healing progression and when subjected to mechanical 
loading and rhBMP-2. Two healing cases were investigated:  normal fracture healing in a 
small bone defect (1 mm gap) and non-union fracture healing in a large bone defect (5 mm 
gap). By varying the magnitude and timing of applied load as well as the rhBMP-2 dose, a 
combination that would reduce the currently used rhBMP-2 dose and still enable healing in a 
large bone defect was searched. 

The model could simulate fracture healing in a large bone defect when subjected to 
rhBMP-2, independently of the applied load. Also the expected non-union result in a large 
bone defect without applied rhBMP-2 was obtained. The model could not capture normal 
fracture healing in a small bone defect as well as bone remodelling.  

It was found that a 50 % reduced rhBMP-2 dose could not induce healing in a large bone 
defect when applied separately but when applied together with load. Additionally, this 
combination of stimulation gave similar results compared to other combinations using higher 
rhBMP-2 doses.  

To conclude, even though the model was able to replicate some of the healing events seen 
experimentally, it is in need of modifications to correct current deficiencies. Still, after some 
further development and validation, the model has the potential to be used in future studies of 
fracture healing when influenced by mechanical loading and rhBMP-2. The found possibility 
for a reduced dosage of rhBMP-2 when applied together with load has to be further 
investigated before any conclusions can be drawn. 
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Sammanfattning 
Behandling av så kallade non-union frakturer är ett bestående problem inom sjukvården. 

Den exogena tillväxtfaktorn recombinant human bone morphogenetic protein-2 (rhBMP-2) 
har påvisats kunna framkalla benbildning i potentiella non-union frakturer. Dock är den 
nuvarande kliniska doseringen av rhBMP-2 hög och ger upphov till bieffekter. Mekanisk 
belastning kan förstärka de inducerade effekterna som rhBMP-2 medför vid frakturläkning 
vilket kan leda till en reducerad fordrad dos. Det underliggande sambandet är emellertid inte 
helt känt. 

En 2D beräkningsmodell utvecklades för att undersöka den kombinerade inverkan av 
mekanisk belastning och rhBMP-2 på frakturläkning. Modellen var utformad som ett diskret 
gittermönster som kombinerar biologiskt styrda processer med finita elementmetoden för att 
simulera både obehandlade läkningsförhållanden och förhållanden då frakturen utsattes för 
mekaniskt belastning och rhBMP-2 stimulans. Två fall undersöktes: normal frakturläkning av 
ett litet benbrott (1 mm) och non-union frakturläkning vid ett större benbrott (5 mm). Genom 
att variera magnitud och tidpunkt för pålagd belastning samt rhBMP-2 dos söktes en 
kombination som kunde minska den aktuella kliniska rhBMP-2 dosen och samtidigt resultera 
i lyckad läkning av ett stort benbrott. 

Modellen kunde simulera frakturläkning i ett stort benbrott då rhBMP-2 tillämpades, 
oavsett den applicerade belastningen. Även den förväntade hämmade läkningen av ett stort 
benbrott utan tillsatt rhBMP-2 erhölls. Modellen kunde inte simulera normal frakturläkning i 
det mindre benbrottet likväl som ombyggnad av frakturen. 

En 50 % reducerad rhBMP-2 dos visades inte kunna framkallade läkning i ett stort 
benbrott om applicerad separat, men däremot om applicerad tillsammans med belastning. 
Denna kombination gav dessutom liknande resultat jämfört med andra kombinationer med 
högre rhBMP-2 dos. 

Beräkningsmodellen lyckades simulera några av de läkningsprocesser som påvisats 
experimentellt, men behöver modifieras för att korrigera dess närvarande brister. Modellen 
har dock en potential att efter vidare utveckling och validering användas till att studera 
frakturläkning under inverkan av mekanisk belastning och rhBMP-2. Den visade möjligheten 
för en reducerad rhBMP-2 dos när tillämpad tillsammans med belastning måste utredas 
vidare innan några slutsatser kan tas. 
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Terminology 

Allograft 
  Biological material taken from a donor of the same species as the receiver 
Anastomosis 
  Connection of two blood vessels, or “looping” of the same vessel 
Angiogenesis 
 Blood vessel growth from pre-existing vessel 
Apoptosis 
 Self-programmed cell death 
Autocrine 
 Cell signalling where the substance-secreting cell and the target cell is the same cell 
Autograft 
 Biological material taken from the same individual to whom the material is given 
Chemotaxis 
 Cells directing their migration according to chemical concentrations in their vicinity 
Chondro- 
 To do with cartilage, e.g. chondrogenesis is the development of cartilage 
Differentiation 
  Cell development to a new cell type 
Endogenous 
 From inside the body 
Exogenous 
 From outside the body 
Gait 
 The pattern of movements over a solid surface 
Lattice model 
 Model composed of a grid framework with discrete elements 
Mulitpotent 

A cell with the ability to differentiate into several, but yet a limited amount of different cell types 
Necrosis 
 Induced premature cell death 
Osteo- 
 To do with bone, e.g. osteoinductivity is the ability to stimulate bone formation 
Paracrine 
 Cell signalling where the substance-secreting cell and the target cell are different cells 
Phosphorylate 
 Addition of a phosphate group to a protein 
Poisson’s ratio 

The negative ratio between the strain due to expansion/contraction in one direction (transversal) and 
the strain due to compression/stretching in another direction (axial):   

 

 
 
Proliferation 
 Cell division resulting in two daughter cells 
Unilateral external fixator 
 A fracture fixator outside the body, subjected to one side only 
Young’s modulus 

Mechanical parameter quantifying the stiffness of an elastic material as the ratio between stress and 
strain:  
 

 
Abbreviations 

EC  Endothelial cell 
ECM  Extracellular matrix 
IFM  Interfragmentary movement 
MSC  Mesenchymal stem cell 
VEGF  Vascular endothelial growth factor 
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1. Introduction 

1.1 Background 
Normally when treated, bone has the ability to completely regenerate itself after damage. 

Sometimes, due to extensive bone- and soft tissue trauma, insufficient fixation, chronic 
diseases, or impaired vascularisation, fractures can suffer a delayed healing or even never 
fully unite [1], [2]. The latter, the so-called non-union fracture healing, is usually diagnosed 
after a long-term arrest in the healing process without any bony bridging between the fracture 
fragments (Figure 1.1) [3]. This condition is a standing problem for clinical treatments 
resulting not only in consistent pain for the patient, but also in secondary interventions and 
consequently increased health care costs. For example, even though tibial non-union fractures 
represented only 12 % of all tibial fractures included in a study of Antonova et. al., the total 
economic cost for these patients was found to be twice the cost for those with normal healing 
fractures [4]. 

Bone substitutes such as autografts and allografts are common treatments of non-union 
fractures that have shown good outcomes in clinical applications [4]. Yet, side-effects 
including chronic pain, immunoreaction, and infections as well as the associated issues of 
limited bone resources and low osteoinductivity of autografs and allografts, respectively, 
have generated a need for an optimised treatment [5], [6]. 

One alternative is to use synthetic allografts made of different materials such as metals, 
bioceramics, or polymers. These grafts have gained an increased interest in the clinics due to 
their cost efficiency and appropriate biological properties [6]. Yet, their osteoinductive 
properties are still inadequate [6]. 

Another alternative is to use exogenous growth factors together with bone grafts to 
enhance bone formation [7]. In several in-vivo experiments, the endogenous bone 
morphogenetic protein-2 (BMP-2) has been shown to have a critical role in bone regeneration, 
especially in the early stage of fracture repair [8]-[10]. To increase the effect of the 
endogenous BMP-2, an exogenous dose in the form of recombinant human bone 
morphogenetic protein-2 (rhBMP-2) can be delivered to the fracture site together with the 
bone graft [8]. RhBMP-2 has been demonstrated in-vivo to significantly enhance bone 
regeneration when compared to control groups [11], [12]. In a clinical study including 450 
patients it was concluded that an open tibial fracture treated 
with an intramedullary nail together with the exogenous 
rhBMP-2 gave a faster healing than a treatment without [13]. 
From a financial perspective, an investigation concerning 
health care in the United Kingdom, Germany, and France 
suggested that rhBMP-2 treatments for tibial fractures can 
reduce health care costs with a net average of €11.8 million due 
to fewer secondary interventions [14]. Hence, even though the 
relatively high direct expenses of rhBMP-2 products, the net 
savings are substantial.  

The currently used therapeutic dose of rhBMP-2 is 12 mg 
(1.5 mg/ml concentration), which is 10 to 100 times larger than 
the endogenous amount of BMP-2 [5]. RhBMP-2 has a fast 
release from its delivery carrier (usually a collagen sponge) and 
a short half-life of a few minutes [15], [16]. Additionally, the 
dose of rhBMP-2 has to overcome a certain threshold to give 
an effect [17]. Due to these reasons a high dose is required to 

Figure 1.1 Radiographic image of a 
non-union tibial fracture at 14 month 
after injury [1.1].  
Copyright LearningRadiology.com 
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induce an effect. It is however believed that a dose this high can be associated with adverse 
effects such as tissue inflammation, cyst-like bone formation, and excessive bone formation 
[18], [19]. A future goal would be to have the same efficiency as the current rhBMP-2 
products but with a lower dose, reducing both the risks for the patient and treatment costs 
[13], [14].  

One approach would be to improve the delivery carrier so that a slower release rate of the 
growth factors is possible [5]. Another approach is to combine mechanical loading and 
growth factors. In-vivo and in-vitro experiments have shown that mechanical stimulation 
enhances the secretion and the effects of growth factors [20]-[22]. In a recent work by 
Schwarz et. al. [23], the authors found that a critical 5 mm defect in a rat femur was 
successfully healed with increased rate when using rhBMP-2 together with mechanical 
stimulation compared to when using rhBMP-2 separately. The test groups without growth 
factors resulted in non-union healing regardless of loading. These results indicate an 
alternative approach for treating non-union fractures. However, a better understanding is 
needed about the correlation between mechanical stimulation and rhBMP-2 as well as their 
combined role in the bone healing process [23]. 

In general, the knowledge of mechano-regulated biological events is inadequate and due 
to the complexity of bone healing, in-vivo and in-vitro experiments are not always sufficient 
to fully investigate all parameters that link mechanics to biology. For example local stresses 
and strains, which are believed to affect cell expressions and activities, are difficult to 
measure in-vivo [24]. Computational models that combine biological rule-based events and 
finite element analysis may therefore provide compensation to the in-vivo experiments since 
these models give relatively fast simulations of bone formation and can calculate influencing 
parameters such as stress, strain, and fluid flow. Computational models are usually seen as 
tools that can test hypotheses, interpret experimental results, or re-do experiments in-silico 
with different variables to obtain more quantitative results [3]. Subsequently, the models use 
in-vivo experiments for validation. In conclusion, when in-vivo experiments are costly, time-
consuming, and in some aspects inadequate to provide required information to improve the 
understanding about bone healing, computational modelling has become a promising 
technical aid [25]-[27].  
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1.2 Purpose 
To the author’s knowledge there is currently no computational model for simulating 

fracture healing under the combined influence of mechanical loading and the exogenous 
growth factor rhBMP-2. Thus, the purpose of this study was to develop such a computational 
model and to then use it to investigate the roles of these two stimuli in the bone healing 
process. 

1.3 Goals 

• To develop a computational model that considers the complex nature of fracture 
healing including normal cell activities and cell-to-cell interactions, but also cell 
behaviour in manipulated environments such as during mechanical loading and in 
the presence of the exogenous growth factor rhBMP-2.  

• That the developed model can simulate characteristic healing processes in a 
fracture depending on the applied stimuli and fracture gap size. 

• To use the model to investigate if it would be possible to reduce the current 
clinical dose of rhBMP-2 and still achieve successful healing in a potential non-
union fracture. 

• That the model is easy to use and to understand for users that may, or may not be 
familiar with computer science.  

1.4 Scope 
The computational model will consider the early phase of fracture healing (6 weeks). It 

will be developed in 2D and include axial loading as mechanical stimulus. The used 
mechano-regulating parameter influencing biological events will be minimum principle 
strains. RhBMP-2 is the only applied exogenous growth factor investigated as biological 
stimulus.  

The cellular activities that will be considered in the model are migration, differentiation, 
proliferation, angiogenesis, ECM production and degradation, and endogenous growth factor 
secretions and paracrine effects.  

The model setup (e.g. durations, load magnitudes, and rhBMP-2 dosage) will be adapted 
from the animal experiment of Schwarz et. al. [23]. Additionally, model validation will be 
conducted towards this experiment. 

To analyse the roles of the applied stimuli on fracture healing four main cases will be 
simulated:  

 
• Fracture healing without controlled loading and without rhBMP-2 
• Fracture healing with controlled loading, but without rhBMP-2  
• Fracture healing without controlled loading and with rhBMP-2 
• Fracture healing with controlled loading and rhBMP-2 

 
where the magnitude and timing of load as well as the dose of rhBMP-2 will be altered.  

Furthermore, these four cases will be implemented in two different fracture sizes, namely 
a small bone defect (1 mm) and a large bone defect (5 mm) where the latter is considered a 
potential non-union fracture.  
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2. Theory 

2.1 Function, anatomy and histology of bone 
The skeleton gives the body structure, support, and protection. It works together with the 

muscles to obtain movement as well as it is a storage and regulator of minerals. Some bones 
also contain red and yellow bone marrow, responsible for blood cell production and 
triglyceride storage, respectively.  

Accordingly to its shape, bone can be categorised into four different types, namely long 
bone, flat bone, short bone, and irregular bone. Hereafter, the focus will be put on long bones, 
i.e. the bones with a greater length than width (Figure 2.1). In a long bone the diaphysis 
forms the major part of the structure. That is, the cylindrical shaft of the bone. The shaft 
cavity is called the medullary cavity and contains the yellow bone marrow. Covering the 
inside of the cavity walls is the thin cell membrane called endosteum. The external surfaces 
of the bone are covered by the thicker periosteum membrane, which contains an outer layer 
of connective tissue and an inner layer of cells involved in fracture healing and growth of the 
bone thickness [28]. The long bone has at its proximal and distal ends the epiphyses and 
metaphyses. The latter are the regions in between the epiphysis and the diaphysis where 
longitudinal growth occurs during the childhood and teenage years. In some long bones these 
end-parts contain the red bone marrow and are also important in stress-bearing optimisation 
[28]. 

From a macroscopical point of view, bone consists of three kinds of tissues: woven bone, 
cortical bone, and trabecular bone. Woven bone emerges in the first stage of bone 
development [28]. This is immature bone with a random collagen structure which later 
matures and is remodelled to either cortical or trabecular bone. Cortical bone, or lamellar 
bone, consists of longitudinally, stress orientated, 
cylindrical bundles of lamellae called osteon. 
Centralised by these bundles are the vascular 
channels known as the Haversian canals. 

Protected in-between layers of cortical bone 
lies the trabecular bone with its sponge-like 
structure. The trabecular bone, or spongy bone, 
can be seen to deform and adapt its structure 
along stress trajectories, which optimises the 
load bearing abilities of the bone even further 
[29]. The epiphyses and metaphyses are mostly 
made out of trabecular bone. 

On a cellular level the bone has four major 
components. That is, the mesenchymal stem 
cells, osteoblasts, osteocytes, and osteoclasts. 
The mesenchymal stem cells (MSCs) are 
multipotent cells capable to differentiate into 
cells building tissues such as bone, cartilage, 
tendons, muscles, and skin [30]. When 
considering bone tissue the MSCs differentiate 
into either osteoblasts, chondrocytes, or 
fibroblasts depending on the specific 
environment and biochemical conditions [30]. 
The MSCs are well presented in the periosteum 
and endosteum as well as in the bone marrow [31].  

            Figure 2.1 Anatomy of a long bone [2.1] 
             Copyright BoneFixator.com 

 5 



 

Osteoblasts are the bone-creating cells differentiated from the MSC. These cells secrete 
components needed for the extracellular matrix (ECM) to mineralise and calcify, giving the 
bone tissue its rigid properties. Consequently, the osteoblasts get fixed in their own matrix 
and mature into osteocytes, which is the main cell type in bone [28]. The bone-resorbing 
osteoclasts are formed by fusion of several white blood cells [28]. They are controlled by 
cellular activities, hormones, and local mechanical strains and degrade the bone matrix by 
using enzymes and acids [29], [32]. 

2.2 Fracture healing 
When bone is fractured a complex sequence of events is initiated on a cellular level. 

Depending on the type of bone and on the type of fracture, bone heals through either direct 
healing or secondary healing. For direct healing to occur the interfragmentary movements 
(IFMs) of the fracture ends as well as the gap size must be very small [33]. The healing can 
then proceed by direct remodelling of the fracture towards cortical bone. More naturally, long 
bone fractures heal through secondary healing, which has, in contrast to direct healing, an 
intermediate state of an external, stabilising tissue formation called callus [28]. The callus 
prevents extensive movements of the fracture ends and allows the bone to heal through a 
progress of tissue differentiation.  

The secondary healing process is usually divided into three overlapping phases: 
inflammation, repair, and remodelling [34]. The inflammation stage starts with the creation 
of a hematoma due to ruptured blood vessels crossing the fracture (Figure 2.2a). An 
insufficient oxygen supply leads to necrosis, which in turn awakes an inflammatory response 
leading to swelling and coagulation of the hematoma [33]. 

Regarding the repair phase, the majority of long bone fractures heal through a 
combination of intramembranous ossification and endochondral ossification [35]. The 
difference between the two is that during endochondral ossification the healing involves an 
intermediate state of MSC differentiation towards chondrocytes resulting in cartilage 
formation, whereas during intramembranous ossification woven bone appears directly due to 
differentiation towards osteoblasts [35]. 

The repair phase begins with differentiated fibroblasts migrating from the periosteum and 
synthesising a granulation tissue that creates a soft callus (Figure 2.2b) [28]. MSCs are also 
recruited and migrate into the callus where they later attach, proliferate, and differentiate [35].  

The differentiation of MSC towards chondrocytes is favoured by the hypoxic 
environment in the hematoma and the high IFM at the fracture site [28], [36]. Hence, the 
callus is mainly filled with cartilage tissue after around 2 weeks [35]. Osteoblastic 
differentiation of MSCs is located closer to well-vascularised areas and areas with less strain 
[28]. Thus, an intramembranous ossification occurs at a distance proximal and distal from the 
fracture site [35]. 

Chondrocytes in the callus eventually mature to hypertrophic chondrocytes and exit their 
proliferation cycle. Chondrocyte maturation is believed to be caused by both growth factors 
and a high density of surrounding cartilage, which prevents the cells from proliferating [35], 
[37]. Hypertrophic chondrocytes secrete the vascular endothelial growth factor (VEGF), 
which attracts endothelial cells and osteoblasts [38]. They also calcify the cartilage and 
secrete other enzymes that activate the degradation of the matrix [39]. Due to the calcification 
of the cartilage the chondrocytes eventually die [39]. The degradation leaves the matrix with 
a spongy-like structure that allows vascularisation and invasion of osteoblasts that start to lay 
down the bone matrix [35]. Gradually the cartilage matrix is replaced by woven bone, i.e. the 
callus hardens (Figure 2.2c). 
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The last stage of fracture healing is the remodelling phase during which the random 
woven bone is replaced by the more organised cortical bone. It is a simultaneous procedure 
of degradation of the woven bone by osteoclasts and construction of cortical bone by the 
osteoblasts [33] (Figure 2.2d). Bone healing leaves no scar formation compared to many 
other tissue healing processes. Only a small thickening on the bone site is left behind as a 
trace from the fracture [28]. 

2.3 Bone morphogenetic protein-2 and its effects on bone development and healing 
Bone morphogenetic protein-2 (BMP-2) is one of many growth factors included in the 

transforming growth factor-beta superfamily (TGF-β). This protein is believed to be of great 
importance in bone development and fracture healing, especially in the early stages of 
healing; its maximal expression has been found from day 1 to 21 after fracture in mice [40], 
[41]. BMP-2 is therefore also believed to be an initiator of fracture healing. In-vivo 
experiments with mice lacking the BMP-2 gene have demonstrated failed fracture healing or 
delayed healing with decreased biomechanical properties [9], [10].  

Regarding skeletal cells, BMP-2 is secreted by MSCs, osteoblasts and chondrocytes and 
resides in the ECM [42]. These cell types are themselves the target cells for BMP-2 [9], [37]. 
In the literature it is however controversial whether BMP-2 function through autocrine or 
paracrine signalling [7], [8], [42]. An autocrine effect of BMP-2 seems to be absent in MSCs 
when un-stimulated cultures show a random migration of the cells [43].  

The BMP-2 affects its target cells by binding to cell membrane serine/threonine kinase 

Figure 2.2 Secondary fracture healing. a) Hematoma formation and inflammation response.  
b) A soft callus is created with granulation tissue. MSC differentiation towards chondrocyte is located in the 
hypotoxic fracture milieu while osteoblastic differentiation is located proximal and distal of fracture site. c) 
Endochondral ossification. Cartilage matrix is calcified and replaced by woven bone. d) The woven bone is 
remodelled into cortical bone. Adapted from [24].  7 



 

receptors type I and II. This is followed by a complex, intracellular signalling cascade 
starting with an activation of the cytoplasmic proteins called Smad [37]. These proteins 
phosphorylate when activated and migrate to the nucleus for further, still rather unknown, 
downstream events resulting in regulated gene expressions [37]. This translocation has been 
demonstrated to be inhibited in the absence of the so called runt-related transcription factor 
RunX-2 [44]. Additionally, the interaction between Smad and RunX-2 has been shown to be 
essential for osteoblastic differentiation, which emphasises the important intracellular role of 
these factors in the development of bone [45].  

 In the literature, it is suggested that the BMP-2 potentiate MSC proliferation as well as 
differentiation toward the osteogenic and chondrogenic lineage [8], [9], [12], [46]. The 
removal of BMP-2 expression in periosteal MSCs was shown in-vivo to impair their 
differentiation abilities as well as decreasing their proliferation during fracture healing [8]. 
Furthermore, an in-vitro study concluded that the chosen cell lineage of the BMP-2 induced 
differentiation of MSCs dependence on the cell-specific ECM in the surrounding 
environment [47]. This means, for example, a promoted osteoblastic differentiation in the 
presence of osteoblast synthesised ECM.  

BMP-2 has a chemotactic effect on the migration of osteoblasts and MSCs [48]. That is, 
the migration is induced along the concentration gradient of BMP-2. While MSC secreted 
BMP-2 does not induce chemotaxis by autocrine signalling, osteoblastic secreted BMP-2 is 
believed to influence the chemotactic response of MSCs [42], [49]. 

When extracting endogenous BMP for therapeutically purposes, the preparation of it may 
leave behind BMP-inhibitors decreasing its effectiveness [50]. In 1988, after the 
identification of the gene sequence for BMP-2 in human cells, the production of recombinant 
human BMP-2 (rhBMP-2) was made possible [50]. This enabled isolation of larger, more 
purified amounts of BMP-2, which has been used extensively in both clinical applications 
and research. RhBMP-2 is manufactured using the same techniques as for recombinant DNA. 
That is by using the following steps: isolation of human BMP-2 producing gene; splicing and 
recombination of gene into mammal cell; cell replication and production of rhBMP-2; and 
finally purification of the proteins [51].  

RhBMP-2 has been demonstrated to significantly enhance the cellular expression of 
Smad and Runx2 [22]. Out of the eight Smad proteins identified in mammals, Smad 1, 5 and 
8 are believed to induce hypertrophy and differentiation towards chondrocytes [12], [52], 
[53]. Additionally, the interaction between Smad and RunX-2 has been shown to be essential 
for osteoblastic differentiation, which emphasise the important intracellular role of these 
factors in the development of bone [37].  

Another effect of the exogenous growth factor is an induced migration rate resulting in a 
3.5 and 2.2 times increased velocity for MSCs and osteoblasts, respectively [54]. It has also 
been shown that rhBMP-2 can induce “transdifferentiation” of chondrocytes to osteoblasts 
[52]. 

Furthermore, the expression of the protein Inhibitor of differentiation 1 (Id1) and the 
extracellular antagonist Noggin have been found to increase when applying rhBMP-2 [22], 
[55]. Id1 is believed to stimulate proliferation of MSCs and at the same time down-regulate 
the induced osteoblastic differentiation and thus slowing down the bone formation process 
[22], [55]. The latter has similarly been proved in-vivo regarding overexpression of Noggin 
in mice [56]. 

2.4 Mechanical influences on bone repair and regeneration 
The mechanical stimulus inducing cellular responses is thought to be local strains at the 

fracture site [57]. These strains are mainly influenced by the IFMs between the fracture 
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fragments, the fracture gap size, and the fracture pattern [24]. Mechanical loading of 
appropriate magnitude is believed to influence the proliferation and differentiation of MSCs, 
to enhance the proliferation of osteoblasts and chondrocytes as well as to increase the bone 
matrix production of osteoblasts [58]-[64]. However, there are several mechanical variables 
that still influence the healing outcome such as strain patterns, timing of load application, and 
fixation.  

It has been shown that different directions of loading, i.e. different kinds of IFM, and 
different gap sizes influence the callus formation due to an emerging characteristic strain 
pattern in-between the fracture fragments [2]. How the callus shape and size is related to 
success in fracture healing is unclear when for example a large callus can indicate both 
induced - and impaired healing [65], [66]. Claes et. al. studied the correlation between IFM 
and gap size and concluded that a difference in magnitude of IFM does not have the same 
impact on the healing if the gap size is large as it does for a smaller one. This suggests that 
the gap size has a superior influence on the outcome of fracture healing [66]. Additionally 
findings show that a large fracture defect results in an ingrowth of mineralised tissue that 
encloses the medullary cavity independently of the IFMs [2], [23]. 

Early loading of a fracture has been shown to delay the healing process [67]. This is 
thought to be related to the rupture of ingrowing blood vessel due to high IFMs in the soft 
callus [26], [68]. A delayed mineralisation of the callus follows as the osteoblastic 
differentiation is suppressed by the hypoxic environment [28], [67]. Another in-vivo study 
showed however that early loading did not necessarily delay healing only if it was applied 
after day 10 of fracture when the callus has become harder [70]. Furthermore, early loading 
has also been concluded to give an increased bone mineral volume compared to delayed 
loading [71]. Additionally, a continuous loading after the bony bridging has occurred results 
in strains that are too high for bone formation resulting in fibrous tissue development [23]. In 
conclusion, the timing of loading seems to be crucial for the healing outcome, but yet 
uncertain. 

Postulated by several studies, there exists an optimal method for fixation of fractures [65]. 
Using a completely rigid fixator to stabilise the fracture has shown to prevent callus 
formation [72]. Studies have shown that semi-rigid fixators give an initial delayed callus 
mineralisation and consequently a reduced callus stiffness compared to when using a more 
rigid fixator [68], [73]. No differences in the callus stiffness were detected after 9 weeks due 
to a fast compensation in the semi-rigid fixator group. Still, the more rigid fixator showed a 
more advanced remodelling of the callus suggesting a faster healing process.  

It is still uncertain to say which load direction, or which combination of directions that 
actually gives the optimal healing due to contradictory results in the literature [65]. For 
example, an in-vivo study proved that axial IFM gives a superior healing than shear IFM [74], 
whereas another study concludes the opposite [75]. Nevertheless, reviews in the field of 
mechanobiology have stated that moderate axial IFM is now widely accepted to enhance 
bone formation [24], [76].  

2.5 Mechanical influences on bone morphogenetic protein 2 
Both in-vitro and in-vivo studies have demonstrated that mechanical stimulation enhances 

BMP-2 secretion and effect. The in-vitro experiment of Kopf et. al. using a 3-D bioreactor 
showed that rhBMP-2 induced effects are further enhanced by mechanical loading [22]. An 
exception was the expression of Runx2, which was down regulated when loading was applied 
for more than 24 hours, suggesting again the importance of load timing. 

A critical size fracture of 5 mm in a rat treated with rhBMP-2 and immediate weekly 
mechanical loading resulted in a significant bigger callus and mineralised tissue volume in 
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the early phase of healing compared to fractures treated with rhBMP-2 alone [23]. This 
induced effect of rhBMP-2 due to loading has been proved in other studies as well [20], [21], 
[77]. However, the conclusions on the superior timing of load are conflicting in two of the 
studies [23], [77]. To remember is that these studies used two different experimental set-ups: 
Schwarz et. al. used controlled loading while Boerckel et. al. used a compliant fixator 
allowing IFMs. Furthermore, a difference in rhBMP-2 dose between the two studies can be a 
reason for the deviating results [23]. 

For the critical size fracture in the experiment of Schwarz et. al. the induced effect of 
rhBMP-2 was further proven when loading alone did not enable fracture healing and gave 
similar results as in the study of Mehta et. al. mentioned above [2]. These results, among 
others, raise the hypothesis that BMP-2 may be one link between mechanical stimuli and 
biological events [20]. 

2.6 Computational modelling of fracture healing 
In the field of mechanobiology, computational models are typically used for fracture 

healing simulations, long bone growth, fetal development, and distraction osteogenesis (bone 
lengthening) [24], [78]. Computational models usually consider either mechanical or 
biological factors, but there are some that combine the two. For example the model of Bailón-
Plaza and van der Meulen analysed early versus late mechanical loading with incorporated 
influences of endogenous growth factors [25]. 

Computational modelling combines the capability of mathematical models to simulate 
biological rule-based events with the capability of finite element models to calculate 
mechanical parameters such as strains, stresses, and fluid flow. The simulation can be seen as 
an iterative sequence that adapts its input variables according to previous outputs (Figure 2.3) 
[24]. By the use of the finite element (FE) model geometry, forces, and boundary conditions 
are set to simulate load cases, such as walking or axial controlled loading [78], [80], [81]. By 
applying these conditions the model is deformed. Thus, depending on the material properties 
of each model component, strains, stresses, and fluid flow can be calculated. These 
parameters are thereafter implemented in a biological rule-based model where potential 
cellular responses, due to the stimulus, are simulated as well as other cellular activities. 
Depending on these responses and activities the model appearance is changed, hence the 
material properties are changed [81]. In turn, the changes affect the next time step of the 
finite element model, which will generate different parameter values due to the change in the 
material properties. Like this, the model is continuously adapted for each iteration. 

The applied biological rules that consider events such as cell migration, proliferation, 
differentiation as well as ECM production and degradation, angiogenesis, and growth factor 
effects are not all known. Some are taken from the literature and experiments while others are 
simply estimated or determined by the model itself [82]. However, to quote Isakssons’ review 
of mechanobiological modelling: “…a computational model is not better than its worse 
assumption”, meaning that uncertainties in a model lead to faulty conclusions [24]. Therefore, 
it is important that computational models are validated against in-vivo or in-vitro studies to 
verify their credibility of simulating bone regeneration and determining parameters or 
biological rules [83].  

Existing finite element models can be divided into two groups, namely single-phase or 
biphase models. A single-phase model only considers local stresses and strains from the 
“solid” tissue matrix as relevant mechanobiological regulators [24]. However, as speculated 
by Prendergast et. al., the stress generated from the interstitial fluid flow also influences 
cellular responses [84]. Hence, considering both a solid- and a fluid phase, a biphase model 
was developed. 
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When considering the biological part of computational models, the implementation can 
be either continuous or discrete. A continuous model, also called a “diffusion” model, uses 
partial differential equations to model biological entities such as cells, growth factors, and the 
ECM as representations of their corresponding densities [85]. These densities are an effect of 
biological events such as migration, proliferation, ECM production and degradation [86]. 
Hence, a diffusion model gives a spatiotemporal distribution of different cell types 
considered as one unit [85].  

A discrete model on the other hand models cells as individual entities [3]. In this way the 
amount of data increases due to the great amount of cells, but it also enables individual 
considerations of the cells’ activities [3]. A random-walk model developed by Pérez and 
Prendergast introduced a stochastic method for simulating migration and proliferation of cells 
using a lattice based approach [78]. They compared this discrete model with a diffusion 
model and a difference was found in the distribution of cells in the callus. In the diffusion 
model a more homogenous pattern of the different cells was detected whereas in the discrete 
model the distribution was more scattered, which was seen as more physiologically true [78]. 
However, validation against experimental data could not distinguish which model was 
actually more accurate. 

2.6.1 Tissue differentiation theories 
Several models have been developed using finite element analysis to define a more 

concrete relation between mechanical stimuli and corresponding cell differentiation. In 1980, 
Perren and Cordey presented the “Interfragmentary Strain Theory” suggesting that only tissue 
that can withstand the strains in a fracture gap will be able to develop there [87]. They 
proposed a linear model defining strain thresholds for different kinds of tissues (Figure 2.4a). 
Accordingly, bone was promoted in areas with strain under 2 % elongation while fibrous- and 
granulation tissues were formed at strains above 10 %.  

Figure 2.3 Iterative tissue adaptation in computational modelling for fracture healing. 
Adapted from [24]. 
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In another model by Claes and Heigele, strains and hydrostatic pressure were calculated 
in a fracture callus by using finite element analysis [57]. The results were later compared 
with experimental findings to conclude at which values of strain and pressure different bone 
developments occurred. Their hypothesis is presented in Figure 2.4b. If strain and pressure 
values were outside the thresholds for possible bone formation it was found that connective 
tissue or fibrocartilage was formed instead. 

Following the concept of the biphase model by Prendergast et. al. [84] and thresholds 
given by the study of Huiskes et. al. [69], a finite element model including tissue deviatoric 
shear strain1 and fluid flow was presented by Lacroix and Prendergast [79]. The model idea 
is shown in Figure 2.4c. Bone formation was believed to occur at low levels of strain and 
flow while high values of the two resulted in fibrous connective tissue [79]. This model was a 
further development of an earlier model by Lacroix et. al. [88], with an addition of a tissue 
resorption field at low strain and flow components. A threshold at a strain of 1 % and a fluid 
flow of 0.8 µm/s was also added to define a separation between immature and mature bone 
development. This finite element model concurred with histology findings [84].  

The three mentioned models (Perren and Cordey, 1980 [87]; Claes and Heigele, 1999 
[57]; Lacroix et. al., 2002 [88]) were compared in a study by Epari et. al. to examine if shear 
and torsional stimulus influences the fracture healing process differently from axial loading 
[76]. First, it was found that shear strains and torsional strains gave little contribution to 
differentiation towards chondrocytes compared with axial strains. This may imply that even 
though in reality a fracture is exposed to both axial, shear and torsional IFMs the axial 
component gives the superior influence during bone healing. It was also concluded that fluid 
flow has little influence in the early stages of fracture healing and consequently put strain as 

1 Calculated by using the principal strains [1]. 

Figure 2.4 Models used for fracture healing simulations showing mechanical stimuli thresholds for tissue differentiation.  
(a) Perren and Cordey, 1980 [87]; (b) Claes, 1999 [57]; (c) Lacroix and Prendergast, 2002 [79]. 
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the conditional parameter during this stage. Finally, it was shown that the deviatoric strains 
were similar to the principal strains in all models [76].  

Similar results were found in an in-silico comparison between models of Carter et al., 
1998; Claes and Heigele, 1999; Prendergast et al., 1997 and models using only one stimuli, 
i.e. deviatoric strain, fluid flow, or pore pressure [89]. The model of Carter et. al. considered 
the influence from principal tensile strain and hydrostatic stress [90]. All models were 
adequate in simulating fracture healing under axial loading except for the single stimulus 
models with only fluid flow or pore pressure. When the deviatoric strain model gave results 
similar to Prendergast et al., it was concluded that this may be the most influencing parameter 
during tissue differentiation in fracture healing [89].  

To distinguish between the four models that gave acceptable results under axial load a 
more natural loading case was simulated including axial compression and torsional rotation 
[91]. After, the results were validated against in-vivo evidence to determine their credibility. 
During this more complex loading case, no model gave satisfactory results when comparing 
to the in-vivo tissue pattern. However, the biphase model of Prendergast et al. was considered 
most accurate.  
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Figure 3.1 Unilateral 
external fixator used in 
experiment of Schwarz et. al.. 
The red stripes indicate a 
removable bar for enabling in-
vivo mechanical controlled 
loading. Adapted from [23]. 
 

3. Method 
To investigate how mechanical loading and rhBMP-2 influence fracture healing a 

computational model was created. The model combines sub-routines developed in C++ 
language with finite element analysis. Together, these model components simulated 
biological events on a cellular level influenced by natural and applied stimuli in a 
microenvironment.  

The initial model setup was based on the animal experiment of Schwarz et. al. [23]. 
Therefore, the modelled bone fracture corresponds to an osteotomy in a rat femur stabilised 
with a unilateral external fixator (Figure 3.1). Two fracture gap sizes were considered, 
namely a large bone defect (5 mm) and a small bone defect (1 mm). The difference in gap 
size was to expand the analysis of bone healing by comparing the different progresses during 
normal fracture healing and non-union fracture healing, respectively, while influenced by 
mechanical loading and growth factors. The small defect was also considered for model 
validation of the ability to simulate normal fracture healing.  

As used in previous studies, a discrete 2D model was implemented as a lattice where 
every element represents a square space for one cell and/or its ECM [27], [80]. An element 
size of 20 μm was used to be of appropriate dimensions for an average size cell (5-20 μm) 
and the ECM produced [92]-[94]. The lattice represented an area of 6.16x8.00 mm (5 mm 
defect) or 6.16x4.00 mm (1mm defect) around the fracture site (Figure 3.2). Measurements 
for the model geometry were chosen according to the anatomy of a rat femur. The outer 
diameter of the bone is 4.35 mm and the inner is 2.59 mm [95]. Thus, the cortical bone 
fragments have a width of 0.88 mm and were given a length of 1.5 mm (Figure 3.2).  

After lattice initiation, which accounted for the day of surgery (day 0), an iterative 
process simulated the healing progression through regulated cellular activities such as 
migration, proliferation, and differentiation as well as updates of tissue material properties 
and load stimulation (Appendix A). The simulation was terminated after 42 days (6 weeks).  

A description of the biological activities that were considered and how they were 
implemented in the model can be found under section 3.1. How tissue material properties 
were calculated is described in section 3.2. In section 3.3, the finite element model is defined. 
Section 3.4 describes how the two stimuli, i.e. mechanical loading 
and rhBMP-2 distribution, were integrated and how their effects 
were accounted for in the model. Section 3.5 states the different 
simulation cases that were conducted to expand the analysis to 
different variations of stimuli. Section 3.6 covers the post-processing 
of obtained results and finally, section 3.7 describes the user-
interface. 

3.1 Biological rule-based model for fracture healing 

3.1.1 Modelling cells and tissues 
In total 6 different cell types were included in the model, namely 

MSC, osteoblasts, chondrocytes, hypertrophic chondrocytes, 
osteocytes, and endothelial cells. The following tissues were also 
modelled: fibrous tissue, granulation tissue, cortical bone, bone 
marrow, cartilage, and woven bone (mature and immature). 

Starting with the tissues, fibrous tissue was defined as damaged- 
or scar tissue that would not heal when developed. An element with 
granulation tissue was considered as an “empty” or “available” 
element, which other cells could invade. The cortical bone 
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represented the fracture fragments with the bone marrow in-between. The remaining tissues 
will be described below.  

3.1.1.1 Endogenous BMP-2 secretion and effects 
MSCs, osteoblasts, and chondrocytes were assumed to secrete endogenous BMP-2, which 

induced chemotactic migration of osteoblasts and MSCs. The range of paracrine signals has 
been shown to be ~ 250 μm [96]. However, this distance was decreased to ~ 200 μm, which 
equals 7 elements’ diagonals. This range was used as the standard range for all paracrine 
signals in the model. Furthermore, the signalling in an area covered by a distance of 250 μm 
was shown to occur within 10 to 30 minutes [96]. Thus, immediate reactions to paracrine 
signals, even at a distance, were assumed in the model since one iteration represented 24 
hours. 

3.1.1.2 Extracellular matrix (ECM) production and degradation 
MSCs, osteoblasts, and chondrocytes also produced cell-specific ECM, i.e. MSC ECM, 

woven bone, and cartilage, respectively. Similar to the granulation tissue, MSC ECM was 
also considered as “empty” tissue for other cells to invade.  

The secreted BMP-2 would reside in the produced ECMs. Hence, an element that was 
defined as ECM would contain the growth factor as long as the secreting cell existed in its 
vicinity. This would mean that this element also was considered during chemotactic 
responses in cell migration. If the secreting cell was to move away, the BMP-2 would instead 
degrade due to its short half-life of a few hours [97]. 

The production rate of ECM by MSCs and osteoblasts have been found to be 196 
μm2/day, and for chondrocytes 289 μm2/day [81]. As the production and degradation rates of 
ECM are believed to be equal [81], it was considered that the saturation limit for a cell, i.e. 1 
cell per 1000 μm3 [98], was never exceeded even if a cell was stationary and was fully 
surrounded by other cells or ECM for several days. That is, no necrosis would ever occur. 

Figure 3.2 Model sketch showing initial state (day 0) of fracture with defined areas of the anatomy and cells as well as 
dimensions. Measurements of the bone are according to a rat femur. Dimensions in brackets are regarding the large bone 
defect. 
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However, if the surrounding elements of a cell were considered empty, produced ECM would 
eventually invade these elements. For a surrounding element to be re-defined as the cell-
specific ECM the producing cell had to have been stationary at one position for at least 3 
days considering MSCs and osteoblasts or 2 days considering chondrocytes. By this time the 
cell had produced a sufficient amount of ECM to cover both its current position and a 
neighbouring element. The time limits were based on the modelled element size of 400 μm2. 
The shorter limit for chondrocytes is due to their faster ECM production.  

3.1.1.3 Hypertrophy of chondrocytes and the calcification of cartilage 
Hypertrophic chondrocytes were defined to develop when chondrocytes matured due to 

entrapment in cartilage matrix [37], i.e. when a chondrocyte was fully surrounded by 
chondrocytes or chondrocyte ECM. When matured, the chondrocyte was assumed to stop 
producing ECM and secreting BMP-2. On the other hand, it started to produce VEGF, which 
attracted osteoblasts and endothelial cells via chemotactic migration. It was also presumed 
that the hypertrophic chondrocyte calcified and degraded the surrounding cartilage matrix by 
secreting enzymes.  

VEGF is believed to have a paracrine range of 400 μm [99]. This distance was decreased 
in the model to 200 μm to concur with the standard paracrine range in the model (Section 
3.1.1.1). This defined distance was also considered to involve the effect of the enzymes 
calcifying and degrading the matrix. Hence, when a chondrocyte matured and the 
hypertrophic activity was initiated, i.e. secretion of VEGF and enzymes, the hypertrophic 
chondrocyte and its surrounding was re-defined as calcified cartilage after a period of 4 days. 
By this time it was considered that the matrix had been calcified and existing chondrocytes 
had gone through apoptosis. When calcified, osteoblasts and endothelial cells were 
considered to be able to invade the cartilage matrix. This enabled the simulation of the 
important step of endochondral ossification when the cartilage matrix is slowly transformed 
into woven bone matrix. 

3.1.1.4 Bone tissue: its components and degradation 
Mature and immature woven bone tissues are both defined as to be produced by 

osteoblasts in the current model. However, mature woven bone contains a more mineralised 
bone matrix making it stiffer. An osteoblast producing mature woven bone was considered to 
be fixed in its matrix, resulting in a proliferation and migration arrest [100], [101]. This is 
however not equal to the final maturation of osteoblasts when osteocytes emerge. The 
development of cells producing mature woven bone was in the current model believed to 
emerge from immature osteoblasts with a mature age of around 6 days [102] and when 
subjected to low strains between 0.04 % and 1 % (Figure 3.4). This assumption is based on 
the strain interval for mature bone development in the model of Lacroix and Prendergast [79]. 

Osteocytes were defined as to emerge from osteoblasts that were fully surrounded and 
fixed in bone matrix. This simulated the final maturation of osteoblasts, which meant 
migration and proliferation arrest [28]. Osteocytes were also considered not to produce any 
ECM. If subjected to low strains (< 0.04 %) osteocytes were assumed to go through apoptosis 
[103]. Cell death of osteocytes is believed to enable osteoclasts activity, i.e. bone degradation 
[81]. This cell activity was modelled as resorption of the woven bone matrix. However, the 
activation of bone resorption was not only defined as to depend on osteocyte apoptosis, but 
also on the low local mechanical strains (< 0.04 %) in general [32] (Figure 3.4). Again, this 
strain limit is based on the model of Lacroix and Prendergast [79]. During resorption the 
elements’ material properties changed over time and became less hard. The resorption was 
complete within 3 days due to the given ECM degradation rate [81]. By then the element was 
re-defined as granulation tissue, i.e. “empty”.  
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3.1.1.5 Endothelial cells: blood vessels 
Endothelial cells formed blood vessels in the model and were therefore considered to 

contain oxygen, which was important for osteoblastic activities. Endothelial cells were 
resorbed when subjected to high strains (Figure 3.4). This simulated the rupture of the vessels. 
The strain level for resorption concurred with the “high strain” limit in the model of Lacroix 
and Prendergast [79], i.e. 11.25 %. The nature of endothelial cells will be further described in 
section 3.1.4. 

3.1.2 Initiation of the lattice model 
The lattice model was initiated with granulation tissue, distal and proximal fragments of 

the cortical bone, and bone marrow (Figure 3.2). Furthermore, MSCs were located randomly 
in the periosteum and at the border of the marrow openings. The random distribution was 
conducted by using a 50 % and 30 % probability of MSC seeding in the periosteum and at the 
marrow border, respectively. These probabilities were based on the normalised values 
derived in the study by Isaksson et. al. [81]. The MSCs were given an age of 1 day at 
initiation. The cell age was increased every iteration and was relevant for cell differentiation.  

Vascular endothelial cells migrate from damaged vessels in the periosteum and marrow 
cavity as well as from the surrounding tissues of the fracture site [105].  Endothelial cells 
were therefore initiated randomly with an estimated 20 % probability in the periosteum and a 
5 % probability at the marrow sites (Figure 3.2). The ingrowth of vessels from the 
surrounding tissue was enabled first when the callus was calcified [35]. The cortical bone 
tissue in rats lack the Haversian canals and are therefore almost completely non-vascular 
[106]. Hence, no vessels were initiated at the cortical bone ends even though they were 
damaged. 

3.1.3 Cell migration 
Cell migration was simulated for MSCs, osteoblasts, and endothelial cells as both a 

random and a directed process, i.e. chemotactic migration. Due to the trivial migration rate of 
chondrocytes, they were excluded from this activity [107]. The migration was modelled in a 
similar way for the three cell types. The process is illustrated as a flow chart in Appendix B. 
However, the migration of the endothelial cells (angiogenesis) differs in some aspects and 
will be described separately in section 3.1.4.  

For each iteration, or every day, the cells moved a longer distance than one element, i.e. 
20 μm. A MSC has a mobility of 9.22 μm/min [108], which corresponds to 664 element 
jumps per day in the current model. Osteoblasts, which move with an average speed of 0.27 
μm/min [109], made 19 element jumps per day. 

The lattice was searched through in a random manner to find a cell that could migrate. 
When found, the neighbouring 8 elements were examined to find an available or “empty” 
space to which the cell could move. All found surrounding available elements were saved in 
an array for later use.  

To simulate chemotactic migration a concentration gradient of endogenous growth factors 
was calculated for each saved available element. The gradient was calculated by counting 
elements containing growth factors in the area of the 7x7 elements connected to the available 
element (Figure 3.3) (marked with “O”). The red coloured 7x7 matrices in the figure 
represent the elements where a gradient could be searched for and the black 3x3 matrix 
represents the cell of interest (marked with “X”) and its surrounding elements to which the 
cell could move. The searched area equals a maximal range of ~ 200 μm from the cell of 
interest, i.e. the defined range of paracrine signalling. Each surrounding element was then 
assigned a “score” representing its gradient magnitude. If a maximal gradient was found the 
corresponding available position was saved in an array for later use.  
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Elements defined as osteoblasts were assumed to contain BMP-2 that contributed to a 
chemotactic response in both osteoblasts and MSCs. However, elements containing MSCs, 
and therefore also MSC secreted BMP-2, affected solely the migration of osteoblasts. This 
restriction was due to the believed non-existing autocrine effect of BMP-2 in MSCs [43]. 
Regarding osteoblasts, the chemotactic gradient also depended on elements defined as 
hypertrophic chondrocytes due to their secretion of VEGF. 

If no gradient was found a position among all the available positions was randomly 
chosen for the cell to migrate to. If a gradient was found, a new position was instead chosen 
randomly among the saved maximal gradients.  

If no available position was found the cell would not migrate. Instead it would stay at its 
current position and produce ECM. Due to the fast movement of cells and the relatively slow 
production rate of ECM (196 μm2/day for osteoblast- and MSC ECM [81]), ECM was only 
left at an element if a cell had been stationary at the same position for at least 2 days and then 
moved away. 

MSCs were considered to only migrate during the first 3 days of fracture. By that time the 
MSCs were evenly distributed over the whole callus in the small bone defect (1 mm), thus the 
choice of time limit. MSC migration was also limited so that a cell would not move to a 
position where the surroundings had more than 50 % density of cells. These two conditions 
gave the effect of a final “attachment” of the invading MSCs during the initiative repair phase 
[35]. This is represented as the green box in Appendix B.  

For osteoblasts to be able to migrate an adequate level of oxygen had to be present due to 
the inhibition of both migration and proliferation of osteoblasts in a hypoxic environment 
[110]. The oxygen level was adequate if a blood vessel, i.e. endothelial cells, existed within a 
distance of ~200 μm [111]-[113]. If the oxygen level was too low the cell would stay at its 
current position. The blue box in the figure in Appendix B is demonstrating this.  

3.1.4 Angiogenesis 
To simulate angiogenesis, endothelial cells (ECs) were defined as either a tip EC or a 

non-tip EC. Only the tip EC had the ability to migrate and when migrating to a new position 
its old position was defined as a non-tip EC. This created the effect of a blood vessel growing. 

As in a previous model, a tip-EC could act in one of three ways, namely migrate 
randomly or by chemotaxis, migrate in the same direction as in the previous move, or stay at 
its current position (Appendix C) [27].  

The former was executed with a probability of 25 % and/or if it was the first move of the 
tip-EC, as it did not have a previous direction yet. The migration proceeded similar to the 
MSC and osteoblast migration: If a tip EC was found in the lattice its neighbouring elements 

Figure 3.3 Lattice illustration of the cell of interest (“X”), its surrounding elements 
checked for available positions (black, “O”), and the areas used for calculating the 
gradient for every available position (red).  
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were checked for available positions to move to. These ones were saved in an array for later 
use. If none were found, the cell would not migrate. A VEGF gradient was thereafter 
calculated for each available position and the positions with the maximal gradient were saved. 
If a gradient was found a position with a maximal gradient was chosen randomly, i.e. 
chemotactic migration occurred. Otherwise a random move among all available positions 
would occur. The EC migration rate is 0.42 μm/min [114], which gives a simulated migration 
of 30 element jumps per day. 

With a given probability of 50 % the tip-EC would continue in the same direction as it 
moved previously. This was however only possible if the potential new position was defined 
as an available elements for an EC to invade. If not, the element was occupied and the cell 
would not move. 

The probability for the EC to stay at its current position was 25 %. This cease in 
movement can be seen as a vessel growing in a 3 dimensional environment, i.e. out-of or into 
the figure (Figure 3.2).  

To model anastomosis vessels would stop to grow if more than 50 % of the direct vicinity 
of a tip EC was occupied with other ECs. Similarly, to prevent clotting of vessels a tip EC 
would not grow in a direction where the density of ECs was higher than 50 %. This was 
however considering a larger area of 7x7 elements around the EC.  

VEGF also promotes vessel formation [115]. This was simulated by allowing branching 
of the vessels if VEGF existed within the range of paracrine signalling. In a similar way to 
the model of Peiffer et.al, elements could be defined as an “active EC” instead of a non-tip 
EC at intervals of minimum 100 μm [116]. Hence, every 5th element jump (~ 100 μm) there 
was a given 20 % chance that the old position of a tip EC became an active EC instead of a 
non-tip EC. This active EC could later on become a tip EC with migration abilities if a VEGF 
gradient was found, i.e. branching was initiated. Otherwise, its abilities would remain 
equivalent to the ones of a non-tip EC.  

The probability for an active EC to become a tip EC followed a probability distribution 
function and increased with the number of surrounding hypertrophic chondrocytes. If 6 or 
more hypertrophic chondrocytes were found the probability was equal to 1. The probability 
distribution function used was the following: 

             
                     

         (3.1) 
 

 
where x is the number of hypertrophic chondrocytes and β is the chosen limit of the 
probability to equal 1. Additionally, the surrounding hypertrophic chondrocytes had to have 
an age lower than 3 days to still be considered to secrete VEGF due to the consequential 
apoptosis following hypertrophy [39]. The area searched for VEGF was again equal to the 
range of ~ 200 μm. 
     When 50 % of the fracture callus was calcified it enabled vessel ingrowth from the 
surrounding tissues. This was simulated by an estimated 2 ‰ probable initiation of tip ECs at 
a position that was defined as calcified cartilage. This created the illusion of vessels invading 
the callus from 3 dimensions. The initiation probability was increased to 4 ‰ if the calcified 
area was next to the outer sides of the lattice due to the smaller distance to the surrounding 
tissues in these areas. Hence, this allowed a faster appearance of vessels invading from these 
directions. 
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3.1.5 Cell proliferation  
The proliferation was modelled for MSCs, osteoblasts and chondrocytes. It was solely a 

random progress. MSCs, osteoblasts and chondrocytes have a proliferation rate of 24 hours, 
20 hours, and 35 hours, respectively [81]. This was simplified in the model by simulating 
proliferation every 24 hours, i.e. every iteration, for MSCs and osteoblasts, and every 1.5 
iteration for the chondrocytes. 

When a cell capable of proliferating was found in the lattice, the surrounding elements 
were checked to find any available positions. If no position was found, the cell would not 
proliferate. If possible positions were found one daughter cell was put randomly at one of 
these positions while the second daughter cell stayed at the old position. Both daughter cells 
got an initial age of 1 day. As for the MSC, the osteoblast cell age was relevant during cell 
differentiation. The chondrocyte cell age was to control its proliferation rate. 

Similar to the migration, the MCS proliferation was limited to the density of the 
surroundings and an osteoblast could not proliferate in a hypoxic environment. 

3.1.6 Cell differentiation 
The theory of Lacroix and Prendergast [79] was used as the basis of the regulation of cell 

differentiation in the current model. This theory was chosen since its model concept showed 
most accurate simulation results in Isaksson’s comparison of four models [89]. In the current 
study this biphase model was however simplified to a single-phase model including only 
strains and not fluid flow. This decision followed the results of Epari et. al., which concluded 
that fluid flow has little influence in the early stages of fracture healing and identified strain 
as the conditional parameter [76]. This simplification is further justified by similar results 
showing the potential of deviatoric strains to predict fracture healing during axial loading 
[89].  

In the current model, all differentiated cells were assumed to emerge from MSCs. At low 
strains between 0.04 % and 3.75 %, a MSC would differentiate into osteoblasts producing 
immature woven bone, but only if an adequate oxygen level was present. MSCs differentiated 
towards chondrocytes in areas with strains between 3.75 % and 11.25 % and to fibrous tissue 
if strains were higher than that. Differentiation towards a specific cell type was completely 
inhibited if strains were higher than the defined upper limit for that cell type. 

An extension of the bi-phase model of Lacroix and Prendergast, was made to account for 
biological influences in the cell environment when considering MSC differentiation towards 
osteoblasts and chondrocytes. These influences were considered at strain levels where cells 
could develop even if they were not mechanically promoted, i.e. at strain levels below the 
defined upper limit for a specific cell type. This application follows results from in-vitro 
studies where MSCs differentiate even though not subjected to any mechanical stimulation 
[47], [52].  

The biological influence was implemented as the presence of endogenous BMP-2 since it 
is believed to promote MSC differentiation towards both chondrogenic- and osteoblastic 
lineages [37], [52]. 100 % of the cell surroundings (a 15x15 element area) had to contain cell-
specific BMP-2 to induce an effect. If the two lineages were equally promoted, a lineage was 
further promoted if cell-specific ECM was present in the direct vicinity of the cell [47].  

The mechanical influence was however dominant. For example, if strains were in the 
interval of osteoblasts to emerge (0.04-3.75 %) this lineage would always be chosen and the 
biological environment would not be considered. Still, all requirements, in this case an 
adequate oxygen level, had to be fulfilled for an osteoblasts to emerge regardless of the 
mechanical promotion. If this requirement was not attained the biological influences for 
chondrocyte development would be evaluated.  
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Table 3.1 Material properties represented by Young’s modulus (E) and Poisson’s ratio (ν) for 
different tissues. All values are taken from [81]. 

Figure 3.4 illustrates the specific strain limits and the interval in which biological 
influences were considered for osteoblastic- and chondrogenic lineage. Also included in the 
figure is the relation between strain and other cell types, i.e. bone cells and endothelial cells 
(sections 3.1.1.4-5). Biological influences were only considered at strain levels below 3.75 % 
since higher strains inhibited osteoblast differentiation and thus MSCs would only 
differentiate according to mechanical promotion. Appendix D contains a more detailed 
illustration of the MSC differentiation as well as the mechanical influence on other cell types. 

To make the cell differentiation a smooth process the same kind of probability function as 
in equation 3.1 was used. In this case, β represented the cell age at which the differentiation 
would most likely occur. The value was defined as 7 days based on other studies’ definition 
of a “maturate” MSC [27], [42], [78]. x in equation 3.1 represented the current age of the cell 
being subjected to stimuli. That is, the probability for a cell to differentiate into a specific cell 
type increased with the age of the cell being stimulated. 

To prevent cells from differentiating with a 100 % probability when finally reached an 
age of 7 days and subjected to a specific stimulus an additional condition was introduced. 
This stated that the probability of differentiation increased with the time a specific stimulus 
had been subjected to the cell. Again, the probability curve followed the one of equation 3.1 
where β was now estimated as 4 days. That means that a specific stimulus had to be present 
for 4 days for a cell of the right age to differentiate with a probability of 100 %.  

MSCs were believed to only remember a certain stimulus up to 3 days. If a stimulus 
occurred again after an absence of that time duration the “count” of stimulus days would start 
over. Furthermore, when a cell was subjected to new kind of stimulus its memories of all 
other previous stimulus were believed to disappear. Thus, a cell only reacted to one stimulus 
at a time.  

3.2 Tissue material properties 
Due to the chosen elastic nature of the model elements, the Young’s modulus (E) and the 

Poisson's ratio (ν) represented the material properties. As in previous models, a rule-of-
mixture was applied during the calculations of the material properties in order to prevent 
instant changes of tissue properties when cells moved around in the lattice or differentiated 
[27], [79]. The new material properties were calculated by averaging the element property 
values of the current iteration with the ones of the previous iteration. An element was 
assumed to have a specific tissue property if a cell, or ECM, had been occupying the current 
element for at least 3 days due to ECM production- and degradation rates [81]. 

Values of the material properties for the different tissues are shown in Table 3.1. All 
values were taken from a previous study [81]. Elements defined as MSCs, granulation tissue, 
and endothelial cells were assumed to have the same material properties and were defined as 
soft tissues [27].  

 Tissue E [MPa] ν [] 
Cortical bone 15750 0.325 
Mature woven bone 6000 0.325 
Immature woven bone 1000 0.325 
Cartilage 10 0.167 
Fibrous tissue 2.0 0.167 
Bone marrow 2.0 0.167 
Soft tissue 1.0 0.167 
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Figure 3.4 Summarise of the strain influence on cellular activities based on the biphase model of Lacroix and 
Prendergast [79] with an additional field for biological influences. For bone cells: Low strains result in resorption 
of woven bone matrix. Strains between 0.04 and 1 % result in maturation of osteoblasts. For MSCs: Strain 
between 0.04 and 3.75 % induce differentiation towards osteoblasts producing immature woven bone. Higher 
strains lead to differentiation towards chondrocytes. Strains above 11.25 % result in fibrous tissue. For endothelial 
cells: resorption at strains higher than 11.25 %. 

Mature osteoblasts and their ECM, as well as osteocytes were assigned the mature woven 
bone properties, while the immature osteoblasts and their ECM had the softer immature 
woven bone features. Elements defined as chondrocytes, hypertrophic chondrocytes, and 
cartilage, both before and after calcification, were represented by the cartilage properties. If a 
cell invaded an ECM, the current ECM properties remained as long as the invading cell did 
not lay down its own matrix.  

3.3 Finite element model 
The finite element analysis of the fracture healing process was performed with Abaqus 

6.12-2. The model was created by using a script interface via a C++ written input file. The 
file was written for each iteration and contained information about model geometry, element 
nodal positions, and updated material properties of each element. It also defined load surfaces, 
load magnitudes, and boundary conditions as well as the time step size and nature.  

The 2D model was composed of 123200, 4-node quadrilateral elements and 123909 
nodes. Constraints at the lower and upper part of the model were applied in x- and z-
directions to allow only axial displacements in the y-direction (Figure 3.5). 

Output data in the form of minimum principal strain (compression 2 ) and nodal 
displacements were obtained to analyse tissue formations. The principal strain was chosen as 
the biophysical parameter according to the hypothesis of a similarity between deviatoric 
strains and principal strains [76], and the hypothesis of the deviatoric strain to be a sufficient 
parameter for predicting fracture healing during axial loading [89]. The obtained principal 
strains were used as input data for the regulation of cell differentiation and other cell 
activities in the following iteration (section 3.1.6). 

Loading was applied as a distributed pressure on the distal and proximal cortical bone 
segments during a 1 second ramp time step (Figure 3.5). The symmetric application was to 
account for the ground reaction force during gait. Both controlled loading and habitual 

2 Principal strain is by convention positive (maximum) during expansion and negative (minimum) during 
compression [117]. 
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Table 3.2 Magnitudes of modelled loads and their resulting displacements of the fracture fragments. 
During gait load the given displacements were to be equal to the displacements when including the stiffness 

of an external unilateral fixator. During controlled loading the desired displacements were 10 % of the 
fracture size, i.e. 0.5 mm [23] for the 5 mm gap and 0.1 mm for the 1 mm gap. 

 

loading during gait was considered. Controlled loading was normally applied at day 1 and 
thereafter every 7th day as in the animal experiment [23], unless otherwise stated. Gait load 
was applied in between loadings to simulate the rats’ daily activity. 

When calculating the magnitude of the load during normal gait consideration had to be 
taken to the unilateral external fixator. Most of the force is transferred through the fixator and 
not the fracture itself [118]. To calculate how much of the gait force (for a rat during normal 
walking: 6 times body weight = 1.8 N [119]) that is actually transferred through the fracture 
gap, a trial-and-error approach was used. An already existing 3D fracture model including a 
unilateral fixator (Efixator = 210 GPa) [80] was borrowed to measure the displacement of the 
cortical bone ends when applying a load of 1.8 N. This displacement was then used as 
guidance to compute the needed load in the current model to obtain the same magnitude of 
displacement.  

 The same procedure was used to calculate the load needed to obtain displacements of 0.5 
mm in a large defect to imitate the controlled loading case in the experiment of Schwarz et. al. 
[23]. A 0.1 mm displacement was used for the smaller defect. The calculated loads are listed 
in Table 3.2.  

 
 
 

3.4 Integration of exogenous rhBMP-2 and mechanical loading  
Estimations of the exogenous rhBMP-2 implementation in the model and its effect on 

cellular activities were taken from data collected during the literature research. Firstly, in the 
animal experiment by Schwarz et. al. [23] a 50 μg dose of rhBMP-2 was administrated to the 
fracture site in a collagen sponge. This was modelled as a complete distribution of the 
rhBMP-2 over the whole lattice area with a uniform concentration. 50 μg rhBMP-2 is a 
similar dose to the dose used in the clinics, i.e. 12 mg. Both equal around 0.17 µg per mass 
unit3. 

According to an in-vivo experiment only 73 % of the administrated rhBMP-2 was 
retained at the fracture site at 3 hours after implantation [16]. Hence, the rhBMP-2 dose was 
initiated in the model at day 0 with 73 % remaining of the initial 50 μg dose. RhBMP-2 has a 
half-life of 3.76 ± 1.38 days in a collagen sponge [16], which was implemented as a 50 % 
decay every 4th iteration. Due to a short systematic half-life of 7 to 16 minutes [15] all 
released rhBMP-2 were assumed to disappear from the model after each iteration, i.e. no 
accumulating effects were accounted for. 

A dose-dependency and a threshold for possible rhBMP-2 induced effects have been 
found in several studies [120]-[123]. 11 μg rhBMP-2 was shown to lead to bony bridging of a 
5 mm femur defect in rats, while a dose of 1.4 μg resulted in non-union [123]. In another 

3 Calculated from the following: Rat dose 50 µg; rat weight 300 g [23]. Human dose 12 mg; human weight 75 
kg [18]. 

Simulation case Applied load [N/mm2] Given displacement [mm] 
5 mm defect: gait load 0.0274 0.045 
5 mm defect: controlled load 0.3039 0.500 
1 mm defect: gait load 0.1416 0.065 
1 mm defect: controlled load 0.2183 0.100 
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study it was concluded that the threshold for a possible rhBMP-2 effect lies between 1 μg and 
10 μg [121]. This study was however not regarding fracture healing in long bones. Based on 
these results a threshold dose of 1 μg was used in the current model (Appendix E).  

The induced cellular activities caused by rhBMP-2 that were included in the current 
model are the following: enhanced MSC proliferation and migration, increased hypertrophy 
of- and differentiation towards chondrocytes, and enhanced osteoblast migration. The 
believed differentiation of chondrocytes towards osteoblasts was excluded due to insufficient 
data in the literature. Also, the believed induced osteoblastic differentiation was not 
considered since up-regulating and down-regulating factors were assumed to cancel out one 
another.  

Furthermore, the included induced cellular effects caused by mechanical stimulation were 
induced proliferation of MSCs and osteoblasts as well as increased production of bone matrix. 
The believed increase in chondrocyte proliferation was excluded due to insufficient data from 
the literature research. The mechanically induced effects were only considered to have an 
impact in the current model during the day of applied controlled loading. 

 Results from the literature are listed in Table 3.3 together with the parameter values used 
in the current model. The chosen values for this study are arbitrary or estimations from the 
available data given in the literature. The quantities are expressed as multiples of the control 
group values, i.e. the values under the labels “no load” and “no BMP-2”. Thus, “x3” equals a 
three times increase of the values used in the control group while “x0.5” equals a 50 % 
decrease. Some studies gave no specific data of their findings, which is stated as “increase” 
or “decrease” in the table. 

 It is also reported in the table whether loading was considered or not in the original study. 
If a study only considered rhBMP-2 effects these results were applied in the current model 
for both the loading and the non-loading case together with rhBMP-2.  

Several methods were used to implement the stimuli-dependent rate variations in cellular 
activities. For changing the rates of migration and proliferation, loops were used to control 

Figure 3.5 Illustration of the finite element model with applied loading (distributed 
pressure, P [N/mm2]) and constraints in x- and z-directions. 
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the number of times a cell could go through a specific activity. For example, an increased 
MSC migration rate due to rhBMP-2 was implemented by running the MSC migration 
routine 4 times per iteration instead of one (standard migration rate). The increased 
proliferation rates due to controlled loading were only applied on the day of loading, i.e. 
every 7th day. 

To increase the rate of chondrocyte hypertrophic activity the requirement of a completely 
full surroundings of cartilage matrix was lowered. Instead of 8 surrounding elements 
containing chondrocytes or cartilage to induce maturation of a chondrocyte, only 6 were 
needed (1.5 times faster if rhBMP-2 and no load (Table 3.3)).  

To increase the rate of MSC differentiation towards chondrocytes, all the applied 
conditions for promoting the chondrogenic lineage were reduced by 75 %. Consequently, the 
requirement of 4 days of a stimulus to induce differentiation caused by that specific stimulus 
was lowered to 2 days (following equation 3.1) and the obligatory 100 % density of 
surrounding endogenous BMP-2 was lowered to 25 %. 

The increased production of bone matrix was implemented as a reduction of the time that 
a cell had to be stationary for its ECM to invade an empty element. Normally the limit was 3 
days for osteoblasts, but on the day of loading it was decreased to 2 days.
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Table 3.3 Summary from the literature stating the effects of rhBMP-2 and mechanical loading on cellular activities. Values represent the multiple of the results in the control 
group, i.e. without controlled load (“No load”) and rhBMP-2 (“No BMP-2”). Parameter values used in the current model (bottom) are estimations of the literature data. 

Data taken 
from study: Stimulation Case MSC 

migration 
MSC 

proliferation 
Hypertrophy 

of chondrocyte 
Chondrocyte 

differentiation 
Osteoblast 
migration 

Osteoblast 
proliferation 

Bone matrix 
production 

Kopf et. al.  
[22] 

Load 
rhBMP-2  x3 x3     

No rhBMP-2  x1.5 x0.5     

No load 
rhBMP-2  x1.5 x1.5     

No rhBMP-2  x1 x1     

Yu et. al.  
[12] No load rhBMP-2    x1.75    

Valcourt et. al.  
[52] No load rhBMP-2   increases increases    

Peng et. al.  
[55] No load rhBMP-2  increases      

Hellingman et. 
al. [53] No load rhBMP-2    increases    

Fiedler et. al.  
[54] No load rhBMP-2 x3.5    x2.2   

Y. Yan et. al. 
[64] Load No rhBMP-2      x1.3  

Y. Guo et. al. 
[63] Load No rhBMP-2       increases 

Current model 

Load 
rhBMP-2 x4 x3 x3 x1.75 x2 x1.5 x1.5 

No rhBMP-2 x1 x2 x1 x1 x1 x1.5 x1.5 

No load 
rhBMP-2 x4 x2 x1.5 x1.75 x2 x1 x1 

No rhBMP-2 x1 x1 x1 x1 x1 x1 x1 
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3.5 Simulation cases 
To analyse the effect of different load magnitudes, time of load application, rhBMP-2 

doses, and combinations of loading and rhBMP-2 on fracture healing, 21 simulation cases 
were performed. All cases and the respective parameters implemented are listed below (Table 
3.4). 

“Load x 1.5” and “Load x 0.5” means an increase and a decrease of 50 % in load 
magnitude, which gives an applied load of 0.4559 N/mm2 and 0.1520 N/mm2, respectively. 
Similarly, “GF x 1.5” and “GF x 0.5” means an increase and a decrease of 50 % in rhBMP-2 
dosage, resulting in an administrated dose of 75 μg or 25 μg, respectively. The standard 
magnitudes are 0.3039 N/mm2 for load and 50 μg for rhBMP-2. 

The first eight cases (simulations 1-8) represent the original “main” cases. Simulations 1 
to 4 reproduce the animal experiment of Schwarz et. al. [23]. Simulations 9 and 10 will be 
compared with simulation 2 to evaluate the impact of load magnitude when loading is the 
only applied stimulus. Similarly, simulations 11 and 12 will be compared with simulation 3 
to investigate the role of rhBMP-2 dose. The following four simulations will be compared 
with simulation 4 to study the possible changes in the healing outcome when varying the 
magnitudes of the applied stimuli. 

Simulation Load case (initiation + frequency) Size GF case 
1 Gait 5 mm no GF 
2 Load (1st day + every 7th day) 5 mm no GF 
3 Gait 5 mm GF 
4 Load (1st day + every 7th day) 5 mm GF 
5 Gait 1 mm no GF 
6 Load (1st day + every 7th day) 1 mm no GF 
7 Gait 1 mm GF 
8 Load (1st day + every 7th day) 1 mm GF 
9 Load x 0.5 (1st day + every 7th day) 5 mm no GF 

10 Load x 1.5 (1st day + every 7th day) 5 mm no GF 
11 Gait 5 mm GF x 0.5 
12 Gait 5 mm GF x 1.5 
13 Load (1st day + every 7th day) 5 mm GF x 0.5 
14 Load (1st day + every 7th day) 5 mm GF x 1.5 
15 Load x 0.5 (1st day + every 7th day) 5 mm GF 
16 Load x 1.5 (1st day + every 7th day) 5 mm GF 
17 Load (1st day + every 10th day) 5 mm GF 
18 Load (1st day + every 4th day) 5 mm GF 
19 Load (1st day + every day) 5 mm GF 
20 Load (14th day + every 7th day) 5 mm GF 
21 Load (14th day + every day) 5 mm GF 

Table 3.4 Specification of parameters used in the different simulation cases. Information about the applied 
mechanical stimuli is given under Load case. “Load” means that controlled loading was applied with an initiation 

and a frequency as stated between the brackets. “Gait” implies that only load during normal walking with a 
unilateral external fixator was applied. Under Size the gap size of the fractured is given. Under GF case (GF = 

Growth Factor) the administrated amount of rhBMP-2 is stated. 
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Table 3.5 Colour code for the specific cell/tissue types in the lattice plot. 
 

Loading is normally applied every 7th day starting at day 1. In simulations 17 to 21 
different timing of applied load will be implemented to see how the frequency and/or the 
initiation of loading affect the healing process. These simulation cases will be compared with 
simulation 4. The timing that gives the best results would then be used as the base to 
determine the effect of different combinations of loads and rhBMP-2 doses with varying 
magnitudes. However, higher doses than the standard dose for rhBMP-2 (50 µg) will not be 
considered in this evaluation since the overall goal was to conclude if it is possible to lower 
the dose and still have successful healing in a large bone defect. 

3.6 Post-processing 
Strain patterns in the fracture site were plotted by using Abaqus 6.12-2. This was to 

evaluate the influence on mechanical promotion of tissue development of the fracture size 
and applied load. The used strain component was the minimal principal strain represented 
both in fraction and in per cent. 

Tissue and cell patterns were plotted by using a user-defined subroutine written in 
MATLAB. Each cell or tissue type in the lattice was assigned a colour following the colour 
code shown in Table 3.5. This visual result enabled analysis of the distribution of tissues and 
cells as well as validation against experimental data. Results were plotted for every 7th day of 
healing stating from day 7. This was to produce results comparable to the ones of Schwarz et. 
al. [23]. 

By using a similar method the changes in the proportions of tissues during healing were 
calculated and presented as their corresponding percentage in the whole fracture area during 
42 days. The considered tissues were woven bone, soft tissues (granulation tissue and MSC 
ECM), cartilage, fibrous tissue, and endothelial tissues (blood vessels). This analysis was 
used to compare fracture healing between the different simulation cases in more detail.  
 
  

Cell/tissue Colour 
Granulation tissue White 
Mesenchymal stem cell Green 
Osteoblast/Immature woven bone Blue 
Osteoblast/mature woven bone Navy blue 
Chondrocyte/cartilage Dark red 
Hypertrophic chondrocyte/calcified cartilage Maroon 
Endothelial cell/blood vessel Red 
Cortical bone Black 
Fibrous tissue Yellow 
Marrow Grey 
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3.7 User interface 
To enable further development of the model and an easy usage during fracture healing 

studies, a user-friendly interface was developed.  Relevant output data, simple modifications 
of input parameters, and an easy procedure for obtaining illustrative results were essentials.  

Input requirement from the user was given at initiation of the program. The user could 
enter information about the simulation such as fracture size, rhBMP-2 dose, controlled load 
or gait, as well as load magnitude, initiation, and frequency. 

Output data with information about tissue and cell patterns as well as tissue percentages 
was given as txt-files that were processed in MATLAB to obtain illustrating results. The user 
could specify which simulation case(s) and which day(s) should be presented. 

Output data containing results from the finite element analysis gave information about 
calculated strains and updated material properties for all elements. A plot showing the strain 
patterns could also be obtained by using Abaqus 6.12-2. 
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4. Results 

4.1 Strain patterns in a 5 mm defect and a 1 mm defect 
For a 5 mm defect during gait a smooth strain pattern promoting bone formation appeared 

during the initial phase of fracture healing (Figure 4.1a). Bone would however not be 
developed since the fracture site is hypoxic in the initial state. When applying higher loads as 
during the controlled loading, i.e. a displacement of 0.5 mm of the cortical bone fragments, 
cartilage was promoted in the major part of the callus (Figure 4.1b). High strains resulting in 
fibrous tissue appeared close to the bone surfaces. 

For a 1 mm defect, strains promoting cartilage development occurred in-between the bone 
fragments both during gait and controlled loading (0.1 mm displacement) (Figure 4.1c-d). 
Strains for bone formation existed in the rest of the callus. During controlled loading fibrous 
tissue emerge on the corners of the bone fragments.  

In Figure 4.2a, a 5 mm defect during controlled loading is illustrated 14 days after 
fracture. At this time the callus consisted of calcified cartilage, which stabilised the fracture. 
Therefore, the strains were found to be lower than during the initial state of healing and bone 
formation was primarily promoted.  

In Figure 4.2b, strain patterns for a 1 mm defect during gait on the 14th day of healing is 
illustrating similar results. Low strains were found at areas where woven bone had emerged. 
These low strains will eventually lead to apoptosis of osteocytes and promote the activation 
of osteoclasts, i.e. remodelling of bone. 
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Figure 4.1The different strain patterns in a fracture depending on applied load and gap size. Strains limits 
are given as ε = minimum principal strain in both fraction (centre box) and per cent (side boxes). a) 5 mm 
bone defect during gait. b) 5 mm bone defect during controlled loading. c) 1mm bone defect during gait. d) 
1 mm bone defect during controlled loading. Blue colour line considers woven bone. Red colour line 
considers cartilage. Black colour represents resorption but also the cortical bone. White colour considers 
fibrous tissue promotion and rupture of blood vessels. 
 

Other cells 
 

ε < 0.04 % 
Resorption of bone 

 
0.04 % < ε < 1.00 % 

Maturation of osteoblasts 
 

ε > 11.25 % 
Rupture of blood vessel 

MSC differentiation 
 

0.04 % < ε < 3.75 % 
Immature woven bone 

 
3.75 % < ε < 11.25 % 

Cartilage 
 

ε > 11.25 % 
Fibrous tissue 

 32 



 

Figure 4.2 Illustrations of the changes in the strain pattern after tissues have developed. a) 5 mm bone defect under controlled loading on the 14th day of healing. b) 1 mm bone 
defect during gait on the 14th day of healing. The callus is now containing cartilage, which stabilises the fracture and therefore reduces the strains in-between the bone fragments. 
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4.2 Simulated bone healing in a 5 mm fracture 
Results are presented as tissue and cell patterns in the lattice at every 7th day of the 

healing process in a large bone defect. Plotting of tissues and cells followed the colour code 
stated in Table 3.5. For a more detailed image of the lattice plot see Appendix F.  

4.2.1 Simulation 1: Untreated - no applied stimuli  
No bony bridging emerged in the large bone defect when untreated, i.e. without applied 

controlled loading and rhBMP-2 (Figure 4.3). The fracture area was never fully covered with 
MSCs during the initial migration from the periosteum and marrow cavity.  

MSC differentiation towards chondrocytes was seen initiated to some extent at day 14. 
The process of cartilage formation was thereafter slow. Some hypertrophic activity and 
calcification of the cartilage could be seen in areas close to the bone fragments at day 42. 

Intramembranous ossification emerged late. At day 7 no signs of osteoblasts were seen. 
At later time points the bone development can be seen to follow the blood vessel structure. 
After day 21 the ossification was ceased. 

4.2.2 Simulation 2: Effect of mechanical stimulation 
Similar results as in simulation 1 were obtained when the fracture was stimulated with 

only controlled loading (1st day + every 7th day) (Figure 4.4). However, the process was faster. 
The callus area was covered to a greater extent than when only gait load was applied. Also, 
cartilage development and calcification of cartilage were more advanced. 

Intramembranous ossification close to the periosteum and the bone marrow occurred 
quite early in the healing process (before day 7).  

4.2.3 Simulation 3: Effect of growth factor stimulation 
The healing of the fracture was successful when subjected to rhBMP-2 (Figure 4.5). MSC 

were fully spread in the callus and had started to proliferate and differentiate into 
chondrocytes after one week of healing. The callus was almost fully calcified after 14 days 
with blood vessel growing from the surrounding tissues. 

Initial intramembranous ossification was present to some extent at day 7. At day 21 the 
callus had almost entirely transformed into woven bone. From day 28 to 42 the vascularised 
bony callus remained unchanged except for some noticeable sporadic osteoblast maturation 
and bone resorption. A systematic bone resorption for remodelling of the woven bone was 
not seen. 

4.2.4 Simulation 4: Effect of combined mechanical and growth factor stimulation 
Healing was also successful when both controlled loading and rhBMP-2 were applied 

(Figure 4.6). The process was almost identical to the one in simulation 3, except for an 
initially faster development. At day 7 some minor cartilage areas were already calcified. The 
callus was calcified to a greater extent at day 14 with additional osteoblasts emerging close to 
the invading blood vessels. However, no major differences between the two cases were found 
after day 21. 
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Figure 4.3 The 
untreated 5 mm bone 
defect showed impaired 
fracture healing. Only 
bone formations close to 
the cortical bone 
fragments were seen. 
 

 
  

Simulation 1: 
Gait without 

rhBMP-2 
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Figure 4.4 The healing 
process of a 5 mm bone 
defect under controlled 
loading. The results were 
similar to those in 
simulation 1. 
 

  

Simulation 2: 
Controlled 

loading 
without 

rhBMP-2 
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Simulation 3: 
Gait with 
rhBMP-2 

 

Figure 4.5 A 5 mm 
defect during gait and 
with applied rhBMP-2. 
At day 14 blood vessels 
start to invade the 
calcified callus. 7 days 
later the callus consists 
mainly out of woven 
bone. 
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Simulation 4: 

Controlled 
loading with 

rhBMP-2 
 

Figure 4.6 A 5 mm 
defect with applied 
controlled loading and 
rhBMP-2 showed 
almost identical results 
to simulation 5. 
However, at day 14 also 
osteoblasts start to 
emerge in the callus. 
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4.3 Simulated bone healing in a 1 mm fracture 
Similarly to the previous section, the changes in tissue and cell patterns found in the 

lattice at every 7th day of the healing process in a small bone defect are presented below. 
Plotting followed the same colour code (Table 3.5).   

4.3.1 Simulation 5: Untreated - no applied stimuli 
Bony bridging was not achieved during the simulation of fracture healing in the untreated 

small bone defect (Figure 4.7). Cartilage formation around the fracture site was delayed and 
calcified cartilage was only seen in the intercortical areas. There was no time point when 
these areas were fully calcified.  

A minor initial intramembranous ossification was seen at day 7. After 21 days the only 
seen changes in the tissue pattern were in the slow formation of cartilage in the callus. A 
minor bone resorption was also seen at day 35. 

4.3.2 Simulation 6: Effect of mechanical stimulation 
 Similar results as in simulation 5 were found in the 1 mm bone defect when subjected to 

applied load (Figure 4.8). However, the calcification of the cartilage between the bone 
fragments was more advanced. 

Also, intramembranous ossification was initiated earlier than in simulation 5. However, 
after 2 weeks the differences between the two cases were trivial. 

4.3.3 Simulation 7: Effect of growth factor stimulation 
A fast healing was seen when applying rhBMP-2 to the small bone defect (Figure 4.9). 

MSC had started to develop into chondrocytes and some areas were being calcified at day 7. 
A complete woven bone callus was present at day 21. After that, no major changes followed 
except for a random resorption of bone starting at day 21.  

4.3.4 Simulation 8: Effect of combined mechanical and growth factor stimulation 
When subjected to both controlled loading and rhBMP-2 the fracture healed in an almost 

identical manner as in simulation 7 (Figure 4.10). Yet, a slight advance in the healing process 
existed until day 28 after fracture.  
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Figure 4.7 Fracture healing in a 1 mm defect 
during gait and without applied rhBMP-2 
Callus cartilage formation was delayed and 
bony bridging did not occur.  
 

Simulation 5: Gait without rhBMP-2 
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Figure 4.8 Fracture healing in a 1 mm bone 
defect under controlled loading gave similar 
results as in simulation 5. However, 
calcification between the bone fragments was 
more advanced when load was applied. 
 

Simulation 6: Controlled loading without rhBMP-2 
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Figure 4.9 When rhBMP-2 was applied to 
the fracture site a fast development of a woven 
bone in the callus was seen. 
 

Simulation 7: Gait with rhBMP-2 
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Figure 4.10 The healing process when 
subjected to controlled loading and rhBMP-2 
was similar to the one in simulation 7. 
 

Simulation 8: Controlled loading with rhBMP-2 
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4.4 Tissue development during fracture healing 
In this section, tissue proportions are presented as their corresponding percentages of the 

whole fracture area during the 42 days of healing. Considered tissues are woven bone, soft 
tissues (granulation tissue and MSC ECM), cartilage (both un-calcified and calcified), fibrous 
tissue, and endothelial tissue (blood vessel).  

Firstly, the results from each separate simulation case are evaluated. Cartilage is 
thereafter divided into un-calcified and calcified cartilage and compared, together with bone 
formation, between the different cases. 

The small bone defect was excluded from this analysis due to lacking results from the 
plotted healing process (section 4.3). Hence, only results from the large defect, that is 
simulation 1 to 4, are illustrated. 

4.4.1  Tissue formation in different healing conditions 
For simulation 1 (untreated) a slow decrease of soft tissues with a corresponding increase 

of cartilage was seen starting at day 12 (Figure 4.11a). Soft tissues represented 69 % of the 
total tissue quantity at day 42 while cartilage represented 22 %. Woven bone emerged at day 
11 and had a fast increase up to 8 %. Thereafter it remained constant. This represented the 
intramembranous ossification close to the cortical bone. Fibrous tissue did not form and the 
endothelial tissue proportion remained low around 1 % during the main part of the healing 
process.  

For simulation 2 (mechanical stimulation: applied controlled loading) a similar pattern 
was identified as in simulation 1 (Figure 4.11b). However, the profile of the soft tissue and 
the cartilage curves were not smooth but had instead regular increases and decreases in tissue 
formation rates. Also the final proportions of soft tissues and cartilage were more extreme, 
56 % and 35 % respectively, however not significantly. Bone developed with a slower rate 
than in the untreated case. 

Simulation 3 (growth factor stimulation: applied rhBMP-2) showed more eventful tissue 
formation. The soft tissues started to decrease much earlier (at day 6) and faster with a 
corresponding increase of cartilage compared to simulation 1 and 2 (Figure 4.11c). At day 16 
the cartilage peaked at 79 %. The following decline of cartilage levelled out at day 30 with a 
final value of 22 %. A halt in the fast decline of soft tissue emerged at day 12. The minimum 
proportion of soft tissues was 5 % at day 24. Thereafter, the value increased to 7 %. 

Woven bone emerged at day 8 and increased correspondingly to the decrease of cartilage 
until reaching a peak value of 71 % at day 31 where it later decreased to its final value of 
69 % due to bone resorption. 

Fibrous tissue did not emerge. Endothelial tissue accounted for 1 % during the main part 
of healing. A slow increase was however seen starting at day 17. 

Simulation 4 (combined stimulation) gave almost identical results as simulation 3 (Figure 
4.11d). No significant differences were found. 

4.4.2  Comparison between simulation cases 
When considering cartilage, an absence of rhBMP-2 delayed the initial development by 6 

days compared to the simulations with applied rhBMP-2. After this time point, the 
development was slow. Controlled loading gave a faster increase and a higher final value 
than during gait (Figure 4.12a). The blue and green curves in Figure 4.12a are similar to the 
cartilage curves in Figure 4.11a-b, which indicates a low proportion of calcified cartilage in 
the simulations without rhBMP-2 (Figure 4.12b). 

When separating cartilage and calcified cartilage, two peaks emerged in the cartilage 
graph for the simulations with applied rhBMP-2 (Figure 4.12a, red and turquoise lines). The 
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first peak appeared between day 7 and 15 and the second one just after. This total interval of 
the two peaks corresponds to the peak interval for the calcified cartilage (Figure 4.12b). 
During gait, the peaks had similar profiles. The second peak was however broader. When 
controlled loading was applied two smaller peaks emerged within the first peak of the gait 
case. These peaks of cartilage formation are due to the correlation between tissue 
development of cartilage and matrix calcification as well as the correlation between soft 
tissue development and cartilage development (further analysis in section 5.1.2). 

Finally, when considering woven bone formation a clear difference between the non 
rhBMP-2 stimulated group and the rhBMP-2 stimulated group was found (Figure 4.12c). 
However, the increase of woven bone was initially quite similar for all four cases with only 
small differences in magnitude. This was the intramembranous ossification that emerged 
early in the healing process. At day 17 a fast increase was found in the rhBMP-2 group up to 
levels around 71 %. A small decline followed resulting in a final value of 70 %. For the 
group with no applied rhBMP-2 the amount of woven bone was constant after day 17. The 
gait case had a trivial higher final proportion of bone compared to the controlled loading case. 
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Figure 4.11 Percentage of 
tissues in the whole fracture 
area during 42 days of healing 
in a large bone defect when: a) 
untreated. b) subjected to 
controlled loading. c) subjected 
to rhBMP-2. d) subjected to a 
combination of controlled 
loading and rhBMP-2. 
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Figure 4.12 The proportions of a) cartilage, b) calcified cartilage, and c) woven bone in a large bone defect depending on the applied stimuli. Blue curve is equivalent to 
simulation 1 (untreated), green curve to simulation 2 (controlled loading stimulation), red curve to simulation 3 (rhBMP-2 stimulation), and turquois curve to simulation 4 
(combined stimulation). Notice that the cartilage and calcified cartilage curves are separated in this comparison, which was not the case in Figure 4.11. 
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4.5 The impact of mechanical loading and rhBMP-2 on fracture healing in a 5mm defect 
In this section, the results from the analysis of the role of loading and rhBMP-2 in bone 

healing are presented.  
At first, the individual impact of loading and rhBMP-2 on healing was evaluated. The 

applied stimulus was assigned magnitudes of x0.5, x1, and x1.5 compared to the standard 
values of load or dose (0.3039 N/mm2 and 50 µg, respectively).  

Secondly, the combined impact of loading and rhBMP-2 was evaluated. Different 
magnitudes of load and rhBMP-2 were studied when the second stimulus was kept constant 
at its standard value.  

The effect of the initiation time and frequency of applied load is also presented. Lastly, 
different combinations of load and rhBMP-2 with varying magnitudes were compared. 

4.5.1  The impact of individual mechanical loading and rhBMP-2 stimulation 
When a 50 % increase of load was applied without any distributed rhBMP-2 cartilage 

formation significantly decreased and fibrous tissue formation increased (p = 0.0003, p = 
0.0001, respectively4) (Appendix G-a). A decreased load did not lead to any differences in 
tissue formations compared to the standard load. 

A 50 % decrease of the rhBMP-2 dose impaired healing of the large defect with no sign 
of woven bone in the callus (Appendix G-b). A 50 % increase of the dose showed no 
significant differences compared to the standard dose. 

4.5.2  The impact of combined mechanical loading and rhBMP-2 stimulation 
A higher bone formation was seen in the fracture site when keeping the standard rhBMP-

2 dose and decreasing the load magnitude by 50 %. Increased load by 50 % gave more 
cartilage formation (Appendix G-c). However, neither of these had any significant influence. 

An opposite effect occurred when changing the rhBMP-2 while applying the standard 
load. A decrease in dose gave more cartilage formation and an increase more bone formation 
(Appendix G-d). Again, nothing with significant importance was found. 

4.5.3  The impact of a variation in the timing of applied load  
Delayed mechanical stimulation (initiation on day 14) gave a significantly (p = 0.015) 

slower bone formation when compared to post-surgery stimulation (initiation on day 1). This 
only considered daily applied load (Figure 4.13, purple line).  

Daily mechanical loading starting on the 1st day resulted in fibrous tissue formation 
(Appendix F and G-e) (p = 0.0001).  

The fastest increase in bone formation was obtained when load was applied every 4th day 
with starting on the 1st day (Figure 4.13, green line). Although this timing of load showed no 
significant difference in bone formation compared when applying load every 7th or 10th day 
(Figure 4.13, red and turquoise line), it was still chosen to investigate different combinations 
of loads and rhBMP-2 doses (section 4.5.4). 

4.5.4  The impact of varying load magnitudes and rhBMP-2 doses 
When varying the load magnitudes together with different dosages of rhBMP-2 all 

combinations gave very similar results considering bone- and cartilage formation. However, 
there were some small differences that can be noticed. The highest bone percentage and the 
fastest increase in bone development were found when applying 50 % higher load together 
with the standard dose of rhBMP-2 (Figure 4.14, red line). The slowest increase of bone 

4 t-test, p<0.05 

 48 

                                                 



 

formation occurred when standard load together with a 50 % decreased rhBMP-2 dose was 
applied (Figure 4.14, turquoise line). Yet, all simulations gave a similar final value.  
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Figure 4.13 Plotted bone formation in a fracture when subjected to different timings of applied load 
considering frequency and initiation day. The only significant difference was found during delayed 
loading initiated at day 14 when thereafter applied daily. 
 

Figure 4.14 Plotted bone formation in a fracture when subjected to applied load on every 4th day 
starting on the 1st day. “Load” = applied load to the stated multiple of the standard value of loading 
(0.3039 N/mm2). “Dose” = the subjected rhBMP-2 to the stated multiple of the standard value of 
the rhBMP-2 dose (50 µg). 
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5. Discussion 

5.1 Analysis of results from the simulated fracture healing in a large bone defect 
The developed computational model could successfully simulate fracture healing in a 

large bone defect when subjected to different combinations of mechanical loading and the 
exogenous growth factor rhBMP-2. That is, an impaired healing with only bone formations 
close to the cortical bone fragments was found when the fracture was untreated or only 
subjected to mechanical loading and a successful healing was found when rhBMP-2 was 
applied, both separately and in combination with mechanical loading. These results are 
comparable to the ones in the animal experiment of Schwarz et. al. [23]. 

5.1.1 Fracture healing without applied rhBMP-2 
The bone healing was impaired without applied rhBMP-2. This non-union process was 

due to the slow spreading of MSCs between the bone fragments, which in turn was a 
consequence of the limited MSC migration of 3 days and an implemented “normal” 
migration rate. The latter would have been increased if rhBMP-2 was applied. The time limit 
of 3 days was an estimation to include a final attachment of the MSCs before they started to 
differentiate [35]. If this time limit was decreased, or even removed, the whole fracture site 
might eventually be filled, independent of gap size and the distribution of rhBMP-2. Thus, 
different migration limitations should be implemented in the model before a certain limitation 
is assigned. One potential limit is 7 days, which has been shown in experimental studies to be 
the time during which MSC are recruited to the fracture site in the initial phase of healing 
[124], [125]. These results imply a time dependency in the ability of the MSCs to invade a 
wounded area. However, these studies were considering transplanted MSCs and not those 
emerging from the fracture surroundings and might not be comparable to naturally occurring 
events. Further literature research is needed to find an appropriate MSC migration limit. 

The small, yet existing, differences in the results between the gait case and applied 
controlled loading were due to the mechanically enhanced rate of MSC proliferation. The 
impact of the mechanical stimulus was especially evident in the graph of tissue proportions 
during controlled loading (Figure 4.11b). Minor increases in the growth rate of the soft 
tissues component, were seen every 7th day, i.e. the days after applied loading, followed by a 
small decline leading back to the normal pace of growth. Cartilage had the corresponding 
profile due to the correlation between increased proportion of MSCs and the development of 
chondrocytes. The gait case had a regular development rate throughout the whole simulation 
(Figure 4.11a). 

According to Schwarz et. al. [23], the control group (no applied load and no rhBMP-2) 
had higher bone formation compared to when controlled loading was applied in the initial 
state of healing. In agreement with this, the simulations showed a faster initial increase and a 
final higher proportion of bone formation in the gait case (Figure 4.12c). However, these 
differences were never significant. 

5.1.2 Fracture healing with applied rhBMP-2 
When rhBMP-2 was applied, the simulations showed successful healing of the large bone 

defect. However, the healing process was delayed when compared to the animal experiment 
[23]. The simulations did not show a woven bone callus at day 14, which was seen in the rat 
femur. This delay is coupled to the late ingrowth of vessels from surrounding tissues, which 
in turn depends on the proportion of calcified cartilage in the callus. The vascularisation of 
the callus is crucial for bone healing to occur. Hence, either to increase the current rate at 
which cartilage is calcified or to lower the limit of the proportion of calcified cartilage for 
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vessels to invade the callus may give more plausible results. These hypotheses have to be 
further investigated. 

Furthermore, the resorption of woven bone to remodel the callus into cortical bone was 
not seen in the simulations. Instead a more sporadic resorption occurred. In Figure 4.11c-d, 
the final minor decline of the bone curve should be greater if bone resorption was taking 
place properly. The problem of the model lied in the defined conditions for resorption to be 
initiated, namely low strain. The strain pattern in the fracture gap showed promotion for bone 
resorption in the whole area when the callus consists mainly of woven bone. That is, 
resorption would occur in all those locations where bone matrix existed. Thus, the currently 
used method for bone resorption is in need of further investigation to find an appropriate 
collaboration between the resorption and production of bone matrix that will result in 
accurate bone remodelling of a healing fracture. 

In the tissue formation graphs of the simulations with applied rhBMP-2 a smooth overlap 
of soft tissues, cartilage, and bone was seen illustrating the known phases of endochondral 
ossification [34]. The final values of cartilage (which here included the calcified cartilage) 
were however too high when comparing to the lattice plots (Figure 4.11c-d). This is due to 
the initial assumption that ECM properties were constant when invaded by an endothelial cell. 
In the tissue properties calculations, these matrix elements will always be defined as, for 
example, cartilage as long as the blood vessel stays there, which results in cartilage remaining 
in the callus even though it should be invaded by woven bone. Hence, the stable plateau of 
the cartilage and bone tissue quantities in the end state of healing should in fact emerge at a 
later time point and at lower and higher values, respectively (Figure 4.11c-d). 

When cartilage and calcified cartilage were separated for a comparison of tissue 
formation, two peaks of cartilage formation emerged in the early stage of healing (Figure 
4.12a). These peaks correlated to the high peak of calcified cartilage (Figure 4.12b). Initially, 
cartilage was developed and hypertrophy activities appeared almost immediately due to the 
influence of rhBMP-2. Nevertheless, the large amount of MSCs enabled the development of 
new chondrocytes to keep an equivalent pace with the hypertrophy of chondrocytes. The 
surrounding cartilage matrix became calcified after 3 days of hypertrophic activity, which led 
to the fast decrease in the proportion of cartilage starting at day 10. For the controlled loading 
case (Figure 4.12a, turquoise line), an additional minor peak can be seen at the day of loading 
(day 14). The loading induced differentiation of MSC towards cartilage and therefore enabled 
a secondary increase of chondrocyte development. However, shortly after the decline 
continued due to the persistent calcification. Woven bone started to invade the callus around 
day 15 (Figure 4.12c), which resulted in a steady decline of the calcified cartilage. At the 
same time, cartilage development increased once again. This seems to be an effect of the 
differentiation of the final remaining MSCs in the callus.  

The lower magnitude of the small peaks of cartilage formation in the controlled loading 
case compared to the gait case is due to the initially faster hypertrophy of chondrocytes when 
load and rhBMP-2 are applied simultaneously (Table 3.3) as can be seen in Figure 4.12b (day 
7, turquoise line). This faster hypertrophy rate leads to an inhibition of a fast increase of 
cartilage formation. It also leads to an earlier calcification of some of the cartilage areas, 
which can be seen in the minor decrease in cartilage formation just before the major decline 
(Figure 4.12a, day 8-10, turquoise line). 

According to the animal experiment [23], the difference in the bone quantity in the callus 
between the two rhBMP-2 stimulated groups was significant two weeks after fracture with a 
larger quantity in the group subjected to controlled loading. A small, but insignificant delay 
in bone formation was found in the gait case before day 15 (Figure 4.12c, red and turquoise 
lines).  Apart from that, the healing process, regardless of the applied load, was similar 
between the two groups throughout the healing process. The showed independency of load in 
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healing success stresses the important role of rhBMP-2 in large bone defects and therefore 
also the importance for the model to be able to predict induced rhBMP-2 effects. 

5.2 Analysis of results from the simulated fracture healing in a small bone defect 
The 1 mm fracture gap was supposed to heal normally without any applied stimuli. 

However, bony bridging only emerged in the simulations when the fracture was subjected to 
rhBMP-2. Untreated fractures showed a non-union process. These results are consequences 
of faulty parametrical choices in the model. Again, the vascular invasion was impaired due to 
an inadequate proportion of calcified cartilage. Strain patterns showed promotion for bone in 
the fracture gap even at day 14 (Figure 4.2b). Due to the hypoxic environment MSCs would 
have differentiate into chondrocytes. This development was too slow in the 1 mm defect. One 
reason could be the condition for the biological influence on MSCs that was required for 
chondrocytes to emerge, namely the 100 % quantity of endogenous BMP-2 in an area of 15 x 
15 lattice elements. As can be seen in the plots of the 1 mm defect, the cartilage formation 
only appears at a distance from the osteoblasts since these element did not contribute to the 
quota of BMP-2 that was needed (Figure 4.7-8). Hence, due to the limited space in the 
fracture gap, chondrocytes did not emerge to the extent for hypertrophy to occur and in turn 
calcification was impaired leading to a lack of vessel ingrowth. One solution would be to 
decrease the area that is searched for endogenous BMP-2. This might lead to an increase in 
the cartilage formation, which eventually results in hypertrophic activity and thereafter 
calcification of the cartilage matrix. 

5.3 Analysis of the impact of loading and rhBMP-2 in a large bone defect 
Successful bone healing never occurred when only controlled load was applied to the 

large bone defect. In general, due to the lack of rhBMP-2, the fracture gap was insufficiently 
covered with MSC to create a cartilage callus. The development of fibrous tissue was found 
when large magnitudes of load were applied. This correlates with the shown delay or 
inhibition of fracture healing when too large IFMs are present in the early stage of healing 
[70], [126].  

Healing was successful when applying rhBMP-2 as a 50 μg dose or higher. No significant 
difference was found between the two dosages. However, a 50 % decreased dose led to 
impaired healing due to the fast degradation of rhBMP-2. Thus, the effect of the growth 
factor ceased too early to enable a sufficiently calcified callus for vessel ingrowth.  

When applying two stimuli and varying one of them while keeping the other constant at 
its standard value, no significant differences in the healing progression were found between 
the changed load magnitudes and rhBMP-2 doses. Nevertheless, the poor efficiency of the 
low rhBMP-2 dose was enhanced when applied together with load. 

Considering the timing of applied load it was seen that the initiation of loading had an 
impact on the healing progress. If loading was initiated first at day 14 the bone formation was 
slower compared to when initiated at day 1. This difference was only significant when the 
load was applied daily (Figure 4.13, pink line).  

If load was applied every day starting on the 1st day, fibrous tissue emerged close to the 
bone ends. This was because cartilage did not have the time to develop and stabilise the 
callus before the high strains mechanically promoted the MSCs to differentiate into fibrous 
tissue, i.e. the tissue was damaged.  
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5.4 Combination of stimuli to lower the required rhBMP-2 dose 
The model did not manage to separate the influences of different magnitudes of loads or 

doses to such an extent that an optimal combination to lower the needed dose of rhBMP-2 
could be found with a significant importance. Still, the comparable shown success in healing 
with a 50 % decreased amount of rhBMP-2 when applied together with loads reaching from 
0.1520 to 0.4559 N/mm2 suggests a possibility to lower the dosage of rhBMP-2 when treating 
non-union fractures. However, it is not possible to draw such a conclusion when the model 
still suffers from several inadequacies to simulate fracture healing. 

The chosen basis of the different combinations, i.e. load every 4th day with initiation on 
the 1st day, was not significantly better than the cases with other timing of load, e.g. on the 7th 
or 10th day. Daily loading would not be recommended due to the low final value of bone 
(Figure 4.13, blue line), even though without significant importance. Nevertheless, all 
different varieties of load magnitudes and rhBMP-2 doses were not simulated for every case 
due to the high time consumption. 

5.5 Evaluation of the model 
The developed model considers a wide range of cellular activities and cell-to-cell 

interactions. ECM production and degradation as well as paracrine signalling of the two 
endogenous growth factors BMP-2 and VEGF were included. Most parameters and activities 
were also applied in a time dependent manner. In short, the model considered a complex 
network of interdependent variables. 

Some implemented features were however noticed to have no efficacy. For example, the 
chemotactic migration of MSCs that was induced by osteoblast-secreted BMP-2 never had a 
meaningful impact on the simulated events. This was since osteoblasts only emerged when 
the callus mostly consisted of cartilage and the migration of MSCs was no longer possible 
due to the limitation of 3 days before attachment. Another example is the implemented 
attraction of osteoblasts by VEGF. Even though it was possible that the osteoblasts reacted to 
this paracrine signal, little suggests that it had any significant impact. Again, since the 
osteoblasts emerged quite late during the healing process the hypertrophic activity was 
already over in most parts of the callus. 

The wanted effect when including VEGF was to enable an initial blood vessel growth 
from the already existing vessels in the periosteum and marrow site, which would have led to 
osteoblasts following from the cortical bone fragments and starting to transform the cartilage 
callus from that origin. This was hindered by the development of osteoblasts surrounding 
each vessel due to their dependency on oxygen. The vessels were not modelled to be able to 
invade an element if a cell was occupying it and therefore the vessels were not growing and 
not reacting to the secreted VEGF. If this vessel growth was possible, more similar results to 
the non-union progression seen in the animal experiment [23] might be achievable. That is, 
the enclosing bone formation over the marrow cavity. 

Another limitation of the model was the 2D environment. Naturally, cells move in a 3 
dimensional space, which allows them to move around obstacles. In the current model this 
was not possible and therefore some events became blocked, such as vessel growth. 

From a mechanical point of view the applied axial loading is a fair, yet noteworthy 
simplification. The load control can be a poor representation of physiological circumstances 
due to its interpretation of the naturally more complex load directions and to its periodic 
loading with constant magnitude [65]. A 3D model would also in this perspective improve 
the model by enabling a more complex loading simulation with included torsion and shear 
strains. 
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A second limitation is that many of the parameters and conditions that were used in the 
model are arbitrary estimations: most of them are based on data found in the literature, but 
also on trial-and-error estimations. This is how computational models are developed today 
[81], but it also makes their credibility difficult to validate. An attempt to validate the current 
model was however made by the means of a comparison of the model predictions with the 
results obtained in-vivo by Schwartz et al. [23]. 

Furthermore, the model is very sensitive to changes of its conditions and parameters. Due 
to the interdependency of several variables in the model, a change in one can lead to a 
cascade of changes resulting in significantly different and sometimes unwanted outcomes. 
One example is the condition set for the search for endogenous BMP-2. By changing this, 
healing will be possible in the small defect, but it might as well enable healing in a large 
defect subjected to only load, which is faulty. It is important to remember that the model tries 
to mimic the natural bone healing process in mammals, which is by all means a sensitive 
system too. Yet, the developed model does not have a feedback system that can 
counterbalance incoming environment changes. 

A challenge for this model was to simulate healing during a variety of conditions, e.g. 
different applied stimuli, different combinations of stimuli, and different fracture sizes. It was 
difficult to define conditions that would give satisfying results in all cases since, as 
mentioned earlier; the model was very sensitive to changes. It was therefore important to 
always simulate all possible cases as soon as a change had been made.  

Even though the developed model could simulate the expected outcome of fracture 
healing in a large bone defect both without and with the influences of loading and the 
exogenous growth factor rhBMP-2, further investigations have to be made on several features 
of the model: for example the healing of the small fracture and bone remodelling. The model 
also needs further validation of an extended range of different simulation cases towards in-
vivo experiments before it can be used in future studies on fracture healing. 
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6. Recommendations for future work 
Future work should focus on improving the deficiencies in the model, especially the bone 

remodelling and vessel growth. A further investigation on the conditions for the biological 
influences during cell differentiation is also required to enable healing in the 1 mm bone 
defect.  

To improve the simulated bone resorption, further literature research is needed about the 
biological influences on osteoclast activation and the correlation between osteoblastic and 
osteoclastic activities during bone remodelling. The effects of biochemical signals [29] may 
need to be taken into consideration. 

A better implementation of the mechanism of vessel growth is required. The simplest 
strategy would be to allow the vessels to invade occupied elements in the model. On the other 
hand, this might lead to a rapid growth of the vessels resulting in an inhibition for other cells 
to emerge.  

A future goal would be to implement the model in 3D so cells had the ability to move 
around vessels and vice versa. A 3D model would also enable more realistic loading cases 
including torsion and shear. 

Furthermore, an ECM element that has been invaded by a blood vessel should not have a 
constant tissue material property. The element should instead be re-defined as the currently 
produced matrix in its surroundings. This will correct the tissue formation curves of both 
bone and cartilage. 

The faulty outcome of the healing in the small bone defect can be adjusted by decreasing 
the limit for the required biological influence during cell differentiation. This might also 
enhance the healing process in the rhBMP-2 simulated cases in the large bone defects, which 
was too slow in the current model. 

The model is very sensitive to changes in its parameters. To make the model more 
predictable one possibility would be to remove the parameters and variables that do not have 
a major impact on the outcome, and then investigate the true correlation between the 
remaining parameters by executing small parts of the model and evaluating the results 
gradually. 

A future development of the model is to implement poroelastic elements instead of the 
simplified elastic elements that were used in the current study. Poroelastic elements would 
enable simulations where fluid flow is also considered as a mechanical stimulus [127]. 
Furthermore, this implementation would allow a comparison between the different 
mechanical stimulations such as strain, stress, and fluid flow to conclude their influences on 
fracture healing. 

The user-interface requires further development. A potential feature would be to 
incorporate the request of output data processing within the main sub-routine. This 
processing is currently handled in MATLAB and Abaqus 6.12-2 as external programs. By 
incorporating all used programs, an improved control over the simulations and an easier 
procedure to obtained results would be possible. 

To further prove successful bone healing of a large defect with a 50 % decreased rhBMP-
2 dose when applied together with load, reliable results have to be found. Hence, additional 
simulation cases have to be tested. One point of interest is to find the minimum values of 
dose and load that would still allow healing. Additionally, a literature search for in-vivo 
validation is required before any conclusions can be drawn. 

When the model shows accurate results for stimulating fracture healing in large and small 
bone defects under the influences of loading and rhBMP-2, the analysis can be extended 
further. One field of interest would be distraction osteogenesis where mechanical stimulation 
and growth factors may be able to reduce the currently long treatment time [20], [21]. 
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7. Conclusion 
Even though the developed computational model can simulate the expected healing 

outcomes for a large bone defect when subjected to different combinations of rhBMP-2 and 
mechanical loading, there are still inaccuracies in the model that have to be investigated and 
managed. This includes for example the healing process in a small bone defect and the 
inadequate bone remodelling. 

The model has many estimated variables and parameters. This might make it difficult to 
verify the credibility of the model. An extensive set of varying simulation cases have to be 
tested and validated towards in-vivo experiments before the model can be used in further 
studies. 

The model shows a good potential to simulate bone healing, especially when considering 
the range of different simulation cases that were tested in the current study. The model also 
has several possibilities for future development, which may lead to more realistic simulations.  

It was found that a 50 % reduced dose of rhBMP-2 enabled healing in a large bone defect 
when applied together with loading. Thus, there might be a possibility to reduce the rhBMP-2 
dose and still enable healing in potential non-union fractures. Yet, it is too early to draw any 
conclusions. Further research is needed to evaluate this hypothesis. 
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Appendix 

A. Flow chart of the iterative process of the model 
EndoGF = Endogenous BMP-2. ExoGF = Exogenous rhBMP-2. FE software = Abaqus 

6.12-2 
  

 1 



 

B. Flow chart for cell migration 
Blue box = if osteoblast. Green box = if MSC. An adequate oxygen level exists when a 

blood vessel is within 200 μm. 
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C. Flow chart for angiogenesis 
Dotted line means the same process as in Appendix B. The probability of an active EC to 

be created during a 5th jump is 20 %. The probability of an active EC to become a tip EC 
increases with the amount of endogenous VEGF in the surroundings. 
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D. Flow chart for MSC differentiation and strain dependent cell behaviour 
ε = minimum principle strain. 
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E. Effects of applied stimuli on cellular activities 
A summary of how the rhBMP-2 dose (exoGF) is initiated and updated each iteration 

followed by its induced effects. The impact of mechanical loading is also stated below.  
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F. Detailed lattice plot 
A large bone defect after 28 days of healing with applied rhBMP-2 and daily controlled 

loading. Yellow pigments represent fibrous tissue. Blue is immature woven bone, while dark 
blue is mature woven bone or osteocytes. Dark red is calcified cartilage and the lighter red 
areas inside the woven bone are blood vessels emerging from the surrounding tissues. Some 
green MSCs can still be seen close to the cortical bone (black).   
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G. Additional graphs of tissue formations 
a. Graphs showing the impact of loading on cartilage and fibrous tissue formation in a 

large bone defect. “Load” = applied load as the multiple of the standard value (0.3039 
N/mm2). Cartilage formation was significantly decreased when load was increased by 
50 % (p = 0.0003) (red line). At the same time, fibrous tissue formation was 
significantly increased (p = 0.0001) (red line). The stepwise shape of the curve is 
caused by the loading frequency since fibrous tissue development occurs on the day 
of loading (every 7th day).  
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b. Graph of the impact of rhBMP-2 on woven bone formation in a large bone defect. 
“Dose” = applied dose as the multiple of the standard value of rhBMP-2 dose (50 µg). 
When a 50 % reduced rhBMP-2 dose was applied, the woven bone formation in the 
callus was impaired (green line). 
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c. Graphs of the impact of combined mechanical and biological (rhBMP-2) stimulation 
on bone and cartilage formation in a large bone defect when varying load and keeping 
the rhBMP-2 dose at its standard value. No significant differences were found. 
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d. Graphs of the impact of combined mechanical and biological (rhBMP-2) stimulation 
on bone and cartilage formation in a large bone defect when varying the rhBMP-2 
dose and keeping the load at its standard value. No significant differences were found. 
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e. Graph of the impact of the timing of applied load on woven bone formation in a large 
bone defect. When applying load daily starting on the 1st day fibrous tissue formation 
increased significantly (p = 0.0001) (blue line). 
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