
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



C om putational investigation  into the  
m echanoregulation of osteoporosis

A thesis submitted to the University of Dublin in partial fulfilment of the
requirements for the degree of

D octor in Philosophy

Trinity College Dublin

December, 2008

Brianne Mary Claire Mulvihill, b .a ., b .a .i.

Supervisor 
Prof. P.J. Prendergast

External examiner 
Dr. Sandra J. Shefelbine 

(Imperial College London)

Internal examiner 
Prof. David Taylor



TRINITY C O L L E G E ^

1 0 A U G 3 E —

LIBRARY DUBLIN /

I ^

7^0 s



Declaration

I declare that I am the sole author of this thesis and that all the work presented in 
it, unless otherwise referenced, is entirely my own. I also declare that this work has 
not been submitted, in whole or in part, to any other university or college for any 
degree or other qualification.

I authorise the library of the Trinity College Dublin to lend and copy this thesis 
upon request.



-*^■-■1 --^ j|r --0



Summary
Trabecular bone remodelling involves the continual resorption and formation of 

bone along the surface of a strut. Experimental studies have shown th a t mechani

cal stimuli, such as strain and damage, initiate and regulate this biological process. 

The aim of this thesis is to develop a mechanoregulation algorithm, based on both 

strain and damage stimuli, and to investigate whether such an algorithm is capable 

of simulating the bone remodelling cycle along a trabecular strut. Following on 

from this, the changes occurring to the process th a t lead to  rapid and irreversible 

loss of bone, as observed in skeletal diseases such as osteoporosis, were investigated. 

Generally, this bone loss is attributed to an imbalance in the bone remodelling pro

cess, with more bone being resorbed than refilled. It is the contention of this thesis 
th a t a change in the mechanotransduction of the sensor cells to  their loading envi

ronment is an alternative mechanism. Two causes of rapid loss of bone trabeculae 
are hypothesised: firstly th a t increases in the bone tissue elastic modulus lead to 

an increased propensity for trabecular perforation and secondly, th a t decreases in 
the mechanosensitivity of the bone tissue result in under-refilling of cavities and 
perforation by osteoclastic resorption.

A mechanobiological algorithm was developed which was based on two premises, 

(i) th a t bone remodelling is a turnover process th a t repairs damaged bone tissue by 

resorbing it and returning it to a homeostatic strain level, and (ii) th a t the local 
and spatial behaviour of osteoblasts is under biochemical control. It was found tha t 

this algorithm could simulate the normal remodelling cycle in a trabecular stru t 

where damaged bone is resorbed to form a pit which is subsequently refilled with 

new bone. The simulation also predicts th a t increases in the elastic modulus of 

the bone tissue result in an altered mechanical environment. This perceived change 

in stimulus was found to lead to easier trabecular perforation. Changes in the 

mechanosensitivity of the bone tissue were examined by varying the threshold for 

bone formation, Cmax- Results show that €max is a critical threshold parameter: if 

it is higher in an individual (genetics) or increases (with age) the remodelling mass 

deficit in a remodelling cycle increases. Furthermore there is a value of Cmax above 

which remodelling to repair microdamage in trabecular tissue is impossible because 

trabecular perforation occurs.

As increased minerahzation has been previously measured in osteoporotic bone, 

this change in m aterial property may contribute to the rapid loss of trabecular bone 

mass observed in osteoporotic patients. It may also be concluded th a t if cells become 

less mechanosensitive with age then bone loss per remodelling cycle increases, and 

the likelihood of trabecular perforation and rapid loss of bone mass increases. There-



fore, preserving the bone mineral content in bone tissue or maintaining bone cell 
mechanosensitivity could be therapeutic targets for the prevention of osteoporosis.



‘I don’t like work - no man does - but I like what is in work - the chance 
to find yourself. Your own reality - for yourself, not for others - what 
no other man can ever know’ (Joseph Conrad The Heart of Darkness, 
1902).
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Chapter 1

Introduction

C ontents
1.1 Introduction  ............................................................................ .....................  1

1.2 M echanoregulated bone r e m o d e ll in g ............................ .....................  2

1.3 O s t e o p o r o s is ............................................................................ .....................  5

1.4 T he objectives o f th e t h e s i s ............................................. .....................  6

1.1 Introduction

Bone is a dynamic and complex material consisting of an ordered mixture of organic 
and inorganic matrix and an intricate network of cells. Bones have many func
tions within the body including protection of organs, support, mechanical leverage, 
movement and as a mineral reservoir. W hat makes bone tissue so effective is its 
ability to adapt and to self renew throughout life in a process known as bone re
modelling. During bone remodelling in trabecular bone, the bone resorbing cells, 
osteoclasts, attach to the surface and travel along the trabecular strut resorbing a 
semi-cylindrical cavity within the bone. Bone forming cells, osteoblasts, then follow 
along behind secreting osteoid and refilling in the cavity (see Figure 1.1). Collec
tively these cells are referred to as Basic Multicellular Units (BMU) (Frost, 2001). 
Questions still remain within bone biology about what factors regulate this process. 
These questions are consequential because bone is lost throughout life and if the 
regulatory process was better understood it might be possible to prevent or at least 
minimise such losses.
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Osteoclast Osteoblast Bone-lining cells

Osteoid
New bone
Cement line
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Figure 1.1: Section through a trabecular stru t showing the progression of a BMU. 
Adapted from w ww .roche.com /pages/facets/ll/ostedefe.htm .

1.2 M echanoregulated bone rem odelling

Mechanobiology involves the study of the interaction between mechanical signals 

and biological processes in both cells and tissues. In engineering terms, we want 

to be able to predict how tissues respond to  changes in their loading environment. 
Mechanical loading has been shown to influence cell proliferation, differentiation and 
apoptosis and as such plays a crucial role in the growth, adaptation and regeneration 
of living tissues (Skerry et al., 1989; Ehrlich and Lanyon, 2002; Herman et al., 2007). 

Numerous tissues in the body contain mechanosensitive cells including osteocytes 
in bone, chondrocytes in cartilage, myocytes in the heart and endothelial cells in 

blood vessels. Many researchers have attem pted to combine both experimental and 
com putational techniques to gain insight into the eff^ects of mechanical forces on 
these cells and their function. W ith regard to the skeletal system, the concept 
of ‘mechanotransduction’ dates back to 1881 when Roux proposed th a t bone cells 

could sense and respond to local stresses generated by mechanical loading (Roesler, 

1987). Bone structure can therefore adapt and change its architecture according to 

its use. Examples of this adaption of bone to its loading environment are evident 
in the bone lost by astronauts due to  the gravitational environment they experience 

in space. Studies carried out on the crew of long-duration space missions have 

shown th a t bone mass is typically lost in the order of 1.2-1.5% from their proximal 

femurs per month (Lang et al., 2004). Contrasting with this is the bone gained 

due to exercise. Studies on the arms of tennis players have found th a t the humeri 

and ulnae of the dominant arm are significantly larger in size when compared to 

the nondominant ones (Kannus et al., 1994). It has been suggested, therefore, 

th a t strain, or some spatial or tem poral variation of it, is a possible regulatory 

stimulus for bone cell behaviour. The mechanism through which strain  is sensed
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by the bone cells, and in particular by osteocytes within the bone tissue, is not 
definitively known, but physical stretching, electrical streaming potentials, changes 
in the solubility of hydroxyapatite or shear strain due to the movement of fluid across 
the cells and their processes all have been proposed as possible pathways (Lanyon, 
1993; Weinbaum et al., 1994; Hung et al., 1995).

In addition to strain, microdamage is also thought to play an important role in 
the initiation of remodelling. When loaded within the normal physiological range. 
Burr et al. (1985) found that extensive microdamage will be experienced in the bone 
within a short number of loading cycles (equivalent to a couple of days exercising). 
If a repair mechanism is not in place but instead damage is allowed to accumulate, 
the risk of spontaneous fracture would increase. As these types of fractures are 
not commonplace, a mechanism which removes the damaged tissue and replaces it 
with new tissue must exist. It is therefore proposed that microdamage initiates 
the remodelling process to repair the bone and maintain its quality. Due to their 
location throughout the bone matrix, it is thought that osteocytes are ideally located 
to sense damage and have therefore been put forward as the likely candidates for 
its detection (Cowin et al., 1991; Verborgt et al., 2000). Various mechanisms as 
to how this is achieved have been postulated. It has been proposed that damage 
may sever cell processes or result in apoptosis of osteocytes themselves, and in so 
doing disrupt communication between cells, signalling the commencement of BMUs 
(Frost, 1960b; Martin, 2000; Taylor et al., 2003; Noble, 2003). Damage may also 
block fluid flow along the canaliculi thereby preventing the movement of essential 
ions to the osteocytes (Tami et al., 2002). Unloading of the surrounding bone tissue 
due to microcrack opening has also been proposed as a potential pathway of damage 
detection (Prendergast and Huiskes, 1996).

One way to investigate the validity of strain or microdamage as possible reg
ulators is through the predictive behaviour of bone cells using a computational 
simulation. Various continuum computational models have been created which con
sider stress (Fyhrie and Carter, 1986), strain (Cowin and Van Buskirk, 1979), strain 
energy density (Huiskes et al., 1987; Weinans et al., 1992) and damage (Prender
gast and Taylor, 1994) as the stimuli. Several of these approaches were inspired 
by Frost’s mechanostat theory (1987), and are based on a negative feedback loop, 
whereby the local density or surface position is changed to achieve a homeostatic 
or target stimulus. Using algorithms based on this mechanism, different aspects of 
clinically observed bone behaviour have been successfully simulated e.g. prediction 
of the change in cortical geometry due to loading (Cowin, 1984; Prendergast and 
Taylor, 1994) and bone atrophy due to stress-shielding around hip implants (Huiskes
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et al., 1987; Prendergast and Taylor, 1992). However, Weinans et al. (1992) found 
that a localised positive feedback mechanism can occur whereby increases in stiffness 
lead to more attraction of the stimulus and therefore further increases in local bone 
density. This results in a checkerboard effect of the continuum model, with some 
elements at maximum density and other neighbouring ones at minimum, which is 
in contradiction of the continuum assumptions. This phenomenon, inherent in the 
bone remodelling algorithm, highlights some of the difficulties with finite element 
simulations - so called ‘checkerboarding’. However, it was proposed that this situa
tion could be overcome by including osteocytes as the mechanosensors in the model, 
thereby separating the sensation of mechanical stimuli and the adaptation of the 
material properties from the mesh (Mullender et al., 1994). This method allows for 
a more gradual distribution of the stimuh across the bone material. This method 
was then developed and applied to a volume to trabecular bone to describe bone 
remodelling and trabecular realignment on the tissue level (Mullender and Huiskes, 
1995).

As both strain and damage have been shown to be possible regulators of bone 
adaptation, a complete algorithm simulating the bone remodelhng process should 
account for both stimuli (Prendergast and Huiskes, 1996). McNamara and Pren
dergast (2007) examined a number of different combinations of strain and damage 
and found that one that assumes damage-stimulated resorption to occur only when 
a critical damage level is exceeded but strain-adaptive remodelling otherwise, pro
duced the most realistic result. It was capable of simulating complete resorption of 
a damaged region and refilling of the cavity along a single trabecular strut. How
ever, the algorithm was applied to a 2D model and the 3D nature of the trabecular 
architecture was not considered.

All of the above simulations were based on mechanobiological algorithms; how
ever, no account was made for other biological factors which are not directly related 
to mechanical loading but may be influencing cellular behaviour. Diff'erential equa
tions alone may not be able to describe the trabecular remodeUing process. In any 
computational simulation of a complex biological process such as bone remodeUing, 
rules may be added to simulate the numerous biochemical signalling pathways that 
become active. Indeed, Ament and Hofer (2000) and Shefelbine et al. (2005) in their 
work on fracture healing found it essential to implement rules to take account of 
purely biological control of preferred bone formation locations through fuzzy logic. 
These ‘rules’ can increase the capability of the algorithms to simulate more realistic 
biological processes.

4



1.3 O steoporosis

Osteoporosis is a degenerative disease which results in the thinning of trabecular rods 
and plates and leads to complete resorption of trabeculae (see Figure 1.2). Bone 
mass and connectivity are lost leaving the bone weakened and prone to fractures. 
Osteoporotic fractures are painful and can lead to permanent immobility in sufferers. 
Osteoporosis not only impacts on the quality of life of older people but greatly 
influences a country’s economy. In 2000 the number of osteoporotic fractures in 
Europe was estimated at 3.79 million with direct costs at 31.7 billion (Kanis and 
Johnell, 2005). As a result of advancements in the treatment of heart disease, and 
in particular the development of statins (cholesterol lowering drugs), focus is now on 
the maintenance of the musculoskeletal system as the important factor in preserving 
the quality of life into old age. These progresses in modern healthcare have also led 
to an increase in life expectancy worldwide and as a result the predicted number 
of hip fractures is set to increase by 310% in men and 240% in women by 2050 
(Gullberg et al., 1997). Maintenance of bone mass is of major social and economic 
concern and therefore ways of treating or preventing this disease are essential to 
successful ageing.

Osteoporosis is generally attributed to an imbalance in the coupled action of the 
bone cells whereby osteoclastic bone resorption occurs without matching osteoblas
tic bone formation. One factor which may give rise to this imbalance is estrogen

(a) (b)

Figure 1.2: Images of (a) normal and (b) osteoporotic bone. The skeletal disease 
results in the reduction of bone mass due to perforation of the trabecular struts 
followed by their complete resorption (Dempster et al., 1986).
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deficiency, as occurs in postmenopausal women. Estrogen deficiency has been shown 
to affect the behaviour of osteoclasts by increasing bone turnover, decreasing apop- 
tosis and increasing depth of the resorption cavity (Oursler et al., 1991; Eriksen 
et al., 1985) - all of which increase the net amount of bone lost each remodelling 
cycle. However, this slow decrease in bone loss does not fully explain the rapid 
resorption of trabecular bone as observed in the disease. Other theories have been 
postulated regarding the cause of this pathological change in bone remodelling. Me
chanical testing of individual struts has shown that the elastic modulus is increased 
in the osteoporotic bone when compared to normal (McNamara et al., 2006a). It 
has therefore been proposed that initial changes in the mineral content and there
fore mechanical properties of the bone tissue may lead to detrimental changes in the 
bone architecture. If bone remodelling is indeed regulated by mechanical stimuh, 
then changes in the properties would alter the signal being received by the cells. 
The bone cells are therefore behaving normally but are under the influence of an 
altered signal coming from the extracellular matrix.

Frost (1987) proposed that the mechanosensitivity of bone tissue may change 
with age and disease and result in bone loss. If bone cells become less sensitive, a 
lower load will be sensed than is actually being applied and a resorptive response 
will therefore ensue as the bone is perceived as being miderloaded. In support of 
this concept, experimental studies examining the effect of loading on rats found that 
older rats were less responsive to mechanical stimuli than younger ones (Turner et al., 
1995). Indeed, different responses, with regard to the timing, extent and location 
of bone loss after ovariectomy, were also found between different strains of mice 
(Li et al., 2005). This result suggests that postmenopausal bone loss is partially 
genetically controlled. It is therefore proposed that a reduction in the sensitivity 
of bone cells at detecting their loading environment may be a possible cause of 
osteoporosis.

1.4 The objectives of the thesis

The aim of this thesis is to develop and test a theory for bone remodelling at the 
bone tissue level and to determine if it can provide any insight into osteoporosis. 
As both strain and microdamage have been shown experimentally to regulate the 
process, a mechanoregulation algorithm which incorporates both these stimuli and 
an additional biological rule concerning the spatial behaviour of osteoblasts, will be 
developed. It is proposed to develop the work in stages, beginning from an idealised 
3D cylindrical geometry and finally progressing to an anatomically-accurate model
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of a trabecula, which includes its irregular architecture. If the algorithm can explain 
the reasons for the commencement, progression and cessation of the bone turnover 
process, then the proposed theory will have been corroborated.

Current treatments of osteoporosis generally focus on preventing the activity of 
bone-resorbing osteoclasts. However, this may not necessarily be the most effec
tive treatment. The author proposes to investigate the idea that, in osteoporosis, 
osteoclasts and osteoblasts may actually be functioning normally but that they 
are responding to deviant signals generated via the extracellular matrix. Further
more, it is hypothesised that these altered signals may result from changes in the 
mechanosensitivity of the sensor cells within the bone tissue. Investigations are also 
made into whether or not these changes, caused either by a genetic effect in the 
individual or emerging with age, can be responsible for the rapid bone loss observed 
in osteoporosis.

It is the author’s thesis that bone remodelling is a mechanoregulated process at 
the trabecular level and that trabecular bone loss in osteoporosis can be explained, 
in part, by the execution of a mechanoregulation algorithm. The author hopes 
to challenge the general belief that osteoporosis is simply a m atter of overactive 
osteoclasts by proposing and testing these alternative hypotheses. Prom this it is 
hoped new ideas about maintaining bone health will emerge, prompting further 
research into the development of alternative therapies for osteoporosis.
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2.1 B one P hysio logy

Bone is important organ with a multitude of functions in the body. Principally 
it acts as an interconnected set of levers, which in conjunction with the muscles 
propels individuals forward; it also acts as a suit of armor, protecting the softer 
internal organs from damage; and it plays an important role in mineral homeostasis 
by serving as a calcium reservoir.

Bone can be divided into two different types: cortical and trabecular bone. 
Cortical bone makes up approx 80% of the skeletal mass. It is a dense material 
with microscopic channels containing blood vessels which run along (Haversian) 
and perpendicular (Volkmann) to the length of the bone. The main structural unit 
is known as the osteon and consists of cylindrical packages of bone approximately 
2mm in length and 0.2mm diameter which ensures that no part of the tissue is more 
than 0.1mm from the centre of an osteon, the maximum distance nutrients from 
the blood vessels can diffuse (Fleisch, 1997). Cortical bone generally surrounds 
trabecular bone and is found along the mid-shaft of long bones (see Figure 2.1), or 
as a thin covering on other bones such as the pelvis.

Trabecular bone

Cortical bone

Figure 2.1: Cross-section through a human femur showing both cortical and trabec
ular bone.
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Trabecular bone on the other hand is comprised of a series of rods and plates 
surrounded by marrow. It is a porous structure and is found in flat bones, cuboidal 
bones such as in the vertebrae, and at the proximal and distal ends of long bones. 
Unlike cortical bone, it does not contain any blood vessels - instead nutrients are 
obtained from the marrow at the trabecular surface. Trabecular struts are approx
imately 0.2mm in diameter, twice the maximum diffusion distance, which ensures 
that all bone is within 0.1mm from the marrow. Trabecular tissue consists of pack
ets, known as a hemiosteons or bone structural units (BSU), which are separated 
by cement lines (Figure 2.2).

. Cement line

Figure 2.2: Trabecular bone showing individual packets separated by cement lines 
(Jee, 2001).

2.2 B one m odelling and rem odelling

What makes bone tissue a remarkable material is its ability to grow, repair and 
adapt to changes in its environment through processes known as modelling and 
remodelling. Local influences, including mechanical signals and genes, control the 
action of bone cells in such a manner as to maintain a mechanically efficient struc
ture and preserve bone tissue integrity. The cells involved in these processes are 
bone-resorbing osteoclast cells, and bone-forming osteoblast cells. Other cells that 
contribute to the bone (re)modelling process are bone-lining cells, quiescent os
teoblasts that lie along the trabecular surface, and osteocytes, osteoblasts that have 
become embedded within the bone matrix (Figure 2.3).

Although physiologically the action of osteoclasts and osteoblasts during mod
elling and remodelling does not differ, distinctions are generally made between the 
two processes. Modelling is the process deemed responsible for the growth and 
adaptation of bone to an optimised strength to mass structure (Frost, 1990). In this
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Ostcoclast
Bone-lining cells Osteoblasts

Osteocytes ^

Figure 2.3: Schematic of the bone cells involved in the remodelling process of tra 
becular bone. Adapted from www.roche.com/pages/facets/11 /ostedefe.htm.

case each bone cell generally acts at different sites and a systemic coupling exists 

between the bone cells. Modelling is also responsible for bone regrowth during frac
ture healing. Remodelling, on the other hand, involves the combined action of both 

osteoclasts and osteoblasts in what are collectively known as BMUs or Basic Mul- 
ticellular Units (Frost, 2001). Both cells are coupled locally and act along the same 

region of bone. Remodelling is im portant in the maintenance of bone quality and of 

the biomechanical integrity of the structure by the removal and subsequent repair
ing of damaged areas. Remodelling is also necessary in the regulation of essential 
minerals within the extracellular fluid (Jee, 2001).

However, there is some debate over whether a difference does exist between mod

elling and remodelling. Frost (2001) was the first to make distinctions between the 
two processes and theorised th a t due to the timely recruitment of osteoblasts after 
osteoclasts th a t a local coupling mechanism must exit between the two cells during 

remodelling. Furthermore, H attner et al. (1965) demonstrated th a t over 96% of 

bone formation in adult skeletons only occurs at a previous resorption site. Various 
signalling molecules have been proposed as coupling factors. One such pathway is 

by means of RANK (receptor activator of NF-kB) ligand, a type II transmembrane 

protein produced by osteoblasts cells, and its corresponding receptor, RANK, found 

on the osteoclast lineage. When bound to RANK, RANK-ligand has been shown 

to promote osteoclastogenesis (Suda et al., 1999). This mechanism is also regulated 

by a naturally occurring decoy receptor for RANKL, osteoprotegerin (OPG), which 

binds to RANKL thereby blocking the RANK-RANKL interaction (Lacey et al., 

1998). The RANKL-OPG-RANK ratio is therefore an im portant interplay in deter
mining bone resorption. Recent experimental studies suggest th a t bone cells may 

be coupled in both directions. W ith regard to bone formation, the transmem brane
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ephrinB2 ligand in osteoclasts and EphB4, a tyrosine kinase receptor in osteoblasts, 
have been proposed as a possible pathway for osteoclasts to signal the recruitment 
of osteoblasts following resorption (Zhao et al., 2006). However, Rodan (1991) sug
gested that rather than the coupling being biochemically driven, that it may instead 
have a mechanical origin. Huiskes et al. (2000) and van Oers et al. (2008a) proposed 
that coupling is indirectly achieved by the mechanical environment and in particular 
by the strain distribution around a resorption cavity. Following simulations of bone 
adaptation in trabecular bone, they proposed that both modelling and remodelling 
are strain-regulated - modelling by external/globally applied load and remodelling 
by local strain concentrations.

2.2.1 Trabecular bone rem odelling

Unlike cortical bone remodelling, in which the BMUs core a tunnel through the bone, 
trabecular bone remodelling is a surface phenomenon. Bone cells attach to the outer 
layer of the bone and resorb or form bone along the strut. The development of a 
BMU is cyclic and Parfitt (1984b), on his work on bone remodelling, first separated 
the BMU cycle into five distinct stages: quiescence, activation, resorption, reversal, 
formation and then back to quiescence (see Figure 2.4).

Only approximately 20% of trabecular bone is active at any time. Instead most 
bone surfaces are in a dormant state. In this quiescence stage, surfaces are covered 
by a layer of flattened bone-lining cells and no resorption or formation occurs.

The conversion of the inactive bone surface to a resorption site is known as the 
‘activation’ stage. It is not fully understood what initiates this process, however, me
chanical influences are thought to play an important role in its regulation. Various 
pathways through which these changes are sensed or signal the recruitment of osteo
clasts have been proposed e.g. through the mechanosensitive osteocytic cell network 
(Lanyon, 1993) or by the bone-lining cells (Parfitt, 1994). However no definitive 
conclusion has been reached. During this activation phase, the bone-lining cells 
contract and secret collagenase to digest the top layer of osteoid as they pull away, 
revealing a free bone surface beneath, on which the osteoclasts can attach.

The next phase is the resorption stage. As mentioned previously, bone resorp
tion is carried out by osteoclasts. These are large multi-nucleated cells, derived from 
pluripotential hematopoietic stem cells, an extension of the mononuclear/phagocytic 
lineage and range in diameter from 20 /xm to over 100 n m (Jee, 2001). Osteoclasts 
display a ruffled border when active, which consists of wave like projections of the 
plasma membrane on the bone (Roodman, 1996). They use these organelle-free 
protrusions to adhere to the bone via integrins, cell surface receptors, and create
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(a)

(b)

Quiescence

Activation

(c)
Resorption

(d)
Reversal

(e)
Formation

(f)
Quiescence

Figure 2.4; Remodelling activation formation (RAF) sequence (adapted from Parfitt 
(1984b)). (a) In the quiescence state surfaces are lined with bone-lining cells and 
no bone resorption or formation occurs, (b) During activation bone-lining cells 
contract, revealing the bone surface to pre-osteoclasts, (c) Osteoclasts are then 
recruited and resorb a cavity, (d) During the reversal phase mononuclear, followed by 
preosteoblasts, line the base of the cavity and prepare it for osteoblast attachment, 
(e) Osteoblasts then refill the cavity with osteoid which later mineralises to form 
bone, (f) Cavities are not completely refilled and a net bone loss occurs each cycle.

a permanent seal on the surface known as a clear zone. Within this sealed envi
ronment the bone is broken down in two ways. Firstly, the mineral portion of the 
bone is dissolved through the secretion of H"*" ions, from proton pumps, into the 
extracellular space (Eriksen and Kassem, 1992). As the mineral mainly consists 
of the highly basic mineral hydroxyapatite, the acidic environment can simply dis
solve it. Simultaneously, the organic compound is broken-down by an assortment 
of protolytic enzymes. The lifespan of an osteoclast is estimated to be around 10 
days (Jee, 2001). Once bone resorption has been completed osteoclasts migrate 
into the marrow space where they undergo apoptosis (Roodman, 1996). Osteoclasts 
travel along the surface of the trabecular strut at an average rate of 1.4 /xm/day.
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resorbing a semi-circular channel with a mean depth of between 30-60;um, (Eriksen 

and Kassem, 1992). Why osteoclasts stop resorbing is not fully understood. It has 
been proposed th a t a suppressor agent is released by osteocytes or bone-lining cells 

(Parfitt, 1984b), or th a t osteoclasts are repelled by the high strains and therefore 

do not progress any further (van Oers et al., 2008a).

Once the osteoclasts have completed their resorption, there is a 1-2 week time 

lapse before bone formation begins, known as the reversal stage. During this time, 

mononuclear cells (possibly of the macrophage lineage) are generally observed at 

the bottom  of the resorption cavity (Eriksen et al., 1984b). It is thought th a t their 

function is to smooth out the uneven newly resorbed surface, and deposit a highly 

mineralised m atrix layer thus preparing the surface for formation (Parfitt, 1984b). 

This layer is known as the cement line and is used to identify the extent of the bone 

structural unit (BSU) in 2D histological sections (Figure 2.2).

The ‘coupling’ mechanism th a t regulates the timely recruitment of osteoblasts 
following resorption is not known. It has been proposed th a t growth factors such 

as insulin-like growth factor-1 (IGF-1) and transforming growth factor beta (TGF- 
/3) ,  released as a consequence of bone resorption (either from the bone itself or 

as a secretion of osteoclasts) are responsible for attracting these preosteoblasts to 
the resorption site (Hayden et al., 1995; Parfitt, 1994). Biochemical coupling, by 

ephrinB2 ligand on osteoclasts and its receptor EphB4 foimd on osteoblasts, has 
also been suggested as a potential pathway through which osteoclasts signal the 

recruitment of osteoblasts (Zhao et al., 2006).
Bone formation is undertaken by osteoblasts, single cells derived from phiripo- 

tential precursors or mesenchymal stem cells (Jee, 2001), whose function in bone 

formation is two-fold. They firstly secrete an organic m atrix called osteoid, which 

mainly consists of type 1 collagen (approximately 90%), as an ordered structure. 
Secondly, osteoblasts facilitate mineralisation of the organic m atrix by distributing 

a salt precipitate, consisting of calcium phosphate and calcium hydroxide, within 

and between the collagen fibers (Jee, 2001), see Section 2.2.2. This precipitate 

strengthens and stiffens the collagen fiber framework. In addition to their primary 

function of bone formation, osteoblasts’ other functions include the regulation of 

the influx of minerals in and out of the bone. Osteoblasts are cuboidal and between 
15 and 30 /xm thick but as bone formation proceeds they become flatter, achieving 

a more inactive nucleus (Eriksen and Kassem, 1992). Osteoblasts secret bone at an 

average rate of approximately 0.43 /im m /day (Eriksen et al., 1984b), see Figure 2.5. 

The osteoid reaches about 70% of its full mineralization within two weeks; however, 

full mineralization takes place over months or even years, (Akkus et al., 2003).
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Figure 2.5: The total remodelling period of one BMU cycle subdivided into osteo
clast resorption phase (I), mononuclear resorptive phase (II), preosteoblast forma
tion phase (III), osteoblast formation and initial mineralisation lag time (IV), and 
mineralisation phase (V) (Eriksen et al., 1984a).

Osteoid is laid down in layers producing a distinctive lamellar structure which 
is easily discernable under polarised light, with each layer around 6 /im in thickness 
(Kragstrup and Melsen, 1983) (see Figure 2.6). It has been proposed that osteoclas
tic enzymes, such as tartrate-resistant acid phosphatase (TRAP), remaining on the 
newly resorbed surface may provide signals which determine the preferred location 
of osteoblastic attachment and control the ordered bone deposition (Sheu et al., 
2002).

Figure 2.6: Trabecular bone under polarised light with the individual lamellae clearly 
visible.
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Osteoblasts can undergo different fates on completion of formation: some un
dergo apoptosis, others change their morphology and line the surface of the trabec
ular strut becoming bone-lining cells, whereas approximately 10-20% of osteoblasts 
get left behind during formation and become encased in the matrix and are known 
as osteocytes (Pranz-Odendaal et al., 2006). Osteocytes lose most of their former os
teoblastic organelle and instead attain long processes that spread outwards through 
the bone matrix in lacunar-canaliculi channels. Specific joinings called gap junctions 
exist between osteocyte processes and allow molecules and ions, which are mostly 
small intracellular signaling molecules, to pass directly between the cells. Gap junc
tions are formed by the interaction of membrane proteins called connexins, the 
properties of which control the permeability of the junction to certain molecules. 
These processes connect to neighbouring osteocytes which in turn link up to the 
bone-lining cells along the surface of the strut, creating an extensive network and 
communication system throughout the matrix. Osteocytes are the most abundant 
cell type in mature bone making up 95% of all bone cells (Frost, 1960a). Mullender 
et al. (1996a) examined the density of osteocytes in animal models and found that 
osteocyte density is inversely related to the metabolic rate and therefore bone mass. 
Osteocytic density was found to range from 31,900 cells/mm^ in cattle to 93,200 
cells/mm^ in rats and 44,600 cells/mm^ in human bone.

During normal bone remodelling, experimental studies have shown that there is 
generally an imbalance between normal bone resorption and formation in favour of 
resorption which leads to a small net bone deficit (approximately 1 part out of 20) 
each remodelling cycle (Frost, 1985). However, the reason for this under-refilling is 
not fully understood. As a consequence of this, increases in BMU activity and bone 
turnover result in a gradual decrease in bone mass. Furthermore, Seeman (2003) 
suggests that after peak bone mass is achieved in individuals, the negative balance 
may be responsible for the gradual observed decrease in bone mass with age.

2.2.2 Bone com position

Bone is a composite material consisting of a mineral distributed throughout an or
ganic matrix. Osteoblasts are essential for the production of a physiological bone 
structure. They control and regulate all stages of the formation process by se
creting all the components required for the organic matrix, regulating the following 
interactions and controlling the flux of ions into their extracellular environment dur
ing mineralisation. The organic matrix mainly consists of collagen type I (approx. 
90%), however water lipids and other non-collagenous proteins including alkaline 
phosphatase, osteopontin, osteocalcin and bone sialprotein-the latter two proteins
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being bone specific, are also present. Osteoblasts align the collagen fibers to form 
an ordered structure within the bone. Within the collagen fibrils, ‘gaps’ known as 
‘hole zones’ exist between the ends of molecules. It is within these gaps that mineral 
deposits and noncollagenous proteins are found. The collagen fibers provide tensile 
strength to the bone tissue and act as a template for the growth and development 
of mineral crystals. The purpose of non-collagenous proteins is thought to be as 
regulators of the mineralisation process. In particular, alkaline phosphatase may 
provide an initial attachment site for mineral nucleation along the collagen fibrils 
(Boskey, 2001). In addition to this role, recent experimental evidence has indicated 
that the noncollagenous matrix increases the mechanical strength of the bone tissue 
by providing a bond between the mineralised fibers (Fantner et al., 2005; Hansma 
et al., 2005).

Bone formation is a two-step process whereby osteoid is initially laid down, and 
is then followed by precipitation of minerals throughout. As matrix formation pre
cedes mineralisation by about 10 days, a thin layer of unmineralised osteoid, known 
as the osteoid seam, remains on the interface between the osteoid and bone. The 
bone mineral consists of small crystals of impure hydroxyapatite, located within and 
between the collagen fibrils in an ordered manner, which further emphasises their 
regulated growth. The formation and growth of these minerals is governed by a 
number of factors including the structure of the collagen matrix, the spatial limita
tions between the fibers, inhibitors of nucleation sites and ionic concentrations. For 
physiological mineral disposition there should be an appropriate collagen-based ma
trix. Changes in the collagen structure can significantly alter the size, orientation, 
composition and distribution of mineral crystals as studies of bone with a disrupted 
collagen matrix have shown (Paschalis et al., 1996). Impurities within the bone 
tissue (for example bisphosphonate crystals) and proteins (such as osteopontin) can 
inhibit crystal formation by binding to specific surfaces, blocking potential nucle
ation sites, thereby decreasing crystal length (Fleisch, 1997; Boskey et al., 1993). 
The calcium and phosphate ions, essential for mineralisation, are supphed by cells 
or from circulating or locahsed calcium-binding or phospho proteins. Local changes 
in concentration can influence mineral deposition, with increases in ions increasing 
the rate of mineralisation following osteoid formation (Boskey, 2001).

As bone mineral increases over time, with complete mineralisation not occurring 
for years, the mineral content of bone varies spatially through bone sections. Sex, 
race and age-dependent differences have also been reported (Parfitt et al., 1997; 
Handschin and Stern, 1994). Studies examining the change in the overall mineral 
content of bone tissue have found that it increases with age by an average of 5-10%
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(Boyde et al., 1993; Boyde and Jones, 1983; Currey, 1979; Reid and Boyde, 1987). 
Indeed, skeletal diseases such as osteopetrosis and osteoporosis are characterised 
by altered mineral contents (Boskey and Marks, 1985; Boyde et al., 1998). These 
changes in mineralisation affect the mechanical properties of bone and in particular 
its stiffness and strength. From his investigations into material and mechanical prop
erties of normal cortical bone, Currey (1988) found that increases in mineralisation 
lead to increases in the elastic modulus of the tissue. Increased mineral content in 
bone has also been shown to reduce toughness and impact strength thereby allow
ing cracks to propagate more easily through the tissue (Currey, 1984; Currey et al., 
1996).

Various techniques can be used to investigate the mineralisation of bone including 
ash tests, micro computed tomography (/^CT) imaging and quantitative backscatter 
electron imaging (qBEI). A brief description of each technique and some of the 
mineralisation results obtained using them are given below:

Ash testing  involves the heating of bone specimens to 600°C and measuring the 
mass of the remaining residue which consists of all the inorganic constituents of 
bone. A value for the mineral content of bone is then calculated as a percentage 
of the remaining mass to the mass of the original bone specimen. To carry out 
this type of analysis, a minimum sample weight is required and therefore trabeculae 
cannot be examined individually but instead a number must be grouped together. 
Also, mineral levels at the lamellar scale cannot be measured and relationships be
tween specific site and mineralistion are not obtained. However due to the relatively 
convenient testing procedure and the unnecessity of expensive machinery, ash test
ing is one of the most commonly used methods for mineralisation measurement. 
This technique has been used to assess the mineral content of human femoral bone 
samples from subjects of varying ages (Currey et al., 1996). Currey found the ash 
content of bone to increase with increasing age; however, after about 60 years of age 
it began to decrease once again in both males and females.

M icro com puted tom ography /jCT machines work by assessing the attenuation 
(scattering and absorption) of X-rays as they pass through a specimen and interact 
with the atoms of the material. The amount of attenuation is dependent on the 
intensity of the x-ray energy and on the density of the material they pass through. 
Grey-scale images are obtained with pixel values representing the degree of attenua
tion. As the density of a material increases the amount of attenuation also increases 
and so a brighter image is obtained. In this way information on the mineral content 
of bone can be indirectly obtained. Unlike normal x-rays in which 2D images are
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produced, samples in the ^C T  are rotated and examined from different views so tha t 

a detailed 3D image is obtained. Resolutions of up to 5 /^m can be achieved and 

corresponding site and mineral content obtained. However, when using this tech

nique to examine the mineral content, precautions/corrections must be made for two 
effects which can affect results; beam hardening (the phenomenon of x-ray beams 

becoming more penetrating as they traverse through m atter) and flattening effects 

(rapid variation of x-ray beam intensity with the angle to the beam centreline) (Pet- 

tersson et al., 1998; Larsen et al., 1978). McNamara et al. (2006a) employed this 

method to examine the mineral content of normal and ovariectomised ra t femoral 

bone. In their study, all results were standardised by immersing the bone specimens 

in water and placing a small block of hydroxyapaptite into the sample holder during 

testing. As the density and attenuation factor of both  these materials was known, 
a value for the mineral content of the bone tissue could therefore be calculated. 

Results showed th a t there was a significant increase in the mineral content of the 
bone tissue 52 weeks after ovariectomy when compared to th a t of the healthy control 

tissue.

Q u a n ti ta t iv e  b a c k s c a tte r  e le c tro n  im ag in g  (qBEI) is an alternative method 

used to investigate the degree of mineralisation of bone. Using a secondary elec
tron microscope (SEM), a beam of electrons is accelerated from a source (usually 

a thermionic tungsten cathode) towards a sample. As the beam electrons hits the 
surface of the material a number of interactions, including the production of X-rays 

and secondary electrons, can occur. In particular to BEI, backscatter electrons are 

emitted. Backscattered electrons consist of high-energy electrons originating in the 

electron beam th a t are reflected out of the specimen. A detector is used to count 
the number of backscattered electrons. Depending on the chemical compositions, 

and especially the average atomic number of a region, different numbers of electrons 

are bounced back. The number of electrons is converted into a 2D grey-scale im

age of the surface. Materials with high atomic number prevent the electrons from 

penetrating the material and therefore a large proportional are reflected producing 

a brighter image. On the other hand, materials of a lower atomic number allow 

the electrons to penetrate deeper and can therefore not make it back out, and so a 

darker image is obtained. In this way the mineral content of bone can be obtained 

from calibrated gray level images, see Figure 2.7. Using this m ethod resolutions of 

below 0.4 jim  can be achieved. Reid and Boyde (1987) used this method to examine 

the mineral content of human ribs across a range of age-groups and found th a t the 

mean mineralisation density increased with increasing age.
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Figure 2.7: Backscatter electron image of longitudinal section through trabecular 
strut. Individual packages of different grey levels can be seen, with each package 
being separated by the highly mineralised cement line (bright lines). The mineral 
content of each of the packages (vol%) are marked on the image (Fratzl et al., 2004).

2.3 B one m echanoregulation

The idea of mechanically mediated bone adaptation was first suggested during the 
19*̂  century. While examining the drawings that an anatomist, Von Meyer, had 
made of the trabecular architecture within the proximal femur, Karl Cullman first 
noticed the striking similarity between the orientation of the struts to the form of 
the principal stress trajectories he had calculated for a curved crane (see Figure 2.8). 
At this time, Wolff (1892), a German orthopaedic surgeon and anatomist, took this 
observation one step further and proposed that the directionality of the trabecular 
struts, rather than being haphazardly positioned, were in fact purposefully angled 
to best take their applied loads. From this, the idea of ‘form follows function’ was 
developed. Wolff proposed that trabeculae grew, according to some mathematical 
equation, to form an optimised mechanical structure but one in which mass is min
imised. This theory has expanded over the years and the idea of bone being able 
to change and adapt to its loading environment was developed. The concept that 
loading of a bone structure influences its form has come to be known as ‘functional 
adaptation’.

Questions still remained as to how bone senses these changes in its mechanical 
loading and how adaption is carried out. In 1881, Roux first introduced the idea of 
mechano-transduction (Roux, 1881; Roesler, 1987). He proposed that cellular be
haviour is influenced by mechanical loading and that cells are responsible for bone 
deposition and resorption and therefore the adaption of the bone architecture. It
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Figure 2.8: Trabecular orientation within a femur correspond to Cullmann’s sketch 
of the principle stress trajectories of a curved crane (adapted from Huiskes (2000)).

is now known that bone remodelling is carried out by osteoclasts and osteoblasts. 
However, questions still remain as to which cells are the mechanosensors - the cells 
that detect the changes in the mechanical environment and then transduce these me
chanical signals into chemical messages to recruit osteoclasts/osteoblasts. Various 
cells have been proposed as possible sensors, however the two most likely candidates 
are bone-lining cells and osteocytes. Osteocytes are located throughout the entire 
trabecular strut and are connected through an intricate 3D array of canaliculi which 
contain cells processes. These processes extend to the surface of the bone where they 
are linked up to the bone-hning cells via gap junctions, enabling signalling between 
the two cells (Miller et al., 1989). Osteocytes are therefore ideally located to sense 
changes in internal strains whereas bone-lining cells can perceive changes in surface 
strains and are strategically placed to send out the signals to the effector cells. Fur
thermore, bone-hning cells are involved in the initial stages of the remodelling cycle 
(retraction to reveal the bone surface) and may also mediate the subsequent remod
elling sequence (Parfitt, 1994; Miller et al., 1989). In vitro studies have shown that 
both osteocytes and bone-lining cells are responsive to mechanical stimuli (El Haj 
et al., 1990; Skerry et al., 1989). Rather than one cell being the mechanosensor, it 
may be that both cells operate simultaneously.

Various mechanical stimuli have been proposed as regulators of this process but in 
particular, experimental evidence implicates both strain and microdamage (Lanyon 
et al., 1982; Burr et al., 1985; Frost, 1996; Lee et al., 2002).
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2.3.1 Strain as a m echano-stim ulus

The exact mechanisms which initiate remodeUing are not fully understood; however, 
loading conditions have been shown to be a key stimulus. There has been some 
debate over how changes in loading conditions are perceived by the cells; whether 
it is stress or strain that is sensed. Cowin (1984) argues that the stimulus is strain 
based, as it is a directly and easily measurable, physical quantity representing local 
deformation and a physical change in the cell membrane. Stress on the other hand 
is not well-defined and cannot be measured directly. It can only be calculated from 
a measurement of load or strain when the material properties are known.

Experiments have shown strain to be an important candidate for regulating bone 
formation. Generally, high strains lead to bone formation whereas low strains result 
in bone resorption. In an animal experiment, Lanyon et al. (1982) removed the ulnas 
in sheep from one of their limbs while the other was left intact to act as a control. It 
was found that overloading of the radius resulted in significant bone deposition on 
the radius compared to the control limb, until the strain in the bone (measured by 
in vivo strain gauges) was reduced to levels comparable to that of the control limb.

Debate still remains over which factors of the strain environment influence bone 
remodelling and how the mechanical signal is transduced into a cellular one. Due 
to their number and location throughout the bone matrix, osteocytes and bone- 
lining cells are believed to be the mechanosensors. Physical stretching of the cells 
and deformation of their membrane have been proposed as one possible pathway of 
strain reception (Lanyon, 1993). One of the main paradoxes with regard to direct 
stretching of the cells themselves is that strains applied to whole bones in vivo are too 
small (0.04-0.3% (Rubin, 1984)) to stimulate bone signaling in cell cultures where 
strains of between 1-10% are required to get a response (Murray and Rushton, 
1990). However, You et al. (2001) proposed that strains are amplified due to a 
couphng effect of the fluid drag forces on the pericellular matrix with the intracellular 
actin cytoskeleton. A further investigation by Wang et al. (2007) proposed that 
osteocytes sense their mechanical environment by integrin receptors attached to the 
bone matrix. These attachments can strain the cells up to two orders of magnitudes 
greater than the globally apphed strain. Due to the deformation of the bone matrix 
under an applied load, fluid is moved through the tissue. In vitro experiments have 
shown that both osteocytes and osteoblasts respond to this fluid flow by releasing 
nitric oxide (NO) and prostaglandin E2 {PGE2 ), biochemical mediators for bone 
formation (McGarry et al., 2005; Fox et al., 1996). It has therefore been proposed 
that strain derived fluid flow in the canaliculi of the osteocyte cell processes might 
simulate a biochemical response (Weinbaum et al., 1994; Burger et al., 2003). Studies

23



examining the behaviour of bone during loading have also observed the presence of an 
electromechanical potential and proposed this mechanism as an alternative pathway 
for strain detection (Lanyon and Hartman, 1977). As the bone extracellular matrix 
has a negative potential due to its proteins, electrolytes within the bone fluid gain a 
double positive charge, and as they are transported by the flow electrical streaming 
potentials are induced. It is proposed that these strain generated potentials may 
modulate the flow of ions across the cell membrane (Hung et al., 1995, 1996). Strain 
rate, amplitude, frequency and duration may also influence bone cellular response 
to loading (Turner, 1998).

A study carried out by Brown et al. (1990), compared experimental results of 
bone formation along a loaded turkey ulna to a computational analysis where 24 
different parameters were examined along the bone. Results showed that longitu
dinal shear stress, principal stress/strain and strain energy density correlated well 
with the adaptive responses of the ulna. Although the signaling pathway for strain 
has not been unequivocally proven, strain has been shown to produce an effect in 
osteocytes and osteoblasts and must be considered a strong contender as a bone 
remodelling stimulus.

2.3.2 D am age as a m echano-stim ulus

Frost (1960b) was the first to identify microcracks in bone. Many researchers at 
the time dismissed these cracks as artifacts of sample preparation. Prost, however, 
believed that the microcracks were of biological importance and proposed that they 
had som.e influence over the direction of bone remodelling. Nowadays, experimental 
evidence suggests that microdamage plays a role in the initiation of remodelling. 
Burr et al. (1985) found that bone loaded within normal physiological range will ex
perience extensive microdamage within a short number of loading cycles (equivalent 
to a couple of days exercising). If this damage was allowed to accumulate without 
being repaired, the integrity of the bone would be reduced and spontaneous frac
tures would arise as a result. As such spontaneous fractures rarely occur, a repair 
mechanism must be in place preventing high levels of damage accumulation. It is 
proposed that microdamage initiates the remodelling process to repair the bone and 
maintain its quality.

Generally there exists a balance between the rate at which damage is accrued 
and the repair rate. However, imbalances can occur which result in stress fractures. 
In military recruits, the incidence of stress fractures is high as army personnel en
dure repetitive loading regimes - damage accumulates faster then it can be repaired 
resulting in the fracturing of bone (Milgrom et al., 1985). Schaffler et al. (1995)
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proposed that this imbalance may also be responsible for osteoporotic fractures. 
They showed that damage accumulation increases with age and suggested that an 
ineffective damage repair mechanism may be the cause. Further support of this 
proposal comes from Waldorff et al. (2007), who observed a greater crack density in 
the loaded femurs of aged rats when compared to those of younger ones. However, 
changes in the material property of the bone tissue with age may also contribute 
to the increase in damage by reducing its fracture resistance and making it more 
susceptible to accumulation.

Although damage is repaired through its removal and replacement by the re
modelling process, there is some debate as to whether damage is actually targeted 
or whether it is removed as a consequence of stochastic or non-targeted remodelling. 
If remodelling occurs on random sites, then the damaged tissue will eventually be 
repaired. The incidence of microcracks and bone remodelling in canine bone was ex
amined by Burr et al. (1985). They found an increased number of resorption cavities 
in areas of high damage. In fact there were 44 times more resorption pits associated 
with microcracks than one would find by chance. Bentolila et al. (1998) demon
strated that bone remodelling could be activated by inducing a damaged section 
within the cortex of rat bone; a region that does not usually undergo remodelling. 
Both of these results suggest that damage is a stimulus for bone remodelling.

Due to their location throughout the bone matrix it is thought that osteocytes 
are ideally located to sense damage and have therefore been put forward as the likely 
candidates for sensing these changes. It has been proposed that damage may result 
in apoptosis of the osteocytes or severance of cell processes and in doing so signal 
the commencement of BMU’s (Frost, 1960a; Verborgt et al., 2000; Taylor et al., 
2003; Hazenberg et al., 2006). Indeed, Herman et al. (2007) found that following 
fatigue loading of rat ulnae, inhibition of osteocyte apoptosis reduced the activation 
of bone resorption. The remodelling process may be initialised directly through 
the molecules released by the cells or their processes, or indirectly by neighbouring 
cells (Noble, 2003). Damage may also block fluid flow through the canaliculi thereby 
preventing the movement of essential ions to the osteocytes (Tami et al., 2002). It has 
also been proposed that osteocytes may produce an inhibitory signal which repels 
osteoclasts. A lack of this signal due to damaged process will initiate resorption 
(Burger and Klein-Nulend, 1999; Martin, 2000). Unloading of the surrounding bone 
tissue due to microcrack opening has also been proposed as a possible pathway 
of damage detection within the bone tissue (Prendergast and Huiskes, 1996). A 
maximum crack length has been found within bone adding weight to the idea of a 
repair mechanism activated by a critical length (Lee et al., 2002).
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2.4 Theoretical m odels o f bone adaptation

From experiments and clinical observations about bone behaviour, Frost (1987) 
developed what has become to be known as the ‘mechanostat theory\ In it Frost 
unifies modelling and remodelling into one conceptual scheme and proposes that 
bone adaptation occurs when strains deviate from certain setpoints. The various 
setpoints have been identified as follows; using the abbreviation MES to denote 
Minimum Effective Strains, MESr denotes the strain so that in the range [0 to 
MESr] bone is lost due to an imbalance in remodelling, where more bone is resorbed 
than is refilled; MESm denotes a strain above which bone mass is added to surfaces 
by modelling, MESp denotes a pathological strain above which the bone tissue is 
being damaged at a greater rate than it can be repaired and accumulates; and Fx 
is the bone’s fracture strength, see Figure 2.9.

Windows were also defined as follows: (i) a disuse window (DW); (ii) an adapted 
v/indow (AW) where bone is in a homeostatic state and balanced resorption and 
deposition is occurring; (iii) a mild overload window (MOW) where bone mass
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Figure 2.9: Graph showing Frost’s Mechanostat of change in bone mass against 
tissue strain level (Frost, 2003). DW, AW, MOW and POW refer to the disuse, 
adaptive, mild overload and pathologic overload windows respectively. MES stands 
for Minimally Effective Strains which are the setpoints separating the various win
dows: MESr is disuse remodelling threshold, MESm is the bone modelling threshold 
and MESp is the microdamage threshold. Fx is the bone’s fracture strength. Note 
that the setpoints are not given precise values in the Mechanostat to account for 
individual variability as the setpoints are hypothesised to be genetically determined.
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increases as osteoblast formation along the surfaces occurs and (iv) a pathologic 
overload window (POW) where microdamage accumulates and a pathologic response 
of woven bone formation occurs, see Figure 2.9. The concept of the adapted window 
(AW), also known as a ‘lazy zone’ or ‘dead zone’ was first proposed by Carter 
(1984). The ‘dead zone’ is a range of stimulus values within which bone remodelling 
is in equilibrium so there is not net change in bone mass. Experimental evidence in 
support of the concept of thresholds was demonstrated by Rubin and Lanyon (1985) 
who found that peak strains below 0.001 resulted in bone loss whereas strains above 
this value were associated with bone formation.

Frost (1992a) proposed that when the thresholds were exceeded, that these mech
anisms “either act or do not, so one could say they are either ON or OFF”. Once 
activated bone cells will continue to resorb/form bone until the bone tissue strains 
are back to their homeostatic state. Frost compared this negative feedback loop to 
the workings of a thermostat which controls room temperature. Thermostats are 
set at a target value, comparable to the setpoints in bone. If room temperature is 
above this value cold air will be continually pumped into the room until the temper
ature has been raised back to its preset or target value. Similarly in bone, if strains 
are above MESm, osteoblasts will continue to form bone, bringing strains back to 
homeostatic levels.

According to Frost (1987) the setpoints MESm and MESp may be ‘genetically 
determined’, and therefore vary between individuals. From their studies of hindlimb 
suspension in mice, Amblard et al. (2003) found that different strains of mice have 
different rates of response to changes in mechanical loading. This supports the 
proposal for genetically determined setpoints. Frost further proposed that changes in 
these setpoints may change with age or disease, thereby affecting the bones response 
to the apphed mechanical load. Diseases (instead of or as well as) acting on the bone 
cells directly, would alter the way in which mechanical loads are sensed, making them 
“somewhat deaf, or somewhat over-reactive” (Frost, 1987). Experimental studies 
investigating the effect of mechanical loading on bone formation in rats found that 
a single injection of parathyroid hormone (PTH) before simulation increased the 
osteogenic response (Chow et al., 1998). From this it was concluded that PTH may 
be responsible for influencing the sensitivity of the bone tissue and lends support to 
Frost’s idea of mechanosensitivity.

2.4.1 C om putational sim ulations

One way to investigate the validity of mechanical stimuli as possible regulators of 
bone remodelling is through the predictive capacity of computational simulations.
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They provide a unique way of examining biological processes and testing hypotheses 

about them, which would ordinarily not be easily examinable if carried out experi

mentally. If bone cell behaviour is indeed regulated by mechanical stimuli such as 

strain or microdamage, then mechanoregulation algorithms based on these stimuli 

can be used to simulate and predict remodelling within bone tissue.

2.4.1.1 Strain-adaptive rem odelling

Cowin and Hegedus (1976) developed the theory of 'adaptive elasticity’’ which is 

based on the concept th a t bone remodeUing is error-driven and th a t there exists a 

homeostatic state within which the bone tissue is suitably adapted. Any changes 
in load which result in strains away from this state will stimulate a bone remod

elling response to  maintain this equilibrium - a negative feedback loop is there
fore in place. However, unlike Frost’s concept of ‘ON or O FF’ remodelling, Cowin 

and Firoozbakhsh (1981) postulated tha t the ra te  of adaption was proportional to 
the change in strain from the reference strain. Implementations of this approach 

derive differential equations relating the rate of change of bone elastic modulus 
(Huiskes et al., 1987), density (Weinans et al., 1992) or surface position (Cowin and 
Van Buskirk, 1979) to the difference between actual strain (or some function of it) 
and its homeostatic level. Mathematically, the remodelling rate, is calculated 

as being proportional to the difference between the homeostatic strain level, and 
the actual strain stimulus, (Cowin and Van Buskirk, 1979);

^  -  4 ) (2.1)

where is a constant m atrix of remodelling coefficients. Applying this theory to 

real bone geometries, Cowin et al. (1985) found th a t changes in bone shape with 

time due to  an altered mechanical load could be simulated. Resulting structures 

corresponded reasonably well with animal experiments under the same loading con

ditions, see Figure 2.10.

Developing the adaptive elasticity theory further, Huiskes et al. (1987) apphed 

the theory to a computer simulation to predict bone remodelling around an idealised 

two-dimensional intramedullary prosthesis. However, instead of taking the strain 

tensor as the stimulus, strain energy density (SED) was used as it takes into account 

both the strain in all directions and the m aterial properties of the tissue itself. 

Furthermore, in a more practical sense, it is a scalar variable and directionality is 

therefore not a issue in calculations. A ‘lazy zone’ was also incorporated into the 

model within which it is assumed th a t bone remodelling is in equihbrium so there
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Figure 2.10: (a) Cross-section of sheep forehmb showing both the radius and ulna (b) 
cross-section of sheep forelimb after ulnar osteotomy. Extensive bone formation on 
the periosteal surface can be observed (Lanyon et al., 1982). (c) The computational 
model of the ulna showing its initial (shaded) and altered (dotted line) shape due to 
changes in its loading environment (Cowin, 1984). Applying the ‘adaptive elasticity’ 
theory to the computational model resulted in a structure which corresponded well 
to the experimental data.

is no net change in bone density (Carter, 1984). Internal and external remodelling 
were separated, where elastic moduli (internal) and surface position (external) were 
changed depending on the SED signal. Using this model, stress-shielding around 
the implant and bone resorption in the femoral cortex, as is observed in vivo, was 
successfully simulated.

In their study of bone remodelling of femoral bone, Weinans et al. (1992) assumed 
the stimulus was strain energy density per unit mass, (U/p). However, as bone 
remodeling is simulated by changing the material properties, Weinans et al. (1992) 
proposed that some elements in the model will be a combination of bone and marrow. 
As most (if not all) of the strain energy density is taken up by the mineralised bone



material, the calculated SED can be divided by a fraction of mixtures; ratio of the 

density of the element, pi to the actual density of bone p  (Fyhrie and Carter, 1990a). 
As p  remains constant throughout the simulation it can be ignored and the equation 

for strain energy density per unit mass. Si  is calculated as follows:

•?< =  t r  P - 2 )2pi
where Ei  is the Young’s modulus of element i  and Cj is the strain.

Applying this to an idealised femur, it was found th a t although the model started 

as a continuous structure with homogeneous material properties, the final pattern  

was discrete and a ‘checkerboarding’ effect was produced. On further examina

tion, Weinans et al. (1992) found th a t a positive-feedback loop, inherent in the 

mechanoregulation algorithm, was the cause of this phenomenon. Stiffer elements 

a ttract more of the stimulus thereby getting stiffer while neighbouring elements are 
unloaded and tend towards zero density. This result highlights some of the un

derlying difficulties with computational implementations. Various techniques have 
been proposed to remedy this effect. One such solution was proposed by Mullen- 
der et al. (1994) who suggested th a t the sensation of the stimuli and the change 
in density functions should be separated. Therefore, instead of every element act

ing as a mechanosensor and competing with each other for the stimulus, a more 
biological approach was taken whereby the mechanosensors were modelled as osteo- 

cytes, and were distributed throughout the bone tissue. Signals from these sensor 
cells mediated the response of the effector cells (osteoclasts and osteoblasts), whose 

signal decreased with increasing distance from the mechanosensor. To model this 

diminishing signal, a spacial influence function was developed as follows:

f i { x )  =  (2.3)

where f i { x )  is an exponential decay function, d(̂ x) is the distance from the osteocyte 

of interest to the location x  and D is a param eter which represents the distance 

from the osteocyte whose influence has reduced to or 36.8%. This approach 

was used to predict trabecular morphology in femoral bone. Employing a similar 

method, trabecular bone remodeUing was also simulated, this time on a tissue level, 

by examining the net change in bone mass along the surface of struts. Conflgurations 

with characteristics similar to those of actual trabecular bone architecture were 

produced (Mullender and Huiskes, 1995). It was found th a t the alignment and 

density of the stru ts were dependant on the orientation and magnitude of the appUed 

load (see Figure 2.11).
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Figure 2.11: Trabecular like patterns are formed when simulating the remodelling 
process starting from (a) a uniform density or (b) a lattice structure (Mullender and 
Huiskes, 1995).

This method was further developed by Huiskes et al. (2000), in which the func
tions of osteoclasts and osteoblasts were separated out and the coupling between 
the two cell types, which leads to refilling of resorption cavities, was investigated. 
Osteocytes were assumed to be the mechanosensors (following the approach taken 
by Mullender and Huiskes (1995)) and bone remodelling was initiated around a 
pre-existing resorption cavity. The remodelling signal for the osteoblasts was based 
on the difference between the SED at the surface (equal to a summation of all the 
signals from each of the osteocytes in the model multiplied by a distance of influence 
constant) and a threshold SED value. The model was able to explain the trabecular 
morphology and adaptation of trabecular struts due to changes in the magnitude 
and direction of externally applied loads. It was found that the strains surrounding 
the cavity signalled the recruitment of osteoblasts to the location. From this it was 
proposed that the coupling mechanism between osteoclasts and osteoblasts during 
remodelling may have a mechanical basis. This model was later developed into 3D 
by Ruimerman et al. (2003). The theory was also applied on a cellular scale, where 
the bone cells were explicitly modelled (van Oers et al., 2008a), see Figure 2.12. 
By assuming an already active resorption cavity, the progression of a BMU along a 
strut, with bone resorption followed by refilling of the cavity, was predicted.
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Figure 2.12: Trabecular structure after 1000 iterations with enlarged view of tra 
becular strut. Adapted from van Oers et al. (2008a).

Adachi et al. (2007) proposed th a t fluid shear stress, due to interstitial fluid flow 

within the canaliculi, was the a ttractor stimulus and responsible for the regulation of 
bone cells. Therefore, in addition to osteocytes themselves, their processes were also 

modelled by examining every integration point within a spherical region surrounding 
an osteocyte. Applying an algorithm based on these assumptions, the reorientation 

along the direction of loading of a single trabecular stru t was successfully simulated.
In contrast to this adaptive remodelling approach, Fyhrie and C arter (1986) 

suggested th a t bone tissue adapts to minimise the amount of bone while optimising 
its structure, based on observations made by Wolff (1892). By relating trabecular 
alignment to principle stress directions and apparent density (p) to an effective stress 
function, an optimised structure can be achieved. Instead of bone tissue adapting 

from one loading configuration to another as with adaptive remodelling, it is assumed 
th a t bone is adapted to an optimised ^effective stress', cTeff, as follows:

P = (2-4)

where A  and a  are constants. <Je// can be based on either strength or strain consid

erations. The first criteria considers the strength of the structure by either optimis

ing its ultim ate strength or its factor of safety against fatigue damage (see Section 
2.4.1.2). The strain criteria is based on the strain  energy density (of the mineralised 

tissue). Using this approach. C arter et al. (1987) derived the following equation for

aef f  =  \ /2 E U  (2.5)
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where E  is the apparent elastic modulus and U is the strain energy density. Carter 

proposed th a t bone adapts to a multiple of loading conditions, representative of 

the different loading cycles experienced daily, and therefore a single load case is 

insufficient to get a true understanding of bone adaption; instead multiple loads 

should be considered. By applying different loading cases to a proximal femur of 

uniform density, this theory successfully predicted an optimal density distribution 

which corresponded reasonably well with radiographs of real femoral architectures 

(Carter et al., 1989).

2.4.1.2 Dam age-adaptive rem odelling

In addition to strain, damage has also been hypothesised to be a controlling stim

ulus for bone remodelling (Frost, 1960b; Carter, 1984; Burr et al., 1985). Carter 

et al. (1987) were the first to derive a m athem atical expression for damage-regulated 

remodelling th a t could be incorporated into a com putational simulation. They as

sumed tha t bone has a unique margin of safety against failure throughout the struc
ture and th a t the density is adapted to m aintain this safety margin. This factor 
of safety for the bone tissue was based on the number of cycles to failure [Nt) and 

calculated as a ratio of the magnitude of apphed load (ai) to ultim ate load (cr„/():

where b, A are experimentally determined constants.
The damage accumulated from a number of different stress cycles over the course 

of a day were summed. Assuming th a t bone strength is approximately twice tha t 

of the apparent density (Carter and Hayes, 1977), an expression for density was 

formulated as follows:

where p is the density, is the number of cycles of loading m agnitude ctj. Using 

this optimisation criteria trabecular bone morphologies from homogeneous models 

could be predicted.

remodelhng process. In their model, they assume th a t if bone is overloaded damage

tissue will be resorbed so as to reduce the factor of safety to an efficient level. A

( 2 .6 )

(2,7)

Prendergast and Taylor (1994) also considered damage to be a regulator of the

will accumulate at a faster rate than  it can be repaired and to ensure a certain factor 

of safety against fracture bone mass is added to the surface. Conversely underloaded
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homeostatic level of damage is assumed to exist in bone which does not effect the 

strength or function of the bone structure, this is referred to as the damage at re

modelling equilibrium or u j r e - Bone remodelling is simulated when damage levels 

differ from l o r e - An accumulative damage effect is also taken into account so tha t 
a loading history of the bone is considered. The mechanoregulation algorithm is 

derived such th a t the change in surface position is proportional to  the difference 

between the actual rate of damage accumulation (a;) and the rate of damage re

pair, which is computed as the rate of damage accumulation at the remodelling 

equilibrium, l o r e -

where (7 is a constant related to  the rate of resorption/form ation. Applying this 

theory to a simplified bone diaphysis model under a torsional load, physically rea

sonable predictions of bone remodelling were obtained.

2.4 .1 .3  C om bined strain  and dam age ad ap tive  rem odelling

concerned with how either strain or microdamage regulates the process (Cowin and 

Hegedus, 1976; Huiskes et al., 1987; Prendergast and Taylor, 1994). However as both 
stimuli have been shown experimentally to influence bone cell behaviour,to fully un

derstand the remodelling process an algorithm should incorporate both  strain and 

damage (Prendergast and Huiskes, 1996). M cNamara and Prendergast (2007) ex
amined a number of different perm utations of strain  and damage algorithms and 

found th a t the one which provided the most realistic prediction of BMU behaviour 

was a combined strain and microdamage stimulus, where damage-stimulated resorp

tion only occurs once a critical damage level is exceeded. Complete resorption of 

damaged tissue and refilling of the cavity were successfully simulated along a 2D 

single trabecular strut; however, the complex 3D development of a BMU has yet 

to be simulated. This algorithm has also been used to simulate bone remodelling 

around a hip implant, including resorption of the bone tissue distal to the prosthesis 

as is observed chnically (Scannell and Prendergast, 2008).

2 .4 .1 .4  R ule-based  R em od ellin g

Bone remodelling is a highly complex biological process during which numerous 

biochemical pathways are active. Algorithms which take account of the mechano- 

regulatory stimuli alone may not sufficiently describe the entire process. Although

{u ! -  C o R E ) d t
Jto

(2.8 )

Previous theoretical and com putational studies of bone remodelling have been mainly
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mechanical stimuli may ultimately regulate bone remodelling, other biochemical 
factors may be operating concomitantly, influencing bone cellular behaviour. Ament 
and Hofer (2000) and Shefelbine et al. (2005) in their work on fracture healing, found 
it necessary to implement ‘fuzzy logic’ into their computational simulations. ‘Fuzzy 
logic’ is a set of mathematical rules or conditions which must all be achieved before 
a particular action can take place. The rules can be derived from experimental or 
clinical observations and therefore biological factors affecting cellular behaviour can 
be accounted for in addition to mechanically derived ones. For example, one such 
statement incorporated by Shefelbine et al. (2005) is as follows:

IF % cartilage in element is low AND hydrostatic pressure is positive 
medium AND octahedral shear strain is medium AND vascularity is high 
AND % bone in neighbouring element is not low THEN bone formation 
occurs.

Therefore, even if the mechanical stimuli are optimum for intra-membraneous ossifi
cation, vascularity and %bone in neighbouring region (both biological factors) nmst 
also be of a sufficient level for the process to occur. Generally, computational mod
els simulating bone remodelling only consider the mechanobiological mechanisms in 
predicting the process, with biological pathways being largely ignored. However, 
it is proposed, that these biological factors are vital for a more realistic prediction 
of bone cell behaviour and therefore, in addition to these mechanoregulation algo
rithms, it is necessary to include supplementary rules to take into account certain 
biological factors involved in the remodelling process.

2.5 O steoporosis 

2.5.1 A ge-related B one Loss

Age-related bone loss is an inevitable process which affects the whole human popu
lation. Although it is a universal occurrence, the rate and extent of the loss of bone 
differs between individuals and between groups. In general, bone mass increases 
up to maximum at around the age of 30. Twin studies have shown that although 
environmental factors such as diet and exercise contribute to the amount of bone 
mass obtained during growth, up to 70% of peak bone mass can be explained by 
genetics (Seeman et al., 1989; Slemenda et al., 1996).
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From dual photon absorptiometry studies of the proximal femur and lumbar 
spine, Riggs and Melton III (1992) examined the change in bone mass with age in 
both males and females (Figure 2.13). They found that once peak bone mass has 
been reached, there is an age-related decrease in bone mass in both cortical and 
trabecular bone. The rate of this decrease differs between men and women; men 
generally undergo gradual bone loss over a long period of time whereas women lose 
bone in two stages. The first stage includes the rapid bone loss experienced after 
the menopause. The rate then flattens out in the second stage to a line of similar 
curvature to that of the man. Bone loss in both male and female then continues 
indefinitely. It has been found that the pathophysiology is different between the 
two sexes with men losing bone mass through thinning of struts (Aaron et al., 
1987; Compston et al., 1987), whereas women maintain trabecular thickness but 
lose connectivity (Parfitt et al., 1983; Waarsing et al., 2006). Within the sexes, the 
rate and extent of bone loss has been found to differ between individuals (Pouilles 
et al., 1996; Vico et al., 2000). Whether differences in the rapid bone loss phase in 
women (e.g. when it begins, length of time it lasts or rate at which loss occurs) can 
explain the difference in magnitude of bone loss between individuals is not known.

Male

Female

800 20 40 60 100
Age, yr

Figure 2.13: Change in bone mass with age for both male and females, (Riggs and 
Melton III, 1983). Only the average is shown in the graph. However, the magnitude 
of peak bone mass attained and the rates of bone loss will differ between individuals.

36



A DEXA machine (dual-energy X-ray absorptiometry) is often used to monitor 
bone loss in patients. It is a non-invasive technique which images and measures 
the areal bone mineral density in the femoral head and vertebrae. If bone mineral 
density is 2.5 standard deviations below a threshold value (measured as the BMD of a 
population of healthy young adults) an individual is diagnosed as being osteoporotic 
and is at risk of developing a fracture (according to the world health organisation 
(WHO) classification criteria). Discussions have arisen over the reliability of this 
technique at diagnosing osteoporosis. One of the reasons for this is that a 2D 
measurement is used to characterise a 3D structure. Researchers have suggested that 
the architecture of the struts and the subregional density differences provide stronger 
determinants of fracture risk. These factors are overlooked using this method (van 
Rietbergen et al., 1997; Legrand et al., 2000). The quality of the bone tissue, for 
example architecture, microdamage and mineral/collagen content, rather than its 
quantity is also an important factor in determining fracture risk (Bouxsein, 2003; 
Dai et al., 2004; Burr, 2004). However, other clinical techniques have yet to be 
established.

2.5.2 Epidem iology

Osteoporosis is a universally prevalent skeletal disease in which bone mass is lost, 
leading to a deterioration in bone architecture and increased risk of bone fracture. 
It has been estimated that 1 in 3 women and 1 in 5 men over the age of 50 will 
experience an osteoporotic fracture (Melton HI et al., 1992, 1998). Indeed, the 
lifetime risk of sustaining an osteoporotic fracture is greater than developing breast 
cancer in females (Ries et al., 2006; van Staa et al., 2001). Similarly, men have an 
equal lifetime risk of experiencing an osteoporotic fracture over the age of 50 than 
of developing prostate cancer (Merrill et al., 1997). Osteoporosis is generally an 
ageing affliction and because of recent advances in healthcare the life expectancy 
of the global population has been projected to increase over the next 50 years. 
Indeed, according to the UN World Population Prospectus (2006), by 2050 global 
life expectancy is expected to increase from 67.2 years to 75.4 years. As a result, the 
number of bone fractures is set to increase; for example hip fractures are projected 
to increase by 240% in women and 310% in men by 2050 (Gullberg et al., 1997).

Vertebral microfractures and femoral neck fractures commonly occur and have 
serious health and social implications for sufferers. Both fracture types invariably 
result in chronic pain, reduced mobility, disability and loss of independence, however, 
vertebral microfractures can remain undetected for some time and lead to height 
reduction and deformity. What many people do not realise is that hip fractures
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also result in a high mortality rate, with up to 10-20% of patients dying within 6 
months of the fracture (Riggs and Melton III, 1995). Only a third recover to full 
pre-fracture mobility (NIH Consensus Panel, 2001).

Not only does osteoporosis have a serious impact on the quality of life of its 
sufferers it also has huge implications on a country’s economy. Each year there are 
3.79 million osteoporotic-related fractures in Europe which equates to one fracture 
being sustained every 8 seconds. The direct cost was estimated at €31.7 billion. 
This figure does not include the rehabilitation cost which has been estimated to be 
up 2.5 times greater than this. Based on changes in the demography of Europe this 
figure is expected to increase to €76.7 billion in 2050 (Kanis and Johnell, 2005). 
Therefore osteoporosis is a serious health concern for many millions of people across 
the world and it is imperative that all research approaches, including computational 
modelling, are used to try and understand the pathology of the disease.

2.5.3 C auses o f O steoporosis - a b ioengineering perspective

As bone ages a disruption can occur in the remodelling process and a situation can 
arise whereby more bone is resorbed than is formed. This leads to an overall re
duction of bone mass, a deterioration in architecture and increased risk of fracture. 
In osteoporotic bone, bone loss occurs due to perforation and complete loss of in
dividual trabeculae. Using a novel in-vivo //CT technique, Waarsing et al. (2006) 
examined the changes of ovariectomised rat tibial bone with time and found that 
in addition to trabecular perforation and resorption, that some remaining struts 
become thicker than before, see Figure 2.14.

Trabecular struts resorbed

Remaining
struts

thicken

(a) (b)

Figure 2.14: /iCT images of the trabecular architecture in the proximal head of a 
rat tibial bone (a)before and (b)52 weeks after ovariectomy (Waarsing et al., 2006).
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Work carried out by Homminga et al. (2004) suggests that osteoporotic bone may 
in fact be overadapted to normal loads. They created micro-finite element models 
of normal and osteoporotic vertebral bodies and found that similar levels of stresses 
and strains were experienced within the struts between the models under normal 
loading activities. However when an ‘error’ load (load with change in direction and 
magnitude) was applied the percentage of over-stressed trabeculae was greater in 
the osteoporotic bone, increasing the fracture risk. Further analyses found that the 
trabecular struts were more ahgned with the principal direction of loading in the 
osteoporotic bone, so that although the bone mass was reduced a similar stiffness 
(in the loading direction) to that of the normal bone was maintained. However, this 
leads to a decrease in the bones ability to withstand loads outside the normal range.

The mechanisms that drive this rapid resorption of bone are not fully understood. 
Age-related bone loss universally affects all populations, however not all individuals 
go on to develop osteoporosis. As humans age, activity usually decreases and a more 
sedentary lifestyle is pursued. Loads applied to the bones are therefore reduced and 
it is conceivable that bone skeleton would compensate for this reduction by resorbing 
the excess bone tissue, similar to what occurs in disuse. This would be fine if the 
risk of falling also decreased; however muscle control also reduces with age, leading 
to a greater risk of falling/stumbling and an associated increase in fracture risk. 
However, these changes to the individual’s physiology with age do not fully explain 
the rapid loss of trabecular bone observed in osteoporotic patients.

Peak bone mass has been shown to be an indicator of those individuals more at 
risk of developing osteoporosis at a later stage (Seeman et al., 1989; Hernandez et al., 
2003). This may, in part, explain the racial and sexual differences in the occurrence 
of osteoporosis. Studies have shown that white women have the lightest skeleton 
when compared to black women who in turn are lighter than white men, with black 
men having the heaviest bones. The incidence of osteoporosis between these groups 
has been found to follow accordingly, with white women most at risk (Looker et al., 
1995). Individuals with lower peak bone mass, even with normal remodelling rates, 
combined with age-related bone loss have an increased predeposition to osteoporosis 
and are at an increased risk of fracture. Initially having a lower bone mass when 
you start to lose bone, results in quicker and be more pronounced bone loss.

Changes in normal BMU behaviour have also been cited as a possible cause. 
The increased bone loss in women after the menopause supports the idea that es
trogen is an essential hormone that plays a role in regulating bone remodelling and 
maintaining bone mass. The following mechanisms have been proposed;

39



(i) Estrogen deficiency has been shown to affect the behaviour of osteoclasts 
(Oursler et al., 1991): when estrogen levels drop the activation frequency 
of osteoclasts is increased therefore the chances of a normal resorption cavity 
perforating a thinner strut are increased (Recker et al., 2004).

(ii) Estrogen deficiency has also been shown to decrease osteoclastic apoptosis 
which leads to more bone being resorbed and an increase in the depth of 
resorption pits (Hughes et al., 1996; Eriksen et al., 1999; Boyce et al., 1995). 
If this is the case then bone would be lost due to larger cavities perforating 
normal sized trabecular struts.

(iii) Abnormal osteoblastic behaviour has been cited as the possible cause for 
under-refilling of resorption cavities. It has been proposed that the subnormal 
amount of bone formation could be due to too few osteoblasts being assembled 
as a result of the coupling mechanism, a decrease in active osteoblast longevity 
or too few preosteoblasts being available (Lips et al., 1978; Jilka et al., 1996; 
Eriksen and Kassem, 1992).

(iv) Changes in the osteoblasts themselves may render them less capable of pro
ducing a normal amount of osteoid per cell (Mullender et al., 1996b).

However, many researches have not been satisfied that this slow loss of bone tis
sue due to an osteoclast/osteoblast imbalance fully explains the rapid and complete 
loss of individual bone struts which occurs during osteoporosis (Parfitt et al., 1983; 
Waarsing et al., 2006). An image of such a perforation is shown in Figure 2.15.

Figure 2.15: SEM image of trabecular bone showing the osteoclastic perforation of 
a thin horizontal strut (Mosekilde, 2000).
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A change in the mechanosensitivity of the bone tissue has also been proposed 
as a biomechanical mechanism for bone loss due to age and disease (Frost, 2003). 
Loss of sensitivity may be due to a reduction in the number mechanosensors within 
the bone tissue or due to a reduction in their ability to perceive changes in the 
loading environment. A study carried out by Mullender et al. (1996b) found that 
the fraction of empty lacuna in osteoporotic human vertebrae did not differ from 
normal bone. Similarly, Robling and Turner (2002) examined the number of lacunae 
between different strains of mice which had different responses to loading and again 
found no difference in osteocyte number. These results would suggest that the 
reduced mechanosensitivity between individuals occurs at the cellular level rather 
than being due to a decreased number of sensor cells. Indeed, experiments involving 
the mechanical stimulation of bone cells from osteoporotic patients have found a 
decreased response to mechanical stress when compared to cells from healthy controls 
(Sterck et al., 1998). Damien et al. (1998) proposed a possible pathway through 
which estrogen withdrawal may affect mechanosensitivity. Studies have shown that 
the estrogen receptor alpha (ERa) found in osteoblasts and osteocytes diminishes in 
the absence of estrogen. This reduction in ER number may reduce the cells’ response 
to strain thereby reducing the strain-related signal downstream. Studies carried out 
on cells from ERo; knockout mice have shown a reduced response to mechanical 
strain than osteoblasts from healthy control animals (Jessop et al., 2004). These 
experiments would suggest that the mechanosensor cells are not properly reacting 
to the stimuli they are receiving.

In bone, subtle changes to the molecular composition of bone matrix may result 
with age or disease. It has been proposed that material properties of the bone 
tissue itself are altered during osteoporosis. Mechanical testing of rat trabecular 
struts have shown that ovariectomized (OVX) bone tissue is stiffer than age-matched 
healthy controls on a tissue level (McNamara et al., 2006a). By micromechanically 
tensile testing individual struts taken from healthy and OVX rats at different times 
(between 0 and 54 weeks after operation), a higher elastic modulus for the OVX 
trabeculae when compared to age-matched control tissue level (McNamara et al., 
2006a). In particular, statistically significant differences were found at weeks 14 (5.11 
±  3.89 versus 2.67 ±  2.60) and 34 (3.66 ±  versus 2.61 ±  0.79). Such increases in the 
elastic modulus may result from increases in the mineral content that occur in the 
OVX trabecular tissue, as jiGT testing of these trabecular struts showed (McNamara 
et al., 2006a), see Section 2.2.2. Several other investigations have been made into 
the mineral content of osteoporotic bone with conflicting results. Some have found 
no change or a decrease to occur due to the disease (Li and Aspden, 1997; Roschger
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et al., 2001); whereas increases have also been reported (Boyde et al., 1998; Ciarelli 
et al., 2003; McNamara et al., 2006a). Currey investigated the effect of changes in 
mineral content on the mechanical properties of normal cortical bone and found that 
increases in minerahsation lead to reduced toughness and impact strength thereby 
allowing cracks to propagate more easily through the tissue (Currey, 1984; Currey 
et al., 1996). Given that bone cell activity is believed to be influenced by mechanical 
stimuli (Lanyon, 1993), and in particular by strain and/or microdamage (as reviewed 
in Section 2.3), then it is possible that such changes in elastic properties could affect 
the stimuli getting through to bone cells and alter the remodelling process.

2.5.4 Treatm ents o f O steoporosis

Osteoporotic drugs are mainly concerned with inhibiting osteoclast behaviour and 
thereby preventing further bone loss. One particular type of these anti-catabolic (or 
anti-resorptive) drugs are known as bisphosphonates. Bisphosphonates have a high 
affinity for bone mineral and when ingested by osteoclasts, osteoclastic activity is 
reduced, their cytoskeleton is altered and apoptosis rate increases (Fleisch, 1997). 
However, concerns have been raised about the quality of the bone remaining after 
the use of this drug. If osteoclasts are stopped and bone turnover is prevented, 
damage will accumulate which could affect the mechanical properties of the bone 
tissue (Mashiba et al., 2000). Furthermore, these drug treatments have only been 
found to reduce fracture incidence by up 50% (Delmas, 2002). Therefore, further 
research into the development of a more effective treatment of osteoporosis is still 
required.

Other treatments include calcium and Vitamin D; calcitonin, Hormone replace
ment treatment (HRT); SERMs (Selective Estrogen Receptor Modulators); Stron
tium Renalate; flouride; and Parathyroid hormone (PTH), the latter two being 
anabolic drugs which promote osteoblast bone formation (Rossouw et al., 2002; 
Glusman et al., 1998; Gruber and Baylink, 1991; Uusi-Rasi et al., 2005). However 
conflicting results have been reported on their effectiveness at reducing fractures 
and on their adverse effects on patients.

2.5.5 C om puter Sim ulations o f O steoporosis

Examining the mechanisms behind osteoporosis can be a difficult task when done 
experimentally as the monitoring of bone cell behaviour in their environment cannot 
be easily carried out. Therefore an important method of examining some of the 
proposed causes behind the adaptation of bone during osteoporosis is through the
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use of computational simulations, van der Linden et al. (2004) investigated the 
effect that increases in bone tissue elastic modulus may have on the architecture of 
blocks of trabecular bone. Cubic samples of human vertebrae were converted into 
finite elements and bone remodelling was simulated, assuming the stimulus for bone 
adaptation to be maximal principal strain and osteocytes as the mechanosensors. 
It was found that increasing the elastic modulus by 50% led to a reduction in bone 
mass of between 2-30% and a more anisotropic architecture was produced.

From computational simulations on a 3D lattice of trabecular bone, Ruimerman 
et al. (2005) investigated how estrogen deficiency may affect bone architecture. To 
examine this, the activation frequency of the osteoclasts was increased. In a method 
similar to Huiskes et al. (2000), strain energy density was assumed to be the stimu
lus and osteocytes distributed throughout the bone tissue were the mechanosensors. 
Damage was assumed to occur randomly throughout the trabecular bone, attracting 
osteoclasts whereby a set vohnne of bone was resorbed. Strains surroimding this re
sorption cavity regulate osteoblastic bone formation. When the activation frequency 
at which osteoclasts were recruited increased, thinning of the struts occurred along 
with a loss in connectivity and a reduction in bone mass, see Figure 2.16.

A further study carried out by van Oers et al. (2008b) also examined the effect 
of increased osteoclast activity but in two different ways: firstly, by increasing the 
resorption cavity depths and secondly, increasing the number of resorption pits. 
In contrast to the model by Ruimerman et al. (2005), osteoclasts were explicitly
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Figure 2.16: The homeostatic configuration in (a) normal bone and (b) after 200% 
increase in osteoclast activation frequency, (c) Graph showing the development 
of volume fraction towards a new homeostatic state by increasing the osteoclast 
activation frequency by 100% and 200%. Adapted from Ruimerman et al. (2005).
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modelled. Results showed that bone loss occurred in both simulations but that 
although the increase in resorption activity was equal, bone loss was more severe 
when the number of resorption pits was increased. However, bone was lost through 
thinning of the struts rather than by penetration of trabeculae or plates.

None of these previous computational studies could explain the mechanism of 
trabecular perforation that occurs in osteoporosis. Work carried out by McNamara 
and Prendergast (2007) investigated the effects of increases in the elastic modulus of 
bone tissue, as observed in mechanical testing of OVX trabecular struts (McNamara 
et al., 2006a), on bone remodelling. Assuming a stimulus which combined both strain 
and microdamage and bone-lining cells to be the mechanosensors, bone remodelling 
was simulated along a 2D single trabecular strut. They found that the increased 
stiffness led to perforation of the strut. Elevated stresses at the base of the cavity, 
resulting from the increased elastic modulus, damaged the surrounding tissue. As 
osteoclasts were assumed to be regulated by damage, this tissue was resorbed leading 
to further damage formation and subsequent removal (Figure 2.17).
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Figure 2.17: Comparison of predicted bone remodelling along a single trabecular 
strut with (a) normal bone tissue (E =  2.2 GPa) and (b) osteoporotic bone (E =  
4.0 GPa). Adapted from McNamara (2004).

Iteration 50

44



The effect of an increase in resorption depth as has been observed experimen
tally in osteoporotic patients (Eriksen et al., 1985), was also investigated using the 
same model (McNamara and Prendergast, 2005). It was found that high stress con
centrations at the base of the enlarged cavity resulted in the bone tissue becoming 
damaged. Consequently, perforation of the trabecular strut occurred as osteoclasts 
‘chased’ the damaged tissue. However, these simulations were only examined in 2D 
and the effect of trabecular architecture was not accounted for.

2.6 Conclusion

The stimuli that regulate bone remodelling are not fully understood, however ex
perimental evidence suggests that both strain and microdamage play an important 
role in controlling this process. Previous computational models simulating bone re- 
modelhng have generally considered a single stimulus and applied these algorithms 
to continuum models of bone. Indeed, simulations of the bone remodelling cycle on 
the trabecular level in 3D have yet to be addressed. It is the contention of this thesis 
that only an algorithm that combines both strain and microdamage can simulate 
reahstic remodelling in a trabecular strut.

Many different theories have been put forward regarding the causes of osteoporo
sis but generally it is attributed simply to the unphysiological behaviour of osteo
clasts and/or osteoblasts which leads to an imbalance in bone remodelling. In this 
work, the author will develop a mechanoregulation algorithm based on strain and 
microdamage and use it to investigate the idea that bone cells are behaving normally 
but are receiving misdirected signals as a result of either changes in the material 
properties of the bone tissue or decreases in the sensitivity of the mechanosensors. 
By investigating these effects in a computational model of a trabecular strut, it 
is hoped that the changes that occur in the bone remodelling process as observed 
in osteoporotic patients can be simulated. If successful, these causes may provide 
alternative targets for the treatment of this disease.

45





Chapter 3

M ethods

Contents
3.1 Introduction  .......................................................................................................... 48

3.2 Form ulation o f  a m echanoregulation  algorithm  for bone re
m odelling  49

3.2.1 Continuous remodeUing algorithm ......................................... 50

3.2.1.1 Microdamage-stimulated re s o rp t io n ..................... 51

3.2.1.2 Strain-adaptive remodelling.....................................  52

3.2.2 Boolean remodelling a lg o r i th m ...............................................  53

3.2.3 ‘Rule’ coordinating the spatial behaviour of osteoblasts . 55

3.3 C om putational im p le m e n ta t io n ......................................................................57

3.3.1 Finite element m odel................................................................... 57

3.3.1.1 Idealised s t r u t ............................................................ 58

3.3.1.2 Realistic s t r u t ............................................................ 58

3.3.2 Material p roperties.....................................................................  60

3.3.2.1 Homogeneous materials p ro p e rtie s ........................  60

3.3.2.2 Inhomogeneous materials p ro p e r tie s ..................... 60

3.3.3 Boundary cond itions................................................................... 68

3.3.4 Initial co n d itio n s .........................................................................  70

3.3.5 Mechanosensors............................................................................  70

3.3.5.1 Bone-hning cells as m echanosensors..................... 71

3.3.5.2 Osteocytes as m echanosensors............................... 71

3.3.6 Remodelling rates ......................................................................  72

3.3.6.1 Continuous remodelling r a te s ..................................  72

3.3.6.2 Boolean remodelling ra te s ......................................... 74

3.3.7 Stress-averaging technique.........................................................  74

47



3 .4  A p p lica tio n  o f  a l g o r i t h m .................................................................................... 76

3 .5  C o m p u ta tio n a l in v e s t ig a t io n ............................................................................. 77

3.5.1 Inclusion of a biological r u le ...................................................... 77

3.5.2 Osteocytes v bone-lining c e l l s ..................................................  78

3.5.3 Changes in elastic m o d u lu s ......................................................  78

3.5.4 Inhomogeneous material properties........................................  78

3.5.5 M echanosensitivity....................................................................... 79

3.5.6 Depth of resorption ca v ity .........................................................  79

3.5.7 Changes in remodelling r a t e s ..................................................  80

3.5.8 M od ellin g ........................................................................................ 81

3.5.9 Two strut m o d e l .......................................................................... 81

3.5.10 Mesh convergence t e s t ................................................................ 81

3.5.11 Damage initiation ......................................................................  81

3.5.12 Parameter s t u d y ..........................................................................  83

3 .6  S u m m a r y .....................................................................................................................83

3.1 Introduction

Computational modelling provides an important and essential tool for investigat
ing the mechanical stimuli that regulate bone cell behaviour, and examining the 
changes that may be occurring to it, as a result of age or disease, that leads to bone 
loss. In this chapter, a combined strain-adaptive and damage resorptive algorithm 
is developed and its application to a computational model of a single trabecular 
strut to simulate bone remodelling is presented. If successful, the model will then 
be used to test the hypothesis that changes in the mechanotransductive process, 
either by alterations in the material properties of the bone tissue or changes in the 
mechanosensitivity of the sensor cells, lead to the rapid resorption of trabecular 
struts and ultimately to the development of osteoporosis. The chapter is divided 
into three sections. The first part is concerned with the mechanoregulation algo
rithm and its formulation. Next, the finite element models, to which the algorithm 
will be applied, are described. Finally, a summary of the computational simulations 
that will be carried out is presented.
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3.2 Form ulation o f a m echanoregulation algorithm  
for bone rem odelling

Bone remodelling is simulated by changing the bone tissue’s material properties. 

To achieve this, a finite element model of a trabecular stru t is created, throughout 

which mechanoresponsive cells are assumed to be located. Stresses and strains from 

the computational simulation are used to calculate a remodelling stimulus at each 

of these sensor locations, which are then converted to a signal and transm itted to 

the trabecular surface. The material properties of the surface bone tissue are then 

changed based on these signals and according to a mechanoregulation algorithm.

The algorithm used to simulate a bone response to mechanical loading is based on 

two physiological observations: the first is th a t bone normally adapts to mechanical 

strains (Lanyon et al., 1982), and secondly, th a t microdamage within the bone tissue 

is targeted for removal (Frost, 1960b; Burr et al., 1985; Schaffier, 2003). Both these 
mechanoregulatory stinuili were combined into a single stimulus such th a t the strain- 

mediated response only occurs when damage is below a critical level denoted u jc r u ]  if 
U c r i t  is exceeded then removal of the damaged tissue by resorption will be initiated 

irrespective of the strain-signal. In the case of strain-adaptive remodelling, if the 
strain is below then osteoclasts remove bone from a surface and if strain is 

greater than e m a x  then bone is deposited. It is assumed th a t both strain and damage 
stimuli are perceived by the mechano-sensitive cells. As bone remodelling is a surface 

phenomenon and trabecular bone is modelled on tissue rather than continuum level, 
these signals are then transm itted to the surface of the stru t and bone cells are 

recruited accordingly.
Remodelling is simulated by changing the bone tissue’s true density, p .  Two dif

ferent implementations of this mechanoregulation algorithm were investigated: con

tinuous and threshold Boolean remodelling. Following Cowin’s adaptive elasticity 

theory (1976; 1979), the continuous remodelling approach assumes th a t bone adapts 

in response to a deviation from threshold values and th a t the rate of bone resorp

tion and formation is dependent on the magnitude of the difference detected by the 

mechanosensors. Therefore, increases in the signal lead to a proportional increase in 

the rate of bone resorption/formation. Such approaches have been used previously 

by Cowin and Van Buskirk (1979), Huiskes et al. (1987), Weinans et al. (1992) and 

McNamara and Prendergast (2007). On the other hand. Boolean remodelling is 

based on the threshold or O N /O FF approach proposed by Frost (1987), whereby 

bone cells will continue acting once a signal is being received and will only stop when 

the signal has ceased. It assumes a constant rate of bone resorption and formation
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by the bone cells which is independent of the signal. The continuous remodelling 

algorithm will be described in detail and the changes to the algorithm when Boolean 
remodelling is applied are discussed in Section 3.2.2.

3.2.1 C ontinuous rem odelling algorithm

Assuming the rate at which bone is resorbed/deposited is proportional to the signal

(S freceived by the bone cells, the rate of change of density, is calculated as follows:

If a; >  oJcrit 

else if 6 ^min 

else if 6 ^  ^max 

else

then

then

then

q^  d am age^  damage

dp = c:s tra in ^ s tra in

5ĵ
5t

St

P  (~<f q
-  ~  s tra in ‘d  stra in

=  0 (3.1)

m m  E irid  (^max < irewhere u) is the damage level; e is the strain at the mechanosensor; e 

the lower and upper strain limits respectively. Sstrain is the strain signal and Sdamage 
is the damage signal sensed by the mechanosensor and transm itted to the surface 

cells; C'̂ damage ^Itrain ^^e ratcs of bonc resorption and represents the
bone formation rate, see Figure 3.1.

strain

Strainmax
strain

^  damage

Strain-adaptive remodelling 
“  — Damage-simulated resorption

Figure 3.1: Combined strain-adaptive remodelling and damage-simulated resorption 
algorithm using the continuous remodelling concept. The rates of remodelling are 
indicated beside their corresponding curve.
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The new density at each site is then approximated each iteration using the Euler 
forward method:

pi+i ~  ^

As the new density can be a combination of bone and resorbed bone, the apparent 
density of the tissue is calculated using the exponentially-determined relationship 
between elastic modulus and density of bone of Morgan et al. (2003) i.e.

E  = Bp^ (3.3)

where B  and n are empirical constants, see Table 3.1.

3.2 .1 .1  M icrodam age-stim ulated  resorption

In this model, damage levels are determined throughout the bone tissue and are 
allowed to accumulate in each iteration, thus providing a loading history of the 
trabecular strut. It is assumed that there is no damage in newly formed bone and 
so damage levels are reset to zero once bone has been completely resorbed. Damage 
is calculated using the remaining life approach: if damage is assumed to grow linearly 
to a maximum value of 1 (total failure) with the number of cycles to failure, denoted 
Nf  , then the damage accumulation rate, denoted u,  equals 1/A^/ from Miner’s rule 
(Prendergast and Taylor, 1994); in this study Nf  is calculated from the S-N curve 
determined by Carter et al. (1976) as follows:

log =  i f  log (j +  JT  +  +  M  (3.4)

where T  is the temperature of the bone {^C), p is the density of the bone (g cm“ )̂ 
and H, J, K  and M  are all empirical constants, see Table 3.1. This equation was 
determined experimentally for cortical bone; however, it is comparable to the re
lationship determined by Choi and Goldstein (1992) from fatigue testing of single 
trabecular struts within the stress range experienced in this simulation. As little dif
ference was found between each equation, it was decided to use the Carter equation 
to be consistent with other bone remodelling simulations (Prendergast and Taylor 
(1994), McNamara and Prendergast (2007) and Scannell and Prendergast (2008)). 
By summing the damage over the time period, t, a value for the level of accumulated 
damage, u> is then calculated as follows:

t

uj = (hdt (3.5)
0
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Table 3.1: Damage constants
D am age p a ra m e te rs

B 650.0“
n 2.0“
r("c) 37*
H -7.789'’
J -0.0206'’
K 2.364''
M 15.47'’

“Morgan et al. (2003) 
^Carter et al. (1976)

Following the ideas proposed by Prendergast and Taylor (1994), it is assumed 
that as microdamage is observed normally throughout bone, a certain level of dam
age is tolerable (later found to accord with experimental measurements of Lee et al. 
(2002)). However, once damage accumulates greater than a critical value, it initiates 
a damage repair signal. According to the algorithm, when damage accumulates such 
that u) is greater than Ua-it the damaged region is resorbed. This is in contrast to 
the method employed by Prendergast and Taylor (1994), in which it was assumed 
that increases in damage above LOcrit lead to bone formation to increase the factor of 
safety and prevent failure of the bone. The critical level of damage, ujcriu at which 
this repair process is initiated is taken here to be the damage caused by a single 
loading cycle at 3500 /xe (numerically this value is 1.3x10“ ^̂  and is calculated based 
on an elastic modulus of 2.6 GPa determined by McNamara et al. (2006a)). If the 
level of damage is greater than uja-it then the damage signal, Sdamage■, is the differ
ence between the actual damage at the mechanosensor minus the critical damage 
and the bone tissue is resorbed, otherwise damage levels are acceptable and Sdamage 
=  0, with damage being accumulated forward to the next iteration, i.e.

If ^  ^  ^crit then Sdamage ^  ^crit

else Sdamage = 0 and 00 = u> + cOdt (3.6)

3.2.1.2 S tra in -ad ap tiv e  rem odelling

The strain-adaptive remodelling stimulus is based on the strain energy density per 
unit mass (Fyhrie and Carter, 1990b; Weinans et al., 1992), denoted U (with units 
J g“^), and is calculated as follows:



where E is the elastic modulus of the material at the mechanosensor (GPa), e is the 
strain tensor and p is the density of the material (g cm“^). The strain signal, Sstrain, 
is given as

^strain U  Uj-gf (3.8)

where Uref is the reference strain energy density. Following Carter (1984) a zone of 
equilibrium strains (so called ‘dead zone’) is incorporated into the model, between 
emin and €max (sec Figure 3.1), within which no change in material properties and 
therefore no change in bone architecture occurs. For strains below the lower limit, 
^min, bone resorption occurs and for strains greater than the upper limit, emax-, bone 
formation is initiated to strengthen the strut and reduce strain levels to homeostatic 
values. To account for the ‘dead zone’, the value for Uref and therefore the magnitude
of Sstrain IS dependent on the strain at that particular mechanosensor.

If e < €rnin tlieU

else if e > e^ax then

else

3 .2 .2  B oo lean  rem od ellin g  a lgorithm

The concept that bone cells have a response that is proportional to the remodelling 
signal received may not be realistic. Rather, it is an idea that originated in adap
tive elasticity theory. Moreover, research on single cells have found no relationship 
between the amount of simulation of osteocytes and osteoblasts and the degree of 
signalling biochemical produced (Vatsa et al., 2006; McGarry et al., 2008). Frost 
(1992a) proposed that remodelling could more readily be described as being “ON 
or OFF” . Developing upon this concept a second remodelling algorithm was derived 
which assumes that bone is formed or resorbed at a constant rate, independent 
of the signal. Again it assumes that strain-adaptive remodelling occurs when the 
microdamage burden is below a critical level and damage-stimulated resorption be
ing simulated once a critical damage level is exceeded (Figure 3.2). To implement 
threshold remodelling mathematically, a Boolean parameter A is introduced such 
that when cells are inactive or OFF (A =  0) and when cells are active or ON (A =  
1). Bone remodelling is simulated by changing the true tissue density, p, of bone 
and is calculated each iteration - where u) denotes the damage level, e denoting 
strain at the mechanosensor, C* is a constant representing the bone resorption rate

Uref = and Sstrair. =  U ~  Uref

E e l
— and

Sstravn =  0 (3.9)

Uref =  and Sstrair^ =  U ~  Uref
Zp
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by osteoblasts (see Section 3.3.6.2), and n is the ratio of the rate of deposition to 

the rate of resorption ;

If ^ ^ ^ c r i t  ^nd ^rnin ^  ̂ ^ ^m ax  then

else

If a; > oJcTit or e < e„ 

else if e > €max 

A p = AC

then

then

A =  0 ! cells not active

A =  1 ! cells active

C = —C  ! resorption occurs at rate C

C = —nC  ! deposition occurs at rate nC

(3.10)

C/3
a(U

X)

o
<u
tJ)
c

o
o
(U

+ve

-ve

mm

CO<CO ----I  c r i t ^ i

I

max1

i—Dead zone—

I

I

co>cocrit

Strain

I -

Strain-adaptive remodelling 

Damage simulated resorption

Figure 3.2: Combined strain-adaptive remodelling and damage-simulated resorp
tion algorithm using the Boolean remodelling concept rather than the rate being 
determined by a deviation from a homeostatic strain.

Another difference between the Boolean and the continuous remodelling algo

rithm s arises in the strain signal variant. Instead of taking the strain energy density 
as the stimulus, the principal maximum strain is used. Furthermore, the critical 

level of damage, ujcrit, a t which this resorption process is initiated is taken to be 

the damage caused by a single loading cycle a t 4000 fie. From compressive fatigue 

testing of cortical bone specimens, P a ttin  et al. (1996) found th a t above a strain of 

4000 [le a change in the secant modulus and energy dissipation of the bone tissue 

occurs. They proposed th a t this alteration in the bone material property functions 

as a threshold for a remodelling response; in this study it is assumed to initiate
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bone resorption. Numerically this value is calculated by converting the strain value 
to stress using E =  2.6 GPa and inserting it into the S/N curve equation of Carter 
et al. (1976) to give 3.3x10“ ^̂ .

3.2.3 ‘R u le’ coordinating the spatial behaviour o f osteoblasts

Bone remodelling is a highly complex process during which numerous biochemical 
signalling pathways are active. While mechanoregulation algorithms may automat
ically subsume many of these signalling pathways, those that have no mechanical 
basis could be neglected and their effects on bone cellular behaviour thereby ig
nored. For example, although strain/damage stimuli may signal the recruitment 
of bone cells, their specific attachment site may be controlled by local biochemical 
factors, what Frost (2003) refers to as ‘permissive agents’. In this study, the neces
sity of the inclusion of a rule which governs the location of osteoblast attachment, 
in addition to the strain/damage algorithm, is investigated. It has previously been 
proposed that osteoclastic enzymes remaining on the newly resorbed bone provide 
a primed surface for osteoblast attachment (Sheu et al., 2002). To take account of 
this, osteoblast attachment is restricted to regions overlying existing bone tissue. 
This is determined by examining whether the neighbouring region to the proposed 
osteoblast attachment site, which is nearest to the centre of the strut, has an elastic 
modulus equal to bone, see Figure 3.3 and 3.4. It is also assumed that, following 
attachment, bone forms radially outwards, away from the centre of the strut. This 
rule ensures that bone formation preferentially occurs on the most recently resorbed 
surface, i.e. where osteoclastic enzymes are still present. A consequence of this 
attachment rule is that bone forms towards the surface one layer at a time resulting 
in the lamellar structure generally associated with trabecular bone.
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Site of interest

Region under site 
of interest 

Other surrounding 
regions

Integration points (IPs)

Bone

Resorbed bone

Figure 3.3: Image of a transverse cross-section through a cyhndrical trabecular 
strut (yellow) surrounded by resorbed bone (blue) describing how the underlying 
tissue of a particular site is determined. The grey boxes represent the volume of 
bone associated with each integration point (IP). The site of interest is indicated 
by a black rectangle and all surrounding IPs are marked by a red one. Firstly it 
is assumed that bone is formed radially away from the centre of the strut. The 
equation of a line, L, from the site of interest to the centre of the strut is calculated 
(shown as the solid black line). Next, the perpendicular distances from each of 
the surrounding integration points, that are nearer to the centre point of the strut 
than the site of interest, are then calculated (grey dotted lines). The integration 
point with the shortest distance is assumed to be the region of bone beneath the 
site of interest (shown here in green). If the elastic modulus at this IP is greater 
than resorbed bone, then bone is permitted to form at the site of interest. This 
generahsed equation for the determination of the region of bone beneath a potential 
formation site allows it to be applied to any shape or orientation of strut.
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□  Bone
■  Resorbed bone

IPs in upper

IPs in lower 
layer ^

□ ■ ■

■ ■ ■

□ ■
L

■

■ ■ ■

No bone underneath 
either IP

Figure 3.4: Image showing the different possible sites for bone formation under 
tlie applied osteoblast-attachnient rule. Bone will form on the nearest IP that has 
bone underneath (as determined from Figure 3.3). In addition to this, bone is only 
permitted to form in the upper layer (consisting of all IPs further away from the 
centre of the strut than that of the forming IP) once the lower layer is completely 
refilled (with IPs shown in black), as shown in (a), ensuring that bone is formed 
in layers similar to the lamellar structure associated with trabecular bone, (b) No 
bone formation occurs as the non-bone IPs in the lower layer do not have bone 
underneath. As the lower layer is not filled no bone formation is permitted in the 
upper layer, (c) Bone can form on both of the non-bone IPs in the lower layer 
as they are underlain by bone. However, bone will only form in the nearest IP as 
indicated by the green arrow, (d) As all IP in lower layer are bone, bone will form 
on the nearest IP in the upper layer. If there are two IPs with the same distance, 
bone is formed in both locations.

3.3 C om putational im plem entation  

3.3.1 F inite elem ent m odel

All computational simulations were carried out using the commercial finite element 
package Mentat^^^ release 2005 beta2 (MSC Software Corp.,USA) with the remod
elling algorithms written in the FORTRAN programming language. Elements were
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modelled using 8-nodal hexahedrals of size 10x10x10 //m^. The remodelling al
gorithm was applied to two different models - an idealised cylindrical strut and a 
realistic (in vivo) trabecular strut, as described in detail below.

3.3 .1 .1  Idealised  strut

An idealised strut is modelled a cylinder with length 800 //m and diameter 90 /i,m, 
similar to the dimensions used by McNamara and Prendergast (2007), see Figure 
3.5. The bone strut is surrounded by a layer of elements, at least one element thick 
at each bone surface, representing resorbed bone to permit deposition of bone tissue 
and thickening of the strut.

m
800 /im

I
m  Resorbed bone 

I I Bone

90 //m

Figure 3.5: Idealised 3D trabecula with bone tissue (shown in yellow) surrounded 
by a layer of resorbed bone (shown in blue).

Generally simulations in this study are carried out on a single strut. However, 
in reality numerous struts, varying in width and mineral content, are present and 
the load is distributed between them. Developing upon the idealised single strut, a 
model was created consisting of two struts of different thicknesses (150 /xm and 90 
/xm). The effect of load-sharing between the struts on the bone remodelhng process 
was investigated.

3 .3 .1 .2  R ea listic  stru t

The second model consists of high resolution images of in vivo ovine struts which 
were converted into finite element models. Single trabecular struts were excised 
from the femoral head of sheep and scanned using a micro-computed tomography 
machine (ScancoMedical /xCT 40) at a resolution of 6/im. Once scanned, bone was 
segmented from the non-bone material using a thresholding algorithm supplied by 
the manufacturers and images (as shown in Figure 3.6) were obtained.
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Figure 3.6: High-resolution images of four single trabecular struts from //CT scans.

Following thresholding, the resolution of each image was increased to 10/xm and 
each bone voxel was then converted into an element using code kindly provided 
by Dr. van Rietbergen of Eindhoven University of Technology, and imported into 
msc.Marc where the finial analyses were carried out (Figure 3.7). In this study 
trabecular struts, such as those shown in Figure 3.6 were used. Preliminary studies 
showed that the plates at either end of the struts were resorbed during the simulation 
and did not contribute to the results. Therefore the top and bottom plates were 
removed before any analyses were performed to reduce the number of elements and 
therefore the analysis time.



Resorbed bone 

Bone

(a) (b)

Figiire 3.7: FE model of realistic trabecular stru t (Trab A) (a) with and (b) without 
resorbed bone layer.

3.3.2 M aterial properties

Two different material assumptions were used for the simulations: homogeneous and 

heterogeneous.

3.3.2.1 H om ogeneous m aterials properties

Values for the elastic moduli of the bone tissue were obtained from mechanical 

testing of individual trabeculae (McNamara et al., 2006a). Normal bone tissue was 
assigned an elastic modulus (E) of 2.6 GPa, a  density (p) of 2.0 g cm“  ̂ (Morgan 
et al., 2003) and a Poisson’s ratio [ u )  of 0.3. This elastic modulus served as an 

upper threshold for newly calculated elastic moduli whereas an elastic modulus of 

0.002 GPa, representing completely resorbed-bone, served as the lower limit. As 

remodelling was simulated on an integration point basis, resorption could not be 

represented by removing individual elements from the model. To ensure th a t the 

resorbed regions of bone tissue did not contribute to the mechanical stiffness of the 

stru t, a low value of elastic modulus of 0.002 G Pa was used.

3.3.2.2 Inhom ogeneous m aterials properties

The intention was to obtain a 3D distribution of the mineral content through the 

length of the stru t using the //C T scanning results, as the gray levels have been shown 

to correspond to mineral content of bone (Mulder et al., 2004; Price et al., 2004).
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However, preliminary studies showed that even at a resolution of 6 yum, no discernible 
packages could be observed but rather gray values varied throughout the strut, see 
Figure 3.8. The /vCT machine may not be sensitive enough to pick up on the small 
mineral differences that exist between packages. Indeed, studies have found that 
errors of up to 20% can occur due to beam-hardening effects even with application 
of a correction algorithm (Mulder et al., 2004). Instead, using a secondary electron 
microscopy machine in backscatter mode, 2D grayscale images of trabecular strut 
cross-sections were obtained using the technique employed by Gleeson (2006). From 
these images, average density values (g cm“ )̂ were determined for each BSU package 
and applied to the computational model.

Individual trabeculae, excised from the femoral head of mature sheep, were ex
amined. To prepare the specimens for scanning, all trabeculae were firstly dehy
drated for 10 mins in increasing concentrations of ethanol solution: 80%, 90% and 
100%. Specimens were then embedded in a polymer solution consisting of methyl 
methacrylate (monomer), di-butyl phthalate (softener which prevents the finished 
polymer from being too brittle) and benzoyl peroxide (a hardener which acts as a 
catalyst and causes the solution to polymerise when the temperature is increased). 
The solution was prepared by dissolving 7.0 g of benzoyl peroxide in a solution of 200

(a) ( 1>)

Figure 3.8: (a) Longitudinal and (b) transverse slice through trabecular strut show
ing gray levels obtained from /iCT. No mineral content pattern could be observed 
from the image.
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cc of methyl methacrylate and 50 cc of di-butyl phthalate using a magnetic stirrer 

under a fume hood. Once fully dissolved, the solution was filtered and then stored 

in a dark glass bottle at 4-6 °C until required. Bases of MMA were prepared by 
filling glass vials (approximately 20 mm diameter) with 5 cc of solution and allowing 

it to harden in an oven a t 55°C overnight. One trabecular stru t was then placed 

in each vial, on top of the base, and a further 5 cc of the polymer solution were 

poured into the vial ensuring th a t the s tru t was completely immersed in solution. 

To avoid air bubbles and to ensure infiltration of the polymer through the strut, 

the vial was placed in a vacuum desiccator a t a pressure of 40 mmHg for 1 hour. It 

was then hardened in an oven at 55°C for a further day. After hardening, the glass 

vials could then be broken and the embedded sample retrieved. When carrying out 

quantitative backscatter electron imaging (qBEI) it is essential to have a perfectly 

smooth surface as any topographical features will interfere with the material con

trast in the BE image. To achieve this, all samples were cut using a lathe to achieve 
a plane-parallel surface. Specimens were then polished using an autom atic polishing 

machine with successively finer grades (up to 0.1 /im) of diamond paste. Specimens 

were mounted on an aluminium stub using an adhesive carbon disc. As MMA is 
a non-conductive material all samples were carbon coated and carbon paint placed 
around the edges to prevent charging, see Figure 3.9. Once coated, all samples were 

kept in an air-tight container to prevent contamination.

MMA embedded 
 ̂ sample (carbon sputtered)

Carbon paintCarbon disc

r  10mm 4 >

, l  aluminium stub

Figure 3.9: Trabecular stru t, embedded in MMA and mounted on an aluminium 
stub. To avoid charging of the surface a carbon disc was placed between the specimen 
and the stub. The specimen surface was then further sputter coated with carbon, 
and strips of carbon paint, connecting the surface of the specimen to the aluminium 
stub, were applied to completely ensure conductivity of the electrons.
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All imaging was carried out using a JEOL JSM-5410LV Scanning Electron Micro

scope (SEM). A conventional backscattered electron detector (paired semiconductor 

type; JOEL), as supplied with the microscope was employed. The accelerating volt

age used during testing was 15 kV and the X-ray detector geometries were as follows: 

working distance =  20 mm, tilt angle =  0°, takeoff angle =  20°, spot size =  12 mm. 

To prevent any radiation damage of the organic material, electron dosages were kept 

to  a minimum by limiting the exposure times and beam current density (Gleeson, 

2006). Each pixel of the scanned image can range between a gray level (GL) of 0 

(absolute black) to 255 (absolute white), with each interval representing the average 

atomic density at th a t point. In order to correlate the gray scale to atomic num

ber, which is a measure of the degree of mineralisation of the tissue, a technique 

developed by Roschger et al. (1995) was employed. Two pure element standards, 

carbon and aluminium, were scanned at the same time as the specimen and were 

used to cahbrate the image. The brightness and contrast were adjusted until the 
carbon standard returned a GL value of 25 1 and the aluminium returned a

value of 225 -|-/- 1. Roschger et al. (1995) used this standarised scale to obtain a 
relationship between GL and atomic number, Z, see Figure 3.10. In this present 
study, this check was carried out every second scan to ensure instrument instability 
did not affect results. Images were captured at a resolution of 1,024 x 800 pixels 

and the sample magnification was set to either 500 or 350 x (depending on the width 

of the trabecular stru t as the entire cross-section was captured in a single image), 

which equates to a resolution of approximately 0.4 f im.  Following this procedure 
scans were made of transverse and longitudinal cross-sections of trabecular struts.
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Figure 3.10: Relationship between BE gray levels (GL) and atomic number (Z) 
(Roschger et al., 1995).

63



Different packages of bone tissue could be identified from visual inspection of the 
backscatter electron images - cement lines, which separate each package, were iden
tifiable and packages generally had different gray levels, see Figure 3.11. Following 
the approach taken by Ciarelli et al. (2003), the bone packages were divided into two 
separate groups - superficial and deep. Superficial packages were assumed to be any 
package of bone that touched the surface of the trabecular strut. Deep packages, 
on the other hand, were those that were completely encapsulated by bone tissue. 
A 50x50 pixel box was chosen within each package and the average gray level of 
each box was calculated as a representative of the entire package. These were then 
used to calculate an average gray level value for the deep and superficial packages 
of each trabecula. For example, in Figure 3.11 the average gray level value for the 
superficial and deeps layers are 157.5 and 165.5 respectively, giving a difference of 
8.0. This procedure was repeated for each trabecula (30 No. in total) so that an 
average difference between the two packages, for all the trabeculae, was obtained.

Figure 3.11: Backscattered electron image of trabecular strut cross-section. The 
value of the gray level is indicated beside each box: 159 and 156 boxes within the 
superficial layers and 164 and 167 boxes within the deep layers.

64



The average difference in gray level between the superficial and deep packages was 
converted to a difference in atomic number using the equation derived by Roschger 
et al. (1998) (Figure 3.10). A difference in density between the two packages could 
then be calculated using the linear relation derived by Skedros et al. (1993), see 
Figure 3.12.

I 1.76

II 50

Avfrfage Z Density (g /c c |
2.60

2.R0

4D

11 00 2.2D

2.DD

10.50

< ‘ ) Dens i ty
1 CO

10 00  -  

3 0 . 0 3 50 4 0 .D SOO
Mrnoral Con ten t  |%J

Figure 3.12: Relationship between atomic weight and density against mineral con
tent (Skedros et al., 1993).

□ Deep bone layer
□ Superficial bone layer

Figure 3.13: Idealised 3D trabecula with inhomogeneous material properties - deep 
package with elevated elastic modulus (shown in yellow) and a less stiff superficial 
layer (shown in orange).
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From the backscatter electron images, an inhomogeneous trabecular strut was 
created which assumed an idealised representation of the different packages, see 
Figure 3.13 on the previous page. It was found that in transverse cross-section 
the different bone packages generally appear in a circular pattern, similar to that 
shown in Figure 3.11 and 3.14. The longitudinal cross-sectional images showed that 
the mineral content remains relatively constant throughout the length of the strut 
(Figure 3.15). Based on these observations, the inhomogeneous model consisted of 
a circular deep and superficial package. The thickness of the superficial package was 
chosen to be 15 //m, so that each volume of material contributed to half the overall 
volume of the strut.

Figure 3.14: BEI images of transverse cross-sections of trabecular struts. The cir
cular inner layer is visible in all images.
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200^101

(c) (d)

Figure 3.15: BEI images of longitudinal cross-sections of trabecular struts - (a) 
and (b) from this study and (c) and (d) from Gleeson (2006). The different bone 
packages and lamellae generally run longitudinally along the strut.
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3.3.3 Boundary conditions

As the bone reinodelhng algorithm incorporates both strain and stress stimuli as reg

ulators of cellular behaviour, two loading conditions were investigated: a prescribed 

displacement of 1.2 /.im. and an applied force of 0.017 /xN; both of these resulted 

in a strain of 1500 fxe along a cylindrical stru t with no resorption pit. This strain 

magnitude has been shown to be representative of a physiological strain experienced 

under normal, everyday conditions (Fritton et al., 2000). From micro finite element 

simulations of blocks of trabecular bone, Rietbergen et al. (1999) found th a t 96% of 

all tissue material principal strains were within a range defined by 6a v  i  “̂^s d - As 

it has been observed in vivo th a t trabeculae are generally aligned along the stress 
trajectories and as such loaded in tension/compression, loading conditions were ap

plied such th a t bending was minimised along the strut. For the idealised models, 

loads were applied along the longitudinal axis of the stru t (see Figure 3.16).

To apply loads evenly to the two-strut model, a plate was included which was 

modelled using shell elements with a high stiffness. Each node on the stru t was tied 

to a corresponding node on the plate and constrained in the transverse direction. 
The displacement/force was then applied to a single node on the plate, with a 
magnitude which again corresponded to a strain of 1500 //e and applied along the 

longitudinal axis of the stru t (see Figure 3.17).

Nodes constrained in 
loading direction with 

centre node constrained 
in all directions 

(not shown)

Applied force 
equivalent to 

1500 ne

Figure 3.16: Idealised 3D trabecula with a region of bone tissue initially assigned 
a damaged level (shown in red) to  initiate the remodelling process. An applied 
displacement/force, equivalent to  a  strain of 1500 /xe, was applied to one end of the 
trabecula while the other was constrained in the direction of loading - with a centre 
node constrained in all directions.
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Displacement/force applied 
to single node on plate

a
oo
0 0

Shell elements assigned 
high stiffness

Nodal ties constrained in 
transverse direction

150 fxm 90 /xm

Figure 3.17: Idealised model of two struts.

The realistic struts were loaded with a prescribed displacement based on the 
longitudinal length of the strut to ensure that an average strain of 1500 /xe was 
experienced throughout the strut. To determine the direction of loading, the centroid 
of each end face was firstly calculated. The centreline was assumed to be a line 
joining these two centroids and the direction of loading was applied along this line. 
Nodes at the other end of the strut were constrained in the direction of loading, 
with a centre node constrained in all directions, see Figure 3.18.
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235 /xin

290 f i m

mm  ̂ wTm 
<  ►

200 /xm

Figure 3.18: Loading condition of realistic stru t. Direction of loading is parallel to a 
line drawn between the centroid of the two faces. Nodes at other end are constrained 
in the direction of loading with a centre node constrained in all directions.

3.3.4 Initial conditions

To initiate the remodelling process, a region of bone was defined to have a pre

existing damage level with a value greater than  Ucru- The damaged bone consisted 
of a cuboid portion (of depth 25 /im and length 60 //m) of bone located on the 

surface, halfway along the stru t in the idealised trabecula, see Figure 3.16. The 

depth of the initial damage in the realistic s tru t was increased to 40 /xm and in 

length to 80 /xm to reflect the larger stru t size.

3.3.5 M echanosensors

The bone cells th a t sense changes in the mechanical stimuli are known as mechanosen

sors. In this study two different bone cells were examined as mechanosensors: bone- 

lining cells and osteocytes. Experimental evidence has shown tha t both  cell types 

are responsive to strain and to damage changes in the m atrix (El Haj et al., 1990; 

Skerry et al., 1989; Verborgt et al., 2000).
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3.3.5.1 B one-lin ing cells as m echanosensors

The bone-lining cells were taken to be all surface integration points having an elas

tic modulus greater than resorbed-bone, 0.002 GPa, but which have at least one 

resorbed-bone integration point as a nearest neighbour. Strain and damage signals 

were only calculated a t these sensor locations and resorption or formation occurred 

at these sites depending on their signals.

3.3 .5 .2  O steocy tes as m echanosensors

Osteocytes were located at integration points distributed throughout the matrix. 

Using the experimental da ta  of Mullender et al. (1996b), the density of osteocytes in 

the bone m atrix was taken to be 44,600 per mm^, and were spread evenly throughout 

the bone matrix, see Figure 3.19. Strain and damage signals were calculated a t each 

of these locations. At each surface cell, the total strain  and damage signal it receives 

is a summation of all strain/dam age signals sensed at each of the osteocytes. An 

attenuation factor was introduced to take account of the diminishing signal the 

further away an osteocyte is from the surface cell, using the method employed by 
Mullender and Huiskes (1995). Mathematically, the spatial influence function can 
be written as follows:

/,(x ) =  (3.11)

where f i { x )  is an exponential decay function for osteocyte i to surface cell at location 
X ,  di {x)  is the distance from the osteocyte of interest to the location x  and D is a 

param eter which represents the distance from the osteocyte whose influence has 
reduced to e~^ or 36.8%. Once an osteocyte is resorbed it does not send out any 

more signals; however, if bone is formed again in th a t location it becomes a viable 

cell and transm its signals to the surface cells once more. The strain and damage 

signals sensed by the surface cells can therefore be w ritten as:

n
^ d a m a g e  ^ r e f ^

i = l  
n

S s t r a i n  =  f i { x ) { Ui  -  U r e f )  (3.12)
i=l

where n is the number of viable osteocytes; Wj is the damage level and C/, is the SED 

at the osteocyte; ujref and Uref are the reference damage level and SED as before 
(Equation 3.6 and 3.9).
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Figure 3.19: Distribution of osteocytes in idealistic model, (a) Longitudinal and (b) 
transverse section through the idealised trabecular strut.

3.3.6 R em odelling rates 

3.3.6.1 Continuous rem odelling rates

In the continuous remodelling algorithm, the rate of resorption and formation are 
dependent on the signal received, with an increased signal leading to a greater 
amount of bone resorbed or formed in one day. Experimental results have shown 
that the average rate of bone resorption is 1.4 //m /day (Eriksen et al., 1984a). 
Following McNamara and Prendergast (2007), and were calculated
assuming that bone is resorbed at an average rate of 1.4 /im /day at a strain of 900 
/xe for strain-adaptive and at a strain of 3600 /xe for damage-adaptive resorption 
- arbitrarily chosen as 100 i ie  above and below the setpoints. Values for 
and were then calculated as the constants required to achieve this rate of
resorption based on the signals received under these strains. For example, was
calculated by applying a strain of 900 /j,e to the simplified strut with no resorption 
cavity. From this the average strain signal, Sstra in , received by the surface cells was 
calculated. Assuming that bone is resorbed at a rate of 1.4 /jm/day, the new elastic 
modulus of an element was then calculated from equation 3.13:

^ i + l  ■ 4*r—b o n e ^r—bone 4^boneEbone (3.13)

where is the new elastic modulus of the element, E j—bane is the elastic modulus 
of the resorbed bone, Ebane is the elastic modulus of the bone, (pr-bone is the volume 
fraction of the resorbed bone (=volume of resorbed bone/total volume of element), 
<l>bcme is the volume fraction of the bone (=volume of bone/total volume of element). 
As a volume 5x5x5 /xm  ̂ is associated with each integration point within the model, 
after one day the volume of resorbed bone is 1.4x5.0x5.0 /xm  ̂ and the new volume 
of bone is 3.6x5.0x5.0 /im^, see Figure 3.20.
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Resorbed bone

5 //m

Figure 3.20: Volume of bone resorbed in one day.

From the relationship between density and elastic modulus (Equation 3.3), the 

new density is calculated as follows:

(3.14)

Substituting this equation into Equation 3.2 the following expression is obtained:

S p  l E i + i

where pi in this situation is the density of bone. From Equation 3.1, an expression 

for Cstrain Can be calculated as all other variables are known:

Pbone
-----------  (3.16)
stra in

Using a similar m ethod formation rate, C/trami be calculated (see Figure 
3.21). Bone formation has been shown to occur at a baseline rate of 0.43 p m  (Eriksen 

et al., 1984b). This rate was assumed to be experienced under a strain of 2100 pe for 

strain-adaptive formation. The average strain signal, Sgtrain received by the surface 
cells loaded under a strain of 2100 pe was calculated along a cylindrical stru t with 

no resorption cavity. A corresponding rate of formation, was calculated as

follows:

! E j + i  _
c \  R Presorbed—bonecLi. =  ---------------  (3 17)

‘̂ s tra in

The different rates calculated for bone-lining cells and osteocytes as the mechanosen- 

sors are listed in Table 3.2.

Cr B
stra in
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Figure 3.21: Volume of bone formed in one day.

Table 3.2: Calculated resorption and formation rates under the continuous remod
elling algoritlnn________________________________________________

Bone-Lining O steocytes
Cells (D=45/xm)

^ I t r a in  (s^ ^  l cm ^ d l) 20.01 1.11
^ i t r a i n  cm-"* d " ') 24.5 0.817
^ d a m a g e  (s ) 1.05ei2 4.42e^°

3.3.6.2 Boolean rem odelling rates

For Boolean remodelling, the average experimental rates of resorption (1.4 /xm/day) 
and formation (0.43 //m/day) can be directly applied to the algorithm. Assuming 
that bone is resorbed at a constant rate, independent of the signals received, the 
ratio of the rate of formation to resorption, n, was calculated as 0.31. As a depth 
of 5.0 fim is associated with each integration point within the model, the rate of 
resorption per day, C  was then calculated as follows:

^  depth of bone resorbed in one day(= 1.4) 
depth of bone initially(= 5.0) ^

where p is the density of bone. C  is computed to be 0.56 g cm“ .̂

3.3.7 Stress-averaging technique

In finite element simulations, single regions of high stresses can occur particularly at 
perfectly sharp corners due to the geometry of the model. These stress singularities 
can cause instability in results as they are mesh dependent and therefore increase 
with mesh refinement. In reahty, however, these high stress concentrations do not 
exist as small fillet radii and local plastic deformation reduce them (Adams and 
Harris, 1987). Stolk et al. (2001) developed a method to redistribute these high
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stress gradients and produce a stress distribution which is independent of mesh size. 

In this study, damage accumulation is calculated based on the stress levels and 

therefore bone cell behaviour is sensitive to stress singularities. To overcome this 

problem, Stolk’s stress concentration limiter (SCL) was employed. This technique 

calculates an average stress tensor, a/;, at a particular integration point, k ,  based on 

a weighted value of the initial stress tensor, cr„, of neighbouring integration points;

-  __ d k n ) V n  ,

4„)i4 '  ̂ ^
where m  represents the to tal number of integration points over which the stress is 

averaged and is the elemental volume belonging to the integration point. The

weight function, ( f ) { d c r i t , d k n ) ,  is a bell-shaped curve which is 1.0 at the integration
point k  and decreases with distance from k ,  reaching 0 at 2.5 times the critical 

distance, d c r u  (see Figure 3.22), and is calculated as follows:

Gxp( ( ^ d / ^ j i j ) (3.20)

In this study, d c r i t  was taken to be 3.75 /an. This value was chosen by correlating 

the stress distribution around a cavity in the cubic, idealised model to th a t achieved 
by a perfectly smooth cavity of similar dimensions.

jxjundary of 
averaging region

(a)

0.36

0.0
0.0

Figure 3.22: Stress-averaging technique adapted from Stolk et al. (2001) (a) Shows 
part of a mesh. For integration point k ,  a weighted, spatially-averaged stress com
ponent is determined from all the integration points within the sphere (of radius 
2.5 times th a t of the critical distance, d c r i t ) -  The integration point n is situated a 
distance d k n  from the integration point k .  (b) The value of the weight function 0 is 
a function of the normalised distance to the integration point, k .
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3.4 A pplication  o f algorithm

A finite element analysis was performed and, at each of these sensor locations, the 

finite element results were used to calculate the strain and microdamage stimuli. 

Material properties were changed depending on the magnitude of these signals ac

cording to the mechanoregulation algorithm, i.e. either Equation 3.1 or 3.10. These 

new material properties were then inputted back into the model and the simulation 

was iterated until convergence was reached (determined when the strains along the 

stru t were within the homeostatic level and damage was below cOcrit) , see Figure 
3.23 and 3.24. As trabecular bone remodelling occurs along the surface of a strut, 

changes in material properties were restricted to surface integration points.

Initialise material 
properties

New material properties

Set-up  finite e lem en t model No

Compute stre sses  
and strains

Yes
Converged? Exit

+veYes
Apply osteoclast 

rule-ve

No

+ve
Yes Apply osteob last  

rule
-ve

No

+ve
Yes Apply osteoclast 

ruleIs E| < Epnin >
-ve

No

Figure 3.23: Algorithmic flow chart with the continuous remodelling algorithm. 
Included in the algorithm are possible additional rules representing biochemical fac
tors. In this study only a  rule governing osteoblast behaviour was utilised. However, 
this flow chart can account for other such restrictions on osteoclasts [for example the 
weighted movement options of osteoclasts incorporated into the bone remodelling 
simulation by van Oers et al. (2008a)].
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Figure 3.24; Algorithmic flow chart with the Boolean remodelling algorithm. In
cluded in the algorithm are possible additional rules representing biochemical fac
tors.

3.5 Com putational investigation

The idealised and realistic finite element models, in combination with the mechanoreg- 
ulation algorithm, were used to examine a number of different aspects of the bone 
remodelling process.

3.5.1 Inclusion of a biological rule

To investigate whether the inclusion of a rule concerning the non-mechanically de
rived molecules released during bone remodelling is necessary for the physiological 
simulation of the process, the idealised and realistic models were run with and with
out a rule governing the spatial behaviour of osteoblasts (as described in Section 
3.2.3). Comparisons between the two results were made.
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3.5.2 O steocytes v  bone-lin ing cells

Both bone-lining cells and osteocytes have been proposed as possible mechanosensors 
in the bone tissue. To investigate which of the two cells may be the more likely 
candidate, each cell was examined separately in the simulation. A parametric study 
of the distance of influence factor, D, was also carried out on the osteocytic model.

3.5.3 Changes in elastic m odulus

It is proposed that changes in the material properties, and in particular increases in 
the elastic modulus of the bone tissue, may alter the bone remodelling process and 
lead to bone loss and osteoporosis. To investigate this hypothesis, a range of elastic 
moduli (from 2.0 GPa to 6.0 GPa) was applied to the idealistic homogeneous model, 
while the density of the bone tissue remained at 2.0 gcm^. Damage was therefore 
assumed to accumulate in a similar manner to that of normal bone, and the increase 
in elastic modulus did not result in a corresponding increase in fatigue strength of 
the bone tissue. The effect of an increase in elastic modulus on BMU behaviour was 
also examined for the realistic strut; however, due to the complexity of the model 
and high computational time required for its simulation, only a single elevated value 
(3.2 GPa) was examined.

3.5.4 Inhom ogeneous m aterial properties

From the qBEI results and using relationships between gray level, atomic number 
and density (Roschger et al., 1998; Skedros et al., 1993), an average density difference 
between the deep and superficial packages was obtained. This result was used to 
assign material properties to the deep and superficial layer of the inhomogeneous 
model - such that the difference between the layers centered around 2.0 g cm“ .̂ 
In addition, the maximum density difference observed in the qBEI results was also 
applied to the model to examine whether the degree of inhomogeneity has an effect 
on bone remodelling.

The thickness of the superficial layer was assumed to be 15 //m. This ensured 
that the mean density of the inhomogeneous trabecular strut corresponded to the 
density of the homogeneous model. The influence of the width of the superficial 
layer was also examined by considering a thickness of 7.5 /xm (thin) and 22.5 /im 
(thick), see Figure 3.25.
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□  Deep bone layer
□  Superficial bone layer

Thick superficial 
layer

Thin superficial 
layer

I  22.5 /xm ^ 7.5 fxm

(a) (b)

Figure 3.25: Idealised 3D trabecula with inhomogeneous m aterial properties with 
(a) thin and (b) thick superficial layer.

3.5.5 M echanosensitivity

As shown in Figure 3.23 and 3.24, a ‘dead zone’ was included in the remodelling 
algorithm, within which it is assumed bone strains are within a homeostatic range 

and therefore no remodelling or change in material properties occurs. Frost (2003) 

proposed th a t the width of the ‘dead zone’ or what he referred to as the ‘threshold 
range’, and in particular the setpoint for bone formation affect the re

sponse of the bone to mechanical loading. On a cellular level, the width of the ‘dead 
zone’ represents the sensitivity of the mechanosensors throughout the bone at detect
ing changes in the strain stimulus. Reducing the width heightens a mechanosensor’s 

ability to sense these changes whereas increases in the width reduce the amount of 
stimuli the sensors perceive. In the simulations, the baseline width of the ‘dead zone’ 

was taken to be 1000 j ie  Frost (1992b), with values of 1000 jj,e and 2000 fie  assumed 

for emin and €max respectively. By assuming a constant baseline value for and 
varying emax (from 1400 f ie  to 3000 /xe), the effect of cellular mechanosensitivity on 
bone remodelling was investigated.

3.5.6 D ep th  o f resorption cavity

Experimental studies have found th a t the depth of resorption cavities increases in 

osteoporotic bone when compared to normal healthy bone (Eriksen et al., 1985). It 

has therefore been proposed th a t this increase in depth may contribute to the bone 

loss. To examine this hypothesis, a hemi-spherical portion of the bone was initially 

given resorbed-bone properties, see Figure 3.26. A range of depths of cavity, from 10 

j i n \  to 80 f im ,  was studied using normal bone material properties, and their outcome 

on BMU behaviour was computed.
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Initial cavity

(a) (b)

Figure 3.26: (a) Longitudinal and (b) transverse cross-section through an idealised 
trabecular strut with an initial resorption cavity.

3.5.7 C hanges in rem odelling rates

From histological sections of active BMUs, Eriksen et al. (1984b) calculated an 
average rate of resorption of 1.4 /im/day; however, this was shown to vary between 
1.2 to 1.7 //m/day in normal individuals. The rate has also been found to increase 
further, to 1.9 y^m/day, in osteoporotic patients (Eriksen et al., 1990). Similarly for 
bone formation, an average rate was calculated as 0.43 /xm/day but again was found 
to vary between normal individuals from 0.23 to 0.63 /xm/day (Eriksen et al., 1984a). 
Age-related and osteoporotic related decreases in formation rates have been reported 
(Vedi et al., 1983; Recker et al., 1988; Eriksen et al., 1990). It is interesting to 
speculate whether these variations in rates can alter refilling of cavities and thereby 
the net bone deficit each remodelling cycle. The rates investigated are shown in 
Table 3.3.

Table 3.3: Experimentally determined resorption and formation rates with baseline 
values shown in b o ld ___________________________________

R esorption  rate
(/xm/day)

Form ation rate
(/^m/day)

1.0“ 0.17"
1.2“

00 
1—

1

o

1.4“ 0.23^
1.7“ 0.43'^
1.9̂ * 0.63'^

“Eriksen et al. (1984b) 
^Eriksen et al. (1990) 
“̂Vedi et al. (1983)
‘̂ Eriksen et al. (1984a)

80



3.5.8 M odelling

Distinctions are generally made between modelling and remodelling in trabecular 

bone (see Section 2.2). To investigate whether the same mechanoregulation algo

rithm  could describe the modelling process equally well, the algorithm was applied 

to the idealised stru t with no initial damaged region. The effect of changes in the 

magnitude and direction of the loading condition were examined. The load was 

decreased by 50% (to 750 f i e ) ,  increased by 50% (to 2250 f i e )  and a 1500 f i e  was 

applied at an angle of 5°.

3.5.9 Two strut m odel

Load-sharing between trabeculae was examined by carrying out a number of simu

lations on the two stru t model. Firstly normal elastic moduli (E=2.6 GPa) and a 

damaged region to a depth of 25 f i m  were assigned to each strut. The depth of the 

damaged region was then increased to 35 ^um, to investigate the effect an increased 

resorption depth, as is seen in osteoporotic patients, may have on bone remodelling. 
The effect of an elevated mineralisation level was examined by increasing the elastic 
modulus in both stru ts to 3.2 GPa. In reality, the increase in mineral content will 

not affect every trabecular stru t at the same time; instead some stru ts will become 

stiffer sooner than  others. To examine this effect, the elastic modulus of the thicker 
stru t was increased to 4.0 GPa while the thinner one was kept at 2.6 GPa.

3.5.10 M esh convergence test

To investigate the influence mesh density may have on the bone remodelling simula
tion a range of mesh sizes from 22.5 x 22.5 x22.5 fir m ? ’ (which represents 4 elements 

across the width of the stru t) to 5 x 5 x 5  f i m ^  (representing 18 elements) was exam

ined.

3.5.11 D am age initiation

Generally in these simulations the bone remodelling process is initiated by assuming 

a region of damaged bone tissue at the beginning of the simulation. A particular 

section of the bone can be more damaged than  its surrounding tissue for numerous 

reasons. Inhomogeneity and irregular architecture can lead to some regions being 

more highly stressed than others. Alternatively, trabeculae may not be continually 
loaded in compression/tension but some off-centre or ‘error load’ can occur resulting 

in bending of the stru t (Homminga et al., 2004). To examine whether damage
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5 x 5 x 5  /xm elements

20x20x20 jim . elements

Figure 3.27: Idealised FE models of trabecular stru t with 5 x 5 x 5  and 22.5x 
22.5 x22.5 mesh density.

can automatically accumulate and initiate a remodelling response, the idealised 

homogeneous stru t (with no initial damaged region) was loaded in bending for one 
iteration (at increment 10), after which a physiological strain was once again applied 

(see Figure 3.28). The magnitude of the bending load was such th a t a strain level 
greater than 4000 //e was experienced in a region of bone tissue half way along the 

surface the stru t. In general, the damage calculation treats compression and tension 
similarly with both damaging the bone tissue; however, in this simulation damage 

was only assumed to be induced on the tension side.

Bending moment

Bending moment

All centre nodes constrained 
in all directions (only one shown)

Figure 3.28: Error load applied to  realistic stru t for one increment.
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3.5.12 Param eter study

A study was carried out on the various param eters used in the bone remodelhng 

simulation - in particular the influence of U c r i t and the width of the ‘dead zone’ were 

investigated. A range of values for u jc r it (from 3300 to 3700 l i e  for the continuous 

remodelling algorithm and from 3500 to 4200 j i e  for the Boolean remodelling algo

rithm) were applied to the idealised strut. The width of the ‘dead zone’ was also 

varied from 0 to  3000 j i e ,  but keeping it centred about 1500 /xe, under both  the 
continuous and Boolean remodelling algorithms.

3.6 Sum m ary

A mechanoregulation algorithm which describes bone remodelling was developed. 
The algorithm combines strain and damage stimuli such th a t damage resorptive re

modelling occurs once damage levels exceed a critical value, otherwise strain adap

tive remodelling will occur. To investigate whether such an algorithm is capable 
of predicting BMU progression, two finite element models were created. The first 
consists of an idealised cylindrical stru t while the second uses a realistic architecture 

obtained from a /xCT machine. If successful at simulating normal bone remodelling, 
the algorithm can then be used to test the hypotheses th a t changes in the material 

properties, depth of resorption cavity or mechanosensitivity may affect bone loss in 
osteoporotic patients. Results of this study are presented in the next chapter.
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4.1 Introduction

The capabihty of the mechanoregulation algorithm, without any additional rules 

taking account of biochemical factors, to predict a bone remodelling cycle is exam

ined using two different mechanosensors: osteocytes and bone-lining cells. Following 

on from this, a rule which coordinates the spatial behaviour of osteoblasts is incorpo

rated into the algorithm. If successful at simulating BMU progression, hypotheses 

concerning the mechanotransduction of stimuli will be investigated. Firstly, the 

effect of increases in elastic moduli (ranging from 2.0 G Pa to 6.0 GPa) on bone re

modelling is examined to test the hypothesis th a t perforation occurs more readily if 

the elastic modulus increases. Secondly, the effect changes in mechanosensitivity of 

the sensor cells have on the remodelling cycle is investigated. The mechanoregula

tion algorithm is examined using two different approaches: continuous and Boolean, 

and the effect of each on the remodelling process is studied.

Unless otherwise stated, yellow in the result figures represents bone and blue 

represents resorbed bone (i.e. marrow).

4.2 W ith ou t rule coord inating  th e  spatia l behaviour  

of osteob lasts

The combined strain and damage (with damage being prioritised above a critical 
value) remodelling algorithm was applied to an idealised trabecular stru t with nor

mal material properties. No provision was made for other biochemical pathways 
th a t may be active during the process. As an initial condition, a damaged region of 

bone tissue (with a level greater than  LOcrit) was included in the trabecular stru t to 

initiate the bone remodelling process. Under displacement loading and applying the 

continuous remodelling algorithm, two different mechanosensors were investigated - 

osteocytes and bone-lining cells.

4.2.1 O steocytes as mechanosensors

Firstly, osteocytes were assumed to be the mechanosensors and a value of 45 jim. 

(half the width of the trabecular stru t) was taken for the distance of influence 

factor, D  (see Equation 3.11). W hen applied to the idealised model, it was found 

tha t the damaged region was capable of initiating the remodelling process. However, 

complete resorption of the damaged tissue and refilling of the subsequent cavity was 

not achieved, see Figure 4.1.
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Initial damaged region

Day 1

Day 6

Day 11

Day 16

Day 50

Figure 4.1: FE simulation of a idealistic trabecular stru t under continuous remod
elling algorithm (with no biological rule) and assuming the mechanosensors to be the 
osteocytes ( D  =  45 f i m) .  A region of bone was damaged to initiate the remodelling 
process. The extent of damage is shown by the green box.

On further examination, it was found tha t complete resorption and refilling of 

the cavity did not occur due to the manner in which the osteocytes were modelled. 

Osteocytes were represented by integration points evenly distribution throughout the 

strut. However, as their processes were not modelled, they can only sense stimuli at 

specific locations. Therefore regions of damage with no osteocytes present were not 

perceived and instead remained undetected in the model, see Figure 4.2.

Bone remodelling around an initial resorption cavity was also simulated. It 

was found th a t only a small proportion of the cavity was refilled as the density of 

osteocytes in the model was insufficient to detect the high strains at the base of the 

cavity, see Figure 4.3. Therefore, if a physiological osteocyte density is applied, the 

remodelling algorithm does not work.
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Bone
\

Damage
Osteocytes

Resorbed bone

No osteocytes within damaged region

Figure 4.2; Osteocytes within the damaged region (shown in orange) initiate the 
remodeUing process. However, once they are resorbed no more signal is transmitted 
to the osteoclasts and the remaining damage is not detected in the strut.

Day 1

Day 20

1 []>2000 l̂l;
1750nc

Osteocytes

Figure 4.3: Plot of the distribution of strains around a 30 yum depth resorption cavity 
with osteocytes as the mechanosensors (D =  45 //m). As the osteocytes were not 
located directly beneath the resorption cavity, in the region of high strain (shown 
in light grey), no formative signal was sensed and refilling of the cavity was not 
achieved.

4.2.1.1 P a ra m e tric  s tu d y  of D

A parametric study was carried out to investigate whether changing the value of 
D, which represents the critical distance that osteocytes influence surrounding cells 
(see Section 3.3.5.2), would effect the bone remodelling simulation. Values of 25 
yum (approximately one quarter of the strut width) and 70 fxm (approximately three 
quarters the width of the strut) were examined. The extent of the damage signal
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transmitted to the surface ceUs by the osteocytes for the three different values of D 
is shown in Figure 4.4. As would be expected, the magnitude of the damage signal 
increases along the length of the strut with increasing value of D.

Damage signal
j- l.Oe-ll 

8.0e-12 
6.0e-12 

4.0e-12 

2.0e-12 

l.Oe-13

Figure 4.4; Extent of damage signal along length of both sides of strut with osteo
cytes as the mechanosensors. As D increases the damaged region is sensed further 
along the strut.

D=2b /im

D —Ab jim

D=70 /xm

Changing the value of D  did not affect the simulation and similar results to 
that of D=45 //m were found. Complete resorption of the damaged region was not 
achieved and again the cavity was only partially refilled, see Figure 4.5. However, 
as the damage signal extended further along the strut with increasing D, more bone 
was resorbed.

Day 1

D ay 6 D = 2 5 / i ;

S ' - i j j . .  I , '
................WMiilliilllr

lii ..............

/  iTiTTTn nrnw

D ay 11 I  ^ = 4 5 / / m

D ay 50 D ay 50
liajiiiiiililii:!!::;!!!! 
iiiiiiliiiiP iliiiiiiiiiiiiiiiiil

(a) (b)

D ay 10
S5U;» ___

  ........

D ay 50

Figure 4.5: Idealised trabecular strut with osteocytes as the mechanosensors and 
different values of D (25 //m; 45 yum; 70 /im) showing the time point of maximum 
damage resorption and the converged model. Varying the value of D did not change 
the behaviour of the bone cells except that the amount of bone resorbed increased 
as D increased.
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4.2.2 B one-lin ing cells as m echanosensors

To investigate whether bone-hning cells are the more likely mechanosensor candi
dates in the bone, a separate simulation was run. In this model the surface inte
gration points were assumed to be the mechanosensors. It was found that damage 
initiated the remodelling process and complete resorption of the damaged bone oc
curred. However, the strain-stimulated deposition which refills the cavity led to 
unusual BMU behaviour. Matrix was initially deposited at the rim of the forming 
cavity, enclosing a void within the bone strut. Bone formation then followed along 
behind the resorbing damaged bone, see Figure 4.6. The Boolean remodelling algo
rithm was also applied to this model but a similar result to the continuous approach 

was obtained.

Extent of microdamage

Enclosed cavity

Figure 4.6: Progression of a BMU in longitudinal and transverse cross-section of a 
strut under continuous remodelling algorithm (with no biological rule) and assuming 
the mechanosensors to be the bone-lining cells.
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On further examination, this unexpected celhilar activity occurred due to ele
vated strains at the rim of the forming cavity. These strain levels were sufficiently 
high to form bone at the rim but not high enough to create damage above the critical 
level, see Figure 4.7.

Day 17

m
Day 18

Day 17 High strains at rim

(b)

Enclosing of cavity

i |

>2000|je

1750 îe
1500nc
1250^c
<1000^lE
Resorbed bone

(c)

Figure 4.7: (a) Longitudinal cross-section of trabecula under the continuous remod
elling algorithm (with no biological rule), (b) High strains at rim of cavity causing 
(c) bone formation at rim.

4 .2 .2 .1  R ealistic  strut

To investigate whether the unusual bone formation was due to the simplified ar
chitecture of the idealised strut, the algorithm was applied to an in vivo trabecula 
so that a more realistic strain distribution could be achieved. However, a similar 
situation arose with the realistic strut. Again, damage initiated the remodelling 
process, attracting osteoclasts to the damaged site and resorbing bone. However, 
high strains at the peak of the resorbing cavity resulted in bone formation at this 
location and a closing over of the cavity. An internal cavity of resorbed bone was 
created within the strut, see Figure 4.8.
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Enclosed cavity

I
Day 40

Day 60

B-B

Figure 4.8; Progression of a BMU along (A-A) a longitudinal and (B-B) a transverse 
cross-section of a real trabecular strut under the continuous remodelling algorithm 
and with no rule concerning biochemical factors. The bone-lining cells were assumed
to be the mechanosensors.
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4.3 Including rule coordinating th e  spatial behaviour  

of osteob lasts

The previous results would suggest that mechanical stimuli alone cannot describe 
the bone remodelling process fully and that other, biochemical factors, are at play 
during the complex biological process. Some of these factors were taken account of 
by including a rule, which coordinates the spatial behaviour of osteoblasts, to the 
mechanoregulation algorithm. Also, as the model based on osteocyte mechanosen- 
sors was only partially capable of resorbing damaged tissue and refilling a cavity, it 
was decided that bone-lining cells would be used as the mechanosensors in further 
simulations. Using this inclusive algorithm, two different approaches were taken in 
this study: continuous regulated and threshold Boolean remodelling algorithms.

4.3.1 Continuous rem odelling algorithm

Assuming bone-lining cells to be the mechanosensors and remodelling rates to be 
continuous (signal-dependent), the combined strain-adaptive and damage-resorptive 
algorithm, in conjunction with the rule coordinating the spatial behaviour of os
teoblasts, was applied to the idealised strut and bone remodelling along a trabecular 
strut was examined. Following on from this, the effect of increases in elastic moduli 
(ranging from 2.0 GPa to 6.0 GPa) and changes in the depths of resorption cavities 
(from 10 /xm to 80 //m) using normal bone material properties, were studied and 
their outcome on BMU behaviour was computed.

Using the mechanoregulation algorithm, as shown in Figure 3.23, complete re
sorption of the damaged region was followed by refilling of the cavity by strain- 
adaptive remodelling in a similar manner as is observed histologically. The predicted 
pattern of the BMU progression under the displacement-control loading condition 
is shown in Figure 4.9. The remodelling cycle, beginning from a damaged region 
and concluding with an almost refilled cavity, could be simulated. The simulation 
was run under both displacement-control and force-control; however, no appreciable 
difference was observed between the two loading conditions.
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Day 1 Extent of microdamage

Day 14

Day 22

Day 27

Figure 4.9: Progression of a BMU in longitudinal and transverse cross-section of 
an idealised strut with normal elastic modulus (E=2.6 GPa) under displacement- 
control loading condition. Bone-lining cells were assumed to be the mechanosensors 
and the continuous remodelling algorithm was applied with a rule coordinating the 
behaviour of osteoblasts.

4 .3 .1 .1  C hange in elcistic m odulus

A range of elastic moduli, from 2.0 GPa to 6.0 GPa, was applied to the idealised 
model, while all other parameters remaining identical to those described in Section 
3.3. It was found that the resorption cavity would refill when the elastic modulus 
of the bone was 3.0 GPa or less for displacement-control and 3.3 GPa or less for the 
force-control. However, if the elastic modulus was greater than these critical values, 
perforation of the strut always resulted. The time to perforation was plotted and 
it was found that the higher the elastic modulus the more rapidly the trabeculae 
perforated, see Figure 4.10. This was true for both displacement and force-control, 
although more rapid perforation occurred under displacement-control.
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Figure 4.10: Plot of elastic modulus against number of iterations to perforation in 
a stru t of 90 f i m  diameter with a  damaged region of 25 ^m  in depth. Perforation 
occurs for moduli greater than 3.0 G Pa (displacement-control) and 3.3 GPa (force- 
control). The dashed line indicates refilling of the cavity.

On further investigation of the model under displacenient-control, it was found 
th a t when the elastic modiilus was increased to above the critical value, the higher 

elastic modulus caused greater stress levels to be experienced at the base of the 
resorption pit. These elevated stresses further damaged the trabecular tissue to 

values above u > cr it- As BMUs target damage, this newly damaged tissue was then 
resorbed creating successive damage removal. In this way resorption propagated 

until the trabecula was perforated. Figure 4.11a shows such a perforation.

A similar situation occurred under force-control; however, the manner in which 

the stru t perforated differed somewhat from the displacement-control (Figure 4.11b). 

The increased elastic modulus caused the strains along the s tru t to fall below e m i n  

resulting in an initial slight thinning of the whole strut. Although the same vol

ume of damaged bone was resorbed, the stresses at the base of the cavity were 

elevated, compared to those under normal material properties, due to the smaller 

cross-sectional area of the strut. In addition to this, strains around the cavity were 

reduced to below € m a x -  As a result, little bone formation occurred and instead dam

age accumulated at the base of the cavity. The mechanisms then followed th a t of 

displacement-control with damage accumulating until it reached the critical level.
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Figure 4.11: Trabecular perforation in longitudinal cross-section of an idealised stru t 
under the continuous remodelling algorithm and with an elevated elastic modulus 
(E=4.0 GPa) under (a) displacement-control and (b) force-control loading condi
tions.

leading to resorption, increasing stresses and creating further damage and subse

quent bone resorption.

4 .3 .1 .2  C h a n g e  in  r e s o r p t io n  c a v i ty  d e p th

It was found th a t cavities of 32 /im  or less were capable of being refilled in a 90 /im 
diameter stru t. However, cavities of a greater depth resulted in perforation of the 

stru t (Figure 4.12). This is due to the notching effect produced by the deeper cavity 

- the higher stresses damaged the bone tissue to levels above the critical damage 

value. As BMUs are regulated by damage, this damaged tissue was removed forming 

an even deeper notch which led to yet further damage and removal until perforation.
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Figure 4.12: Plot of depth of cavity against number of iterations to perforation 
with normal material properties (E=2.6 GPa). If the cavity resorbed by osteoclasts 
is greater than 32 (/mi) then perforation is inevitable. The dashed line indicates 
refilling of the cavity.

4 .3 .1 .3  Param etric stu d y  o f setp o in ts  and rem odelling rates

To examine the effect variations in the setpoints may have on results, a parametric 

study was performed on both u J c r i t and on the width of the ‘dead zone’. A graph 
of the bone volume against time was plotted for each simulation which allowed the 

results to be compared. In general, there is an initial decrease in bone volume due 
to the formation of a resorption cavity. This increases again as the resorption cavity 

is refilled. Varying the critical damage level, c o c r i t ,  from 3300 to 3700 f i e  was not 
found to affect the normal bone remodelling results with complete resorption and 

subsequent refilling of the cavity occurring, see Figure 4.13. However, decreasing the 

value of U Jcr i t to 3300 f i e  decreased the critical elastic modulus to 2.8 G Pa whereas 

increasing U c r i t  to a value of 3700 f i e  increased the critical elastic modulus to 3.8 

GPa. The results still showed a critical elastic modulus above which perforation of 

a stru t occurs but below which normal BMU behaviour is simulated. Similarly the 

critical cavity depth was 30 f i m  when u j c r i t  was 3300 f i e  and remained at 32 f i m  when 

^ c r i t  was 3700 f i e .  Again a critical depth was found to exist for each value of u i c r i t -  

Varying the width of the ‘dead zone’ from 200 to 2000 f i e ,  but keeping it centred 

about 1500 f i e ,  it was found th a t increasing the width led to a reduction in the 

percentage of cavity refilled (calculated as the ratio of the number of bone integration 

points to the to tal number of integration points in newly refilled cavity), see Figure
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4.14. Due to numerical instabilities, the simulation would not solve for values of 

less than  200 fxe. Above 2000 /xe, however, little formation occurred and instead 

damage accumulated at the base of the cavity which led to its resorption and finally 

to  perforation of the strut.

Variations in the rate of resorption (from 1.0 to 1.9 //m /day) and of formation 

(from 0.17 to 0.63 //m /day) were shown to influence the time sequence of the re

modelling stages but did not alter the critical elastic modulus or critical resorption 

cavity depth. A plot of bone volume (//m^) against time (days) is shown in Figure

4.15. Little difference was found between the results.
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F igure 4.13: G raph of trabecu lar bone volume against tim e for different values of 
u > c r i t under the  continuous rem odelling algorithm . As the  ra tes are dependent on 
the  differences between the dam age signal and critical level, differences occur in the  
tim e sequence. However the am ount of cavity refilled does not vary significantly 
between each other.
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F igure 4.14: P lo t of % cavity refilled for different w idths of the  ‘dead zone’ under 
th e  continuous remodelling algorithm . Converged results for models a t 200; 1000 
(baseline); 2000 //e; and 3000 f i e  are also shown. As the  ‘dead zone’ increases th e  % 
cavity refilled decreases. Above 2000 f i e  perforation of th e  s tru t occurs as indicated 
by th e  do tted  line.
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Figure 4.15: Graph of trabecular bone volume against time for different values 
of (a) resorption rates and (b) formation rates under the continuous remodelling 
algorithm. Differences occur in the time sequence, with increased rates resulting 
in faster bone resorption/formation. The amount of cavity refilled does not vary 
significantly between results.
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4.3 .2  B oo lean  rem od ellin g

As reviewed in Section 3.2.2, experimental results on single cells have found no re
lationship between the magnitude of mechanical stimulation and the magnitude of 
cellular response. It is proposed, therefore, that cells will function at a constant rate 
while a signal is being received and will continue until the signal ceases. Considering 
this as a basis, an algorithm, as described in Figure 3.24, was applied to a trabec
ular strut to investigate whether such an approach could simulate a remodelling 
cycle. The model was also used to examine the effect of mesh density, changes in 
mechanosensitivity and inhomogeneous material properties on bone remodelling.

The progression of a BMU under constant remodelling rates is shown in Figure 
4.16(a). The algorithm successfully simulated the complete remodelling cycle in 
a trabecular strut, i.e. removal of damaged tissue and subsequent refilling of the 
cavity, as is observed in vivo.

Extent of microdamage

Day 1

Day 10

Day 18

Day 40

Day 100

(a)

D>2000|^
I1750ne 
I 1500|je 

1250 l̂e
|<1000nE
iResorbed bone

Figure 4.16: (a) Progression of a BMU in longitudinal and transverse cross-section 
of a strut under Boolean remodelling algorithm, (b) The change in strain along the 
longitudinal section with time.
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The change in the principal strain across the trabecula with time is shown in 

Figure 4.16(b). At day 10 the bone tissue strains are above e m a x ' ,  however as damage 
levels are above u j c r i t  bone is resorbed (as directed by the remodelling algorithm). It 

is only when all the damage is removed th a t the strain-adaptive remodelling begins. 

Refilling of the cavity continues until all the strains are within the ‘dead zone’ and 

no signals are transm itted to recruit bone cells. Complete refilling of the cavity back 

to original levels does not occur because strain  levels enter the ‘dead zone’ and cell 

recruitment to surfaces is halted.

The Boolean remodelling algorithm was also applied to the realistic stru t. Again, 

it was found th a t the initial damaged region was capable of commencing bone re

sorption and th a t the strains around the cavity regulated its refilling. Results for 

Trab A and Trab B are shown in Figures 4.17 and 4.18. To investigate the effect a 

number of damaged regions would have on the remodelling process, three separate 

regions of bone tissue along a realistic stru t (Trab A) were initially assigned dam
age levels. It was found th a t BMUs were initiated for each region, and th a t all the 

damaged bone tissue was resorbed and the resulting cavities were refilled, see Figure 

4.19.
Another simulation was run with no damage levels initially assigned to the bone 

tissue. A nonuniform distribution of stresses and strain was experienced along the 

stru t as a result of the irregular trabecular architecture. Damage therefore accunm- 
lated at different rates throughout the bone tissue. It was found tha t a small region 
of bone became damaged above critical levels. This damaged tissue automatically 
initiated the bone remodelling cycle, whereby the damage was removed and the 

resulting cavity refilled, see Figure 4.20.
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Initial damaged region

Figure 4.17: Progression of a BMU along a realistic stru t (Trab A) under Boolean 
remodelling algorithm, with elements initially assigned damage levels along the stru t 
to a depth of 40 f i m .

103



Initial damaged region

Figure 4.18; Progression of a BMU along a realistic strut (Trab B) under Boolean 
remodelling algorithm, with elements initially assigned damage levels along the strut 
to a depth of 40 //m.

104



Initial microdamage

Day 15

Day 200

Figure 4.19: Progression of a BMU along a realistic strut (Trab A) under Boolean 
remodelling algorithm with multiple regions of damaged tissue (shown in orange) 
initially assigned.
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Figure 4.20: Finite element simulation of the bone remodelling process along a 
realistic strut under Boolean remodelling algorithm with no damage levels initially 
assigned. Damage automatically accumulated as a result of the architecture of the 
strut, which led to resorption and refilling of a cavity.
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4.3 .2 .1  M esh den sity

Results of the effect of mesh density on the  bone remodelling sim ulation are shown 

in Figure 4.21. Due to  differences in element sizes, initial volumes of the trabecu lar 

s tru t differed between models and therefore th e  change in bone mass w ith tim e was 

plotted. In a sim ilar way, equal am ounts of bone were not resorbed, due to  differ

ences in the volume of dam aged tissue initially defined in th e  model. D espite these 

inevitable geom etric discrepancies inherent in a  mesh convergence study, com par

isons between the  different mesh sizes could be made. It was found th a t refining 

the mesh size produced a  sm oother sim ulation of th e  tem poral change in bone loss. 

Figure 4.21. L ittle  difference was observed in the  final net bone deficit between the 

10, 7.5 and 5 /xm elem ent sizes. However, a reduction in the  am ount of cavity re

filled was found for the 15 and 22.5 jj,m mesh densities, as the  high strains were not 

com puted due to  the  coarser mesh sizes. In fact no bone form ation occurred in the 

22.5 fim  mesh size sim ulation. The 10 //m  elem ent size was used in all sim ulations 

reported  in this thesis.
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Figure 4.21: G raph  of the  change in bone mass w ith tim e for different element sizes.
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4.3.2.2 M echanosensitivity

It was assumed th a t the ‘dead zone’ represents the sensitivity of the bone tissue cells 

at detecting the mechanical environment. To investigate the effect changes in the 

mechanosensitivity may have on the bone remodelling process, the width of the ‘dead 

zone’ was varied by holding constant and changing e-m ax- A plot the trabecular 

bone volume with time for different values of e .m a x  is shown in Figure 4.22. In general, 

the amount of bone decreased initially due to the formation of a resorption cavity and 

increased as the resorption cavity was refilled. Three results were found as follows: 

(i) increasing e ^ a x ,  and thereby decreasing the cell mechanosensitivity, resulted in 

an increase in the net bone deficit per remodelling cycle, (ii) reducing e m a x  below 

1500 f i e  (below the strain being applied to the model), caused very rapid thickening 

of the stru t to occur, and (iii) A critical e^ai was also found to exist, above which 
refilling of the cavity could not occur and instead perforation of the trabecular stru t 

resulted. This critical value was found to be 2600 //e. Above this the sensor cells 

became insensitive to detecting the high strains and so very little (if any) new bone 

was formed, i.e. no bone tissue was deposited to fill a resorption pit once it had 
been created and the high stresses experienced a t the base of the cavity damaged 
the underlying bone tissue. This damage accunuilated until it became greater than 

u jc r i t -  Automatically this newly damaged tissue was resorbed and damage-stimulated 
resorption continued until the stru t perforated.
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Figure 4.22: Graph of trabecular bone mass against time for different values of €r, 

and a baseline value for € m in -
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4 .3 .2 .3  O steoporotic  m aterial properties

The effect of an increase in the elastic modulus was also investigated. Similar to 
the result found when applying the continuous remodelling algorithm (see Section 
4.3.1.1), a critical elastic modulus was found to exist below which refilling of the 
cavity was achieved but above which perforation resulted. Under the Boolean re
modelling algorithm, the critical value corresponded to an elastic modulus of 3.2 
GPa for the displacement-control and 3.8 GPa for the force-control simulation.

The effect of an increase in the elastic modulus was also investigated along a 
realistic strut for both Trab A and Trab B. No damage was initially assigned to the 
bone tissue; however, it was found that damage accumulated at different regions 
along the strut as a result of the nonuniform stress distribution. Under normal 
material properties, the bone tissue that was damaged above critical levels was 
resorbed and the resulting cavity refilled by new bone, see Figures 4.23 and 4.24. 
Damage was only found to occur in single integration points along the strut and 
so the formation of a cavity is not obvious. However, when the elastic modulus 
was increased to 3.2 GPa, it was found that as the damaged tissue was resorbed, 
the high stresses around the cavity due to the elevated elastic modulus, damaged 
the surrounding tissue. This led to further resorption and damage formation and 
ultimately to the perforation of the strut, see Figure 4.23 and 4.24.
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Figure 4.23: Progression of a BMU along a realistic strut (Trab A) with (a) normal 
material properties (E=2.6 GPa) and (b) elevated elastic modulus (E =  3.2 GPa) 
under Boolean remodelling algorithm. Increasing the elastic modulus leads to higher 
stresses along the strut and damage accumulation. Normal bone remodelling cannot 
deal with the increased damage and so perforation of the strut ensues.

110



(a) (b)

Figure 4.24: Progression of a BMU along a realistic strut (Trab B) with (a) normal 
material properties (E=2.6 GPa) and (b) elevated elastic modulus (E =  3.2 GPa) 
under Boolean remodelling algorithm. Increasing the elastic modulus leads to higher 
stresses along the strut and damage accumulation. Normal bone remodelling cannot 
deal with the increased damage and so perforation of the strut ensues.
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4 .3 .2 .4  M odelling

Modelling and remodelling are generally considered as separate processes in tra 

becular bone (see Section 2.2). However, it was found th a t the mechanoregulation 

algorithm used to simulate the bone remodelling turnover process, could also sim

ulate the modelling process of bone deposition and resorption along bone surfaces. 

Under a strain of 1500 /ie, applied along the length of the stru t, bone tissue stresses 

and strains were within the ‘dead zone’ and no modelling occurred (Figure 4.25(a)). 

Decreasing the load by 50% (to 750 /xe) led to bone resorption and thinning of the 

trabecula (Figure 4.25(b)). Conversely, bone deposition along the surface and thick

ening of the stru t resulted when the load applied was increased by 50% (to 2250 

/je)(Figure 4.25(c)). Applying the load at an angle of 5° resulted in realignment of 

the stru t with the new direction of loading (Figure 4.25(d)).

Figure 4.25: Final increment of the modelling simulation under a  (a) strain of 1500 
/xe, (b) decreased strain (750 /ie), (c) increased strain (2250 /ie) and (d) 5° angular 
loading condition under a strain  of 1500 /xe.
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4.3 .2 .5  T w o stru ts

To investigate the load sharing behaviour between struts, the Boolean remodelling 

algorithm was applied to the two-strut model. Assuming normal material properties 

(E=2.6 GPa) for each stru t, it was found th a t an initial depth of damage of 25 /xrn 

was capable of being resorbed and refilled by both struts, under displacement and 

force-control boundary conditions (Figure 4.26).

However, when the depth of damaged tissue was increased to 35 f im,  higher 

stress concentrations at the base of the thinner stru t led to damage accumulation, 

resorption of the damaged tissue and finally to its perforation. Stresses were lower 

at the base of the cavity in the thicker stru t and refilling of the cavity was simulated 

(Figure 4.27). Under force-control, on perforation of the thinner stru t, the load taken 

by the thicker stru t increased. As a result of the positive feedback loop inherent in 

the algorithm, bone was deposited along the surface (Figure 4.28).

Increasing both elastic moduli to 3.2 GPa it was found tha t perforation of the 

thinner stru t occurred while the cavity of the thicker stru t was capable of being 

refilled (Figure 4.29). However, increasing the elastic modulus of the thicker stru t 
alone to 4.0 G Pa while keeping tha t of thinner stru t at normal levels, resorption of 

the thicker stru t resulted, while the thinner one remained intact, see Figure 4.30.

E=2.6 GPa 
Dav 1 (25 damage)

Figure 4.26: FE simulation of the two-strut model under displacement-control, with 
a 25 f im  cavity and normal material properties (E=2.6 GPa). Extent of initial 
damaged region indicated by green box.
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Displacement-control 
Day 1 (35 /xm damage depth)

Figure 4.27: FE simulation of the two-strut model under displacement-control, with 
a 35 //m cavity and normal material properties (E=2.6 GPa). Extent of initial 
damaged region indicated by green box.

Force-control 
Day 1 (35 ^m damage depth)

Figure 4.28: FE simulation of the two-strut model under force-control, with a 35 
/xm cavity and normal material properties (E=2.6 GPa). Extent of initial damaged 
region indicated by green box.
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Figure 4.29: FE simulation of the two-strut model under displacement-control, with 
a 25 /xm cavity and both stru ts assigned an elevated elastic modulus (E=3.2 GPa). 
Extent of initial damaged region indicated by green box.

E=4.0 G Pa E=2.6 GPa 
Day 1

Day 20

Day 100

l i l l l i l
!B59!M ka !5!!!ia«a

Figure 4.30: FE simulation of the two-strut model under displacement-control, with 
a 25 jim. cavity. The thicker stru t is assigned an elastic modulus of 4.0 G Pa and 
the thinner stru t has normal material properties (E=2.6 GPa). Extent of initial 
damaged region indicated by green box.
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4 .3 .2 .6  Inhom ogeneous m aterial properties

From the backscatter electron microscopy results it was found th a t the mean differ

ence in gray level between the superficial and deep layers was 4.7±1.2, see Figure 

4.31. The differences were analysed using a paired t-test and were found to be 

statistically significant (P<0.0001). The maximum difference observed between the 

packages in a single trabecular stru t was 11.0. The average (mean) and maximum 

difference in gray level values corresponded to a difference in density of 0.05 and 

0.15 g/cm^ respectively (Roschger et al., 1998; Skedros et al., 1993). From the 

density-elastic modulus relationship (see Equation 3.3), elastic moduli of 2.5 GPa 

and 2.7 G Pa for the average and 2.4 G Pa and 2.8 G Pa for the maximum difference 

were applied to the different layers in the inhomogeneous finite element trabecular 

model.

Difference in gray level between
deep and superficial layers

Figure 4.31: Box plot of the difference in gray level between the deep and superficial 
packages in the trabecular bone.

Comparing the homogeneous model (E=2.6 GPa) to the inhomogeneous model 

(with a superficial layer of 15 f im ,  E =2.5 G Pa and deep layer with E=2.7 GPa), no 

difference in the resorption or refilling of a 25 fj,m depth of cavity was found. Indeed, 

increasing the difference in the m aterial properties of the layers to  2.4 G Pa and 2.8 

GPa, or changing the width of the superficial layer did not change the resulting 

remodelling process, see Figure 4.32.
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Figure 4.32: Graph of bone vohune against time for average (triangle) and maximum 
(circle) difference in material properties. Plots of thin (7.5 /im), intermediate (15 
yLxm) and thick (22.5 /xm) layers for each material distribution are also shown.

4 .3 .2 .7  In itia l dam aged region

To investigate whether an ‘error load’ can create damage in an idealised trabecular 

stru t with homogeneous materials properties and initiate the remodelling response, 
a single bending moment (at Day 10) was applied to the model with no initial 
damaged region. It was found th a t the damage induced by this loading condition 

was sufficient to initiate a remodelling response, see Figure 4.33. Damaged regions of 

bone above U c r it are shown in grey. All the damaged region was completely removed 
and the cavity was refilled.

4 .3 .2 .8  Param etric stu d y  o f setp o in ts  and rem odelling rates

To examine the influence of the critical damage level on the bone remodelling pro

cess, a param etric study was carried out on u>crit, see Figure 4.34. A range of values 
between 3500 and 4200 were apphed to the simulation. Between 3800 and 4200 

[ le  no affect on the bone remodelling process was found. Decreasing U c H t to 3500 

/i€ led to perforation of the stru t for a cavity depth of 25 /xm. However, a further 

investigation showed th a t by decreasing the depth of the resorption cavity to 20 //m, 

refilling of the cavity was once again simulated.

—  7,5 )im superficial layer 
-1 5 .0  nm superficial layer 

— 22.5 urn superficial layer

A average difference 
• maximum difference

Homogeneous
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Day 10-bending load appliec

Day 20

Figure 4.33: Progression of a BMU with no initial damaged region. Instead, micro
damage was induced by applying a bending moment or ‘error load’ to the model. 
Light grey elements represent those damaged above u > c r i t -
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Figure 4.34: Graph of trabecular bone volume against time for different values of 
ujcrit under the Boolean remodelling algorithm.



The influence of the w id th  o f the ‘dead zone’ was also examined for a range of 

values but keeping it  centred about 1500 /xe. A  p lo t of bone volume (/xm) against 

tim e (days) is shown in Figure 4.35. Three d istinct groups have been identified. For 

a ‘dead zone’ w id th  of between 600 and 2000 / l e  (shown as the coloured lines on 

the graph), resorption and form ation of a cavity was simulated, w ith  the amount of 

re filling  increasing as the w id th  of the ‘dead zone’ decreased. Below 600 j i e ,  strains 

along the length s tru t fell below emin during the form ation of the cavity, which 

resulted in th inn ing  of the s tru t (shown by the ligh t grey lines). This is illustrated 

on the graph by the large decrease in bone volume. I t  was found tha t as the ‘dead 

zone’ approached 0, complete resorption of the s tru t occurred as the strains along 

its length always fell below This result was not shown on the graph. A t 2500 

//f, the high strains around the base of the cavity were not perceived and instead 

damage accumulated u n til i t  exceeded u jc r i t , after which resorption and perforation 

of the s tru t occurred (dark grey line).
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Figure 4.35: Graph of trabecular bone volume against tim e for different w idths of 
the ‘dead zone’ under the Boolean remodelling algorithm .

To examine the effect changes in the remodelling rates have on BM U  progression, 

a range of resorption rates (from 1.0 to  1.9 /^m /day) were applied to  the model. 

However, apart from  a difference in the tim e scale, no appreciable difference was 

found between results, see Figure 4.36(a). Exam ining the rates of form ation, i t  

was found tha t reducing the rate to  0.23 /xm/day or below, perforation of the stru t 

occurred (see Figure 4.36(b)). A t th is slow rate, the high strains near the base o f the 

cavity were experienced for a longer period of time, allowing damage to accumulate
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to above the critical value. There is therefore a critical formation rate above which 
a cavity is refilled but below this value, damage accumulates, leading to resorption 
and perforation of the strut.
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Figure 4.36: Graph of trabecular bone volume against time for different values of (a) 
resorption rates and (b) formation rates under the Boolean remodelling algorithm.
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4.4  Sum m ary o f results

A summary of all the results is shown in Table 4.1 on the following page. In this 
study, bone remodelling along a single trabecular strut was successfully simulated 
using a mechanoregulation algorithm that incorporates both strain and microdam
age. However, it was found that an additional rule, which considers other biological 
factors that are not taken into account by the mechanoregulation algorithm but that 
influence bone cells, was necessary to achieve physiological bone behaviour.

A number of mechanisms to explain the rapid loss of trabecular bone during 
osteoporosis were tested in this study: changes in the elastic modulus, resorption 
depth and mechanosensitivity of the mechanosensors. It was found that all may 
explain the rapid loss of trabecular struts that results from this disease. Increasing 
the elastic modulus of the bone tissue above a critical value, while keeping all other 
parameters constant, led to increased stresses and damage levels at the base of the 
cavity and therefore perforation of the strut. Increasing the depth of the cavity was 
also found to affect bone remodelling. Below a critical depth, refilling of the cavity 
always occurred; however, for cavities greater than this critical depth perforation 
resulted. Decreasing the mechanosensitivity of the bone tissue increased the net 
bone deficit in a remodelling cycle. Eventually, a value was reached for which the 
bone tissue became so insensitive to its mechanical environment that refilling of the 
cavity did not occur and instead perforation of the strut resulted.
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Table 4.1: Summary of results

Bone rem odelling algorithm  W ITH O U T rule 
coordinating the spatial behaviour of osteoblasts
Osteocytes as mechanosensors Baseline parameters Damage not fully resorbed 

Cavity not refilled

Changes in D No effect on bone remodelling

Bone-lining cells as mechanosensors Idealistic strut Damage fully resorbed 
Unphysiological bone formation

Realistic strut Damage fully resorbed 
Unphysiological bone formation

Bone rem odelling algorithm  W ITH  rule 
coordinating the spatial behaviour of osteoblasts
Continuous remodelling algorithm Baseline parameters Bone remodelling cycle simulated 

Cycle complete in 40 days

Changes in E Ecrit = 3.0 GPa (displacement control) 
Ecrit = 3.3 GPa (force control)

Cavity depth Critical depth found (32 mum)

Changes in lUctu No effect on normal bone remodelling 

t  uJcrit result in an |  in Ecrit
1 critical cavity depth

Continued on next page



Table 4.1.....continued from previous page

Changes in ‘dead zone’ width (s) t  s results in |  in net bone loss 

s > 2000 leads to perforation

Changes in resorption rates No effect on normal bone remodelling

Changes in formation rates No effect on normal bone remodelling
Boolean remodelling algorithm Baseline parameters Bone remodelling cycle simulated 

Cycle complete in 100 days

Mechanosensitivty T ^max result in |  in net bone loss 

^max > 2600 //e leads to perforation
Changes in E Ecrit =  3.2 GPa (displacement control) 

Ecrit =  3.8 GPa (force control)
Inhomogeneous material properties No effect on normal bone remodelling

Changes in ujf^n No effect on normal bone remodelling

Changes in ‘dead zone’ width (s) t  s results in |  in net bone loss 

s > 2500 lie leads to perforation
Changes in resorption rates No effect on normal bone remodelling

Changes in formation rates < 0.23 //m /day leads to perforation
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5.1 Introduction

In this thesis, the author has proposed that changes in the transduction of mechan
ical stimuh into cellular activity may explain the rapid loss of individual trabeculae 
as seen in osteoporotic patients. In support of this proposition, bone remodeUing 
simulations along single trabecular struts were presented in the previous chapter. 
The effect that changes in the material properties or the mechanosensitivity of the
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bone tissue have on the bone remodelling process were examined. These results, and 
other significant findings, are discussed in this chapter along with the limitations of 
the simulation.

5.2 A ssum ptions and lim itations to  the study

Due to the inherent complexity of biological systems, it is generally not possible to 
incorporate every aspect of a particular process into a computer simulation. Instead, 
simplifications and assumptions must be made based on available experimental ev
idence which best represent the situation, while still producing a model of suffi
cient complexity that important questions about the system can be answered. The 
limitations of this finite element model are therefore mainly concerned with these 
assumptions.

5.2.1 M echanoregulation algorithm

The model is based on the assumption that strain and damage are the controlling 
stimuli which regulate bone cell behaviour. Although these stimuli have not been 
unequivocally proven, experimental evidence would suggest that they play an im
portant role in regulating bone remodelling (Lanyon et al., 1982; Burr et al., 1985). 
In this present study, two variants of strain were examined: strain energy density 
(SED) and maximum principal strain. A study which combined experimental data 
of bone drift from a loaded turkey ulna with computational analyses, found that 
both these parameters correspond well with the distribution of bone remodelling 
(Brown et al., 1990). Strain energy density has been used in previous computa
tional studies examining bone remodelling as it takes account of the strain, stiffness 
and strength of the material and is a scaler variable which allows for easier cal
culation and application (Carter et al., 1987; Huiskes et al., 1987; McNamara and 
Prendergast, 2007). However, from a biological perspective, strain would seem to 
be the more likely stimulus as it is easy to conceive a mechanism for its detection in 
vivo (Sadegh et al., 1993), whereas this is not the case for SED. Indeed, stretch re
ceptors have already been identified on bone cells whereas no strain energy receptors 
have been found to date or are ever likely to be located (Duncan and Misler, 1989; 
Hamill and McBride, 1996). In this study no difference was found in the sequence 
of resorption/formation events between the two stimuli. This was not surprising as 
both stimuli are related to each other, with strain energy density being proportional 
to the square of the strain. The possibihty of other pathways, or combinations of 
mechanisms, for the transduction of changes in the mechanical load to the adaptive
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response cannot be ruled out. Other mechanisms that have been proposed include 
stress generated streaming potentials, strain changes in the solubility of hydroxyap- 
atite crystals in bone tissue which leads to alterations in the calcium concentration, 
and fluid flow over the cell’s processes (Hung et al., 1995; Cowin and Hegedus, 1976; 
Weinbaum et al., 1994).

Damage is also considered to be a key stimulus as experimental evidence has 
shown that resorption cavities occur preferentially in areas of high damage (Burr 
et al., 1985). Like strain, damage is a physical quantity and it is easy to conceive 
mechanisms whereby it may be sensed by bone cells. It has been proposed that 
cracks may damage osteocyte processes, block nutrients getting to osteocytes or 
result in apoptosis, thereby disrupting communication between cells and signalling 
osteoclast recruitment (Noble, 2003; Martin, 2002; Taylor et al., 2003). Unloading 
of the bone tissue due to microcrack opening has also been suggested as a pathway 
of damage detection (Prendergast and Huiskes, 1996). Although, strain and damage 
were the only stimuli used in this study, the possibility of further stimuli that may 
regulate the bone remodelling process cannot be disregarded.

In addition to these mechanical stimuli, there are numerous biochemical molecules 
that are released during the bone remodelling process, which may affect bone cell 
behaviour; however, only one of these factors - regarding the spatial regulation of 
osteoblasts - was included directly in our model. It may be necessary to include 
other biological mechanisms in further simulations.

Another assumption concerns how these mechanical stimuli are sensed. If strain 
and damage are indeed the mechanical stimuli, a question still remains as to how 
these changes are perceived. The two most likely cells proposed for this task are 
the bone-hning cells and osteocytes. Due to their positioning along the surface or 
throughout the bone tissue and their intricate and extensive communication network, 
both are plausible cells for sensing and communicating stimuli. Experimental evi
dence suggests that both these cells are responsive to changes in mechanical stimuh 
(El Haj et al., 1990; Skerry et al., 1989). In this thesis, simulations were performed 
which examined both osteocytes and bone-lining cells as the mechanosensors. It was 
found that mechanoregulation with bone-lining cells resulted in more physiological 
BMU behaviour than with osteocytes - where incomplete resorption of the damaged 
region and only slight refilling of a cavity was achieved. On further investigation, it 
was found that the physiological density of the osteocytes used in the model was in
sufficient and that regions of damaged and highly strained bone were not perceived. 
Bone-hning cells were therefore used in all further simulations. Information on the 
spatial influence of mechanical stimuli on osteocytes is not known and estimates for
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D  must be made when modelling osteocytes, which is a further questionable aspect 
to using osteocytes as sensors. Therefore, an advantage of using bone-lining cells as 
the mechanosensors is that these unknown parameters are not necessary in simula
tions. A previous computational study by Smith et al. (1997) found Httle difference 
in the resulting architecture of trabecular bone when bone-lining cells or osteocytes 
were used as the mechanosensors which suggests that either cells can be used as 
sensors in bone remodelling simulations.

Following the method proposed by Mullender and Huiskes (1995), osteocytes 
were represented at discrete locations by integration points and in this study they 
were evenly distributed throughout the trabecular strut. A simplification of this 
model is the exclusion of osteocyte processes. As it is believed to be the osteocyte 
processes that detect changes in damage (through their shearing or disconnection) 
and strain (shear strain fluid flow through the canaliculi) it would be important 
to consider these in a computational model. Therefore, a more complex model 
incorporating osteocyte processes, similar to the method employed by Adachi et al. 
(2007), would be necessary to pick up local strain and damage stimuli. Results 
from this present study do not suggest that osteocytes are not the mechanosensors 
but rather that a more complex model of the osteocytes is required to model them 
sufficiently.

This model may also reveal some insight into the behaviour of cells in vivo. Lee 
et al. (2002) observed that a maximum crack length exists in bone and proposed 
that a crack above this length may initiate bone remodelling. The model presented 
in this thesis, would suggest that a crack would have to be of a sufficient size so as 
to cross an osteocyte before it is removed. Therefore, bone can maintain a certain 
level of damage so long as its extent is below a critical size. It is also possible 
that both osteocytes and bone-lining cells may work simultaneously together sensing 
mechanical changes. Rather than considering each one separately, a model including 
a combination of both cells should be examined.

A further simplification of the model is that the pathways through which the 
mechanosensors signal the recruitment of osteoclasts or osteoblasts are not modelled. 
Various mechanisms have been proposed including ion transport and electric signals 
(Burger and Klein-Nulend, 1999). Instead, this biochemical signalling pathway was 
impficitly assumed in the theory and bone cells were recruited directly based on the 
signals received by the mechanosensors.
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5.2.2 M aterial properties

The values for the elastic moduli used in the simulation were experimentally mea
sured by McNamara et al. (2006a). Other studies examining the elastic modulus of 
trabecular bone tissue have recorded a range of values from 0.75 GPa (Ryan and 
Wilhams, 1989) to 20 GPa (Turner et al., 1999). van Rietbergen et al. (1995), in 
their work on finite element analyses of whole bones, calculated the upper and lower 
limits to be 10.1 and 2.23 GPa respectively. The elastic moduli values found by 
McNamara et al. (2006a) are within this range, although on the lower scale. How
ever, the magnitude of the elastic modulus was not found to affect results as the 
load applied to the simulation is such that a strain of 1500 is always experienced 
with normal material properties and all the threshold values are calculated from 
this. Rather the relative increase in the elastic modulus from normal will determine 
whether a strut will perforate.

Inhomogeneity of trabecular struts was investigated by examining a trabecular 
strut with a stiff inner layer surrounded by a less stiff outer layer. In reahty, tra
becular struts consist of a number of different packages with a lamellar structure 
and anisotropic and heterogeneous material properties. However, this provided a 
first step towards modelling the nonuniform properties of bone tissue. Following on 
from this, a further simplification of the tissue material concerns the mineralisation 
process. In general, the osteoid deposited by the osteoblasts becomes mineralised 
over time. However, this mineralisation process was not considered as a separate 
mechanism and instead was implicitly included in the rate of bone formation.

As trabecular struts have complex orientations and irregular architectures, his
tological sections along the length of active BMUs are difficult to obtain (Parfitt, 
1994). Therefore, the time sequence of bone resorption and formation is not as 
easily identifiable as it is for cortical bone, for example, where the direction of bone 
remodelling is generally known and histological sections can be angled accordingly. 
It was previously assumed that osteoclasts resorbed a pit which is later refilled by 
osteoblasts (Parfitt, 1984b). However, more recent studies have indicated that os
teoclasts and osteoblasts are present at the same time and at the same resorptive site 
- with osteoclasts travelling along the strut resorbing a groove and the osteoblasts 
following along behind refilling the cavity (Eriksen, 1986). Although there was a 
slight directionality in bone cell behaviour as a result of the irregular architecture, 
the movement of a BMU along a strut was not simulated. It is believed, however, 
that by including the heterogeneous nature of the bone tissue into the model, a more 
physiological simulation of bone cell behaviour would be obtained.
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5.2.3 Param etric stu dy  o f variables

A parametric study was carried out on the different variables used in the algorithm 

to examine their influence on the remodelling process. Varying the critical damage 

level, cOcrit, from 3300 /xe to 3700 /xe for the continuous remodelling algorithm or 
from 3800 fie  to 4200 for the Boolean remodelling algorithm, was not found to 

affect the bone remodelling process when normal material properties were apphed. 

Decreasing LOa-it to 3500 l ie  with the Boolean remodelling algorithm resulted in 
perforation of the trabecular stru t under a 25 fxm  depth of cavity; however, it was 

found th a t a 20 ^m  depth of cavity could be successfully refilled. While the value 

of Ucrit was, in general, not found to affect the bone remodelling process under 
normal material properties, increases in LUcru led to an increase in the critical elastic 

modulus whereas decreases reduced the value. However, the im portant finding was 

th a t a critical elastic modulus was always found to exist irrespective of the value 

of LVcrit- A similar result was found for the critical depth of resorption cavity, with 
the depth depending on the value taken for u>crit- However, a critical depth, above 
which perforation of the stru t occurred but below which refilling of the cavity was 

simulated, was found for each value of Ucrit-

Under the continuous remodelling algorithm, changing the width of the ‘dead 
zone’ was found to vary the amount of cavity refilled at the end of the remodeUing 
cycle - decreasing ‘dead zone’ leading to a greater %  of refilling. A similar result was 

found for the Boolean remodelling algorithm between a width of 600 and 2000 fie . 

The remodelling algorithm therefore automatically captures a feature of remodelling 
commonly observed, namely the net bone loss in a remodelling packet (Frost, 1985; 

Eriksen et al., 1984a). For a ‘dead zone’ greater than  2000 fie  and 2500 f ie  for the 

continuous and Boolean remodelling algorithms respectively, refilling of the cavity 

was not achieved and instead perforation resulted. The high strains at the base of the 

cavity were not perceived and so no bone formation occurred. Damage accumulated 

as a result which led to resorption and perforation of the strut. If increases in the 

width of the ‘dead zone’ reflect a decrease in the mechanosensitivity, this progress 

may explain the loss of trabecular bone in osteoporosis.

Using the continuous remodelling algorithm, neither formation nor resorption 

rates were found to affect the overall remodelling sequence, only the timing of the 
cycle. Similarly, changes in the resorption rate using the Boolean remodeUing algo

rithm  were not found to have an influence on the process. However, it was found th a t 

decreasing the formation rate to below 0.33 /^m/day led to perforation of the stru t. 

Further investigations showed that, as the element was refllled at such a slow rate, 

high stresses were being experienced for an increased number of cycles which led
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to damage accumulation and resorption. Experimental evidence from osteoporotic 

patients has shown th a t the bone formation rate (at the BMU level) decreases from 

normal values in the diseased bone. One could conclude th a t this reduction in for

mation rate may be a factor in the rapid loss of bone experienced in osteoporotic 

patients.

5.2.4 F in ite elem ent m odel

A further lim itation of the model is the use of isotropic, linear elastic material prop

erties to  represent the trabecular bone material. Bone would be better represented 

by orthotropic, poroelastic properties which take into account the interaction be

tween the fluid movement through the canaliculi and the porous bone tissue. In 

this study it was decided to use linear elastic materials to  somewhat simplify an 
already complex model. Future work could examine the effect of poroelastic param 

eters on the distribution of stresses and strains and therefore the behaviour of the 

bone cells. Nonetheless, the present model is sufficiently complex to examine the 
potential capacity of a BMU to be governed by mechanical stimuli.

Cubic elements were used in the idealistic model to facilitate the application of 

the finite element code directly to the realistic voxel-based trabeculae, which are 
cubic by default. One consequence of using cubic elements is the risk of stress 

concentrations. To overcome this, an averaging technique developed by Stolk et al. 
(2001) was applied to the model. A mesh density study was also carried out and it 

was found tha t using element sizes of 10 jiva or smaller had little effect on the bone 

remodeUing process and on the amount of bone formed. The stress concentration 

limiter algorithm was effective at smoothing out the high stresses. However, coarser 

meshes did not pick up all the strains around the cavity. A 10x10x10 ijltt?  element 

size was therefore used in all simulations presented in this study as it required the 

least number of elements without compromising accuracy.

Only a single trabecular stru t was examined in detail in this study. The two-strut 

model went some way towards addressing the mechanism of load sharing th a t exists 

between a number of trabeculae. It would be interesting to  apply the remodelling 

algorithm to a volume of trabecular bone, with many potentially active remodeUing 

sites, as a range of stress/strain  distributions would be experienced. However, it is 

computationally prohibitive to attem pt to investigate more trabeculae at this time.
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5.3 General aspects predicted by the m odel

5.3.1 B one rem odelling

In this study it was established that a bone remodelling algorithm based on a com
bined strain/damage stimulus (with damage-stimulated bone resorption occurring 
above a critical amount of accumulated damage), in conjunction with a rule regu
lating the spatial behaviour of osteoblasts could successfully predict the remodelling 
cycle in trabecular bone, as described for example by Parfitt (1984b). Initially as
signed damage levels to a region of bone tissue along the strut were used to trigger 
the recruitment of osteoclasts to the trabecular surface where the entire damaged 
region was resorbed. Following this, the high strains surrounding the resorption cav
ity signalled the recruitment of osteoblasts and led to refilling. As well as simulating 
bone remodelling along an idealised cyhndrical strut, the remodelling algorithm was 
also capable of simulating BMU progression along a realistic strut. This is the first 
study, to the author’s knowledge, to firstly simulate the bone remodelling cycle and 
secondly to consider remodelling in a real trabecula.

It has been experimentally shown that bone adapts to external loads (Lanyon 
et al., 1982). Based on these observations, numerous computational studies and 
mechanoregulation algorithms have been developed to explain changes in bone den
sity, surface position and trabecular alignment due to changes in their loading con
ditions (Huiskes et al., 1987; Carter et al., 1989; Weinans et al., 1992; Cowin and 
Van Buskirk, 1979; Prendergast and Taylor, 1994). Generally these simulations only 
investigated the effect of globally applied loads on a continuum material model of 
trabecular bone. The scales of these simulations were too large to model individual 
cells and their movement along the surface of the trabeculae. Mullender and Huiskes 
(1995) examined bone remodelling along a grid of trabecular bone; however, only 
the net effect of bone resorption and formation was simulated and the interaction 
of the bone cells was not accounted for. Furthermore, these studies generally only 
considered a single remodeUing stimulus - either strain or damage. However, there 
is strong experimental evidence to suggest that both play a role in its regulation 
and for this reason both stimuli should be incorporated into remodelhng algorithms 
(Prendergast and Huiskes, 1996). Indeed, a previous study by Scannell and Pren
dergast (2008) used a combined strain and damage adaptive remodelling algorithm 
to simulate remodelling around a femoral implant. Their study showed that both 
stress shielding (due to strain-adaptive remodelling) and loosening of the implant 
(due to damage-adaptive resorption), as is observed clinically, could be simulated 
with such an algorithm. This was the first finite element model that successfully
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simulated these phenomena simultaneously.
Two previous models examined bone remodelling on a cellular level; McNamara 

and Prendergast (2007) and Ruimerman et al. (2005). These studies successfully 
simulated the progression of a BMU along the surface of a trabecular strut using 
strain only (Ruimerman et al., 2005) and combined strain and damage (McNamara 
and Prendergast, 2007) as the stimulus. However, these simulations were only car
ried out in 2D and the complex geometry and progression of BMU in 3D had not 
been examined. The importance of considering the 3D architecture of a trabec
ular strut was demonstrated in this current study. It was found that applying a 
mechanoregulation algorithm alone to a 3D model could not fully explain cellular 
behaviour. The distribution of stresses and strains around the cavity (which are 
not included in 2D) result in unphysiological predictions. In particular, high strains 
experienced along the top edge of the cavity, perpendicular to the direction of load
ing, led to bone formation at the rim of the cavity which enclosed a void within 
the strut. The remodelling algorithm was applied to both an idealised and realistic 
trabecular architecture, and this elevated strain distribution was found not to be a 
consequence of the simplified geometry used in the model. Indeed, these strain dis
tributions have also been noted by other researchers around the rim of an idealised 
(Smit and Bm-ger, 2000) and an in-vivo resorption cavity (McNamara et al., 2006b), 
see Figure 5.1. This result was unexpected and runs coimter to other theoretical 
bone remodelling studies who have not observed this phenomenon (Huiskes et al., 
2000; Ruimerman et al., 2005; McNamara and Prendergast, 2007). However, up 
until now, bone remodelling simulations on the BMU level have generally only been 
considered in 2D and the strain distribution in the third plane was neglected. This 
result highlights the importance of considering the architecture of a trabecular strut 
in remodelling simulations.

The additional rule included in the algorithm was based on the assumption that 
biochemical factors, although not involved in the recruitment of bone cells, may have 
control over local cell attachment. It has previously been proposed that osteocytic 
enzymes (for example tartrate-resistant acid phosphatase), left on the base of the 
cavity following resorption, attract osteoblasts to this site (Sheu et al., 2002). Due 
to the organised nature of the trabecular bone lamellae, and the observance that 
collagen fibers can extend in length greater than a single osteoblast cell, some local 
biochemical signalling must be controlling bone deposition. The rule itself coordi
nated the spatial deposition of bone tissue. Rather than simulating a single molecule 
released during the process, the rule more than likely encompasses numerous bio
chemical signalling molecules. This result would suggest that further developments
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Figure 5.1: Plot of strains around (a) an idealised trabecular strut (Smit and Burger, 
2000) and (b) around an in vivo resorption cavity (McNamara et al., 2006b)

of computer simulations of bone remodelling should incorporate appropriate rules 
alongside the purely mechanical aspects. Indeed, Ament and Hofer (2000) and She- 
felbine et al. (2005) in their work on fracture healing found it essential to implement 
rules, in addition to their mechanobiological algorithms, to account for clinically ob
served biological components of the process. Ament and Hofer (2000) found that by 
employing a biological factor, which was related to the amount of bone in neighbour
ing elements, along with the mechanical stimuli, the different types of ossification 
e.g. intramembranous and endochondral, could be identified in the simulation. In 
addition to osteogenic and vascularity factors, Shefelbine et al. (2005) included fur
ther restrictions which took account of some of the biochemical molecules that are 
released at different stages of the fracture healing process. Included was a rule that 
prevented bone resorption at the early stages due to the presence of transform
ing growth factor beta (TGF-/5). van Oers et al. (2008a), in their work on bone 
remodelling, also introduced rules to govern cellular behaviour and in particular 
osteoclast movement based on a weighted system which minimised the amount of 
free energy within an osteoclast. However, this was more of a mathematical rule 
than one based on biological observations. By including these biological rules into 
mechanoregulation algorithms, more complex and physiologically meaningful simu
lations of biological processes can be obtained. Therefore, the development of other 
computational simulations should consider the biological aspects of the process in 
addition to the mechanical ones.

It is well established that external loading conditions affect the overall mass and 
architecture of bone. In this study bone remodelling was simulated on a cellular
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level and it was shown that local strains may also regulate cellular activity - with 
high strains at the base of the cavity leading to osteoblast recruitment and cavity 
refilling. Smit and Burger (2000) examined the strain distribution around an ide
alised trabecular cavity and found that high strains were experienced at the base 
of the resorption pit while lower strains were found at the rim of the cavity in the 
loading direction (see Figure 5.1a). They proposed that in addition to external 
loading conditions determining bone formation/resorption, that local strains were 
responsible for directing bone cell behaviour. High strains would inhibit osteoclasts 
but would attract osteoblasts, and low strains attract osteoclasts. McNamara et al. 
(2006b) examined the strain and stress distribution around realistic bone trabeculae 
and similarly observed high strains at the base of the cavity and lower strains in 
the direction of loading (see Figure 5.1b). However, elevated stresses were also pre
dicted proximal to the resorption cavity in the direction of loading. They proposed 
that damage caused by these high stresses may control the progression of a BMU. 
Therefore, in addition to damage acting as a stimulus to initiate bone remodelling, 
the presence of a resorption cavity may also damage surrounding tissue, thereby 
attracting osteoclasts and regulating BMU behaviour. These studies lend further 
support to the proposal that strains not only affect global bone mass but may also 
regulate bone cell activity on a local level.

Parfitt (1984b), in his work on bone remodelling, first separated the BMU cycle 
into five distinct stages: quiescence, activation, resorption, reversal and formation 
(see Figure 5.2). However, questions arose as to what controlled the commencement 
and cessation of each stage. First of all, what causes the bone-lining cells to withdraw 
allowing osteoclasts access to the bone surface? From this simulation it has been 
shown that damage is a possible stimulus. Sensor cells perceiving a critical damage 
level, perhaps due to severance of osteocyte processes of apoptosis of the osteocytes 
themselves (Frost, 1960a; Verborgt et al., 2000; Taylor et al., 2003; Noble, 2003), 
unloading of the surrounding bone tissue (Prendergast and Huiskes, 1996), blocking 
of fluid flow (Tami et al., 2002) or removal of osteoclast inhibitory signals (Martin, 
2000) would signal the retreat of bone-lining cells and osteoclast attachment. Once 
recruited, osteoclasts will then continue to resorb bone until all the damaged tissue 
has been removed. Complete removal of the damaged tissue and therefore a cessation 
of these signals end the resorption phase. Then following resorption, what activates 
the osteoblasts? It has be shown that there exists a complex coupling mechanism 
between osteoclasts and osteoblasts via RANK/RANK ligand (Suda et al., 1999), 
and it is proposed that this coupling may recruit osteoblasts to the recently resorbed 
cavity. In this study, it was found that perhaps there is no need for the inclusion of
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these complex biological coupling factors and that strain-adaptive remodelling alone 
is sufficient to stimulate osteoblast recruitment. Biochemical pathways are essential 
in bone remodelling but may be activated as a result of the mechanical environment. 
The remodelling simulation can also explain why osteoblasts stop - that is when 
all the strain signals have ceased. The incomplete refilling of a resorption cavity 
was also simulated which was found to be due to the presence of a ‘dead zone’ in 
the remodelling algorithm. The mechanoregulation algorithm was therefore able to 
successfully simulate each of the stages of the bone remodelling cycle (see Figure 
5.2).

Following Frost (1987) and others, distinctions are generally made between mod
elling and remodelling in bone, as described in the Section 2.2. However, Huiskes 
et al. (2000) and van Oers et al. (2008a) suggested that the coupling observed be-

Quiescence

Activation

Resorption

Reversal and formation

Quiescence

Figure 5.2: (a) Progression of a BMU simulated by the mechanoregulation algorithm 
developed in this thesis, (b) Different stages of a BMU as described by Parfitt 
(1984b).
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tween bone cells during remodelling may be mechanically driven and that a unified 
mechanoregulation theory could describe both processes. In this study, applying the 
combined strain/damage remodelling algorithm to the trabecular strut, but with no 
initial damaged region to activate a BMU, an increase in the load was found to 
lead to bone formation along the surface of the trabecula without there having been 
previous resorption; decreasing the load led to resorption of bone and thinning of 
the strut; and changing the angle of the applied load resulted in reorientation of 
the strut to the direction of loading (see Figure 4.25). These processes would come 
under the heading of ‘modelling’. Furthermore, in the presence of microdamage the 
same algorithm simulated a remodelling cycle, with a cavity being resorbed and 
subsequently refilled. Therefore our results suggest that both modelling and remod
elling are manifestations of the same pathway of mechanoresponsiveness in bone 
tissue and that distinctions between the two processes may not apply.

In the algorithm, bone remodelling targets damaged tissue. It is conceivable that 
damage can arise in different regions due to the irregular architecture of trabeculae 
and nonuniform material properties throughout the strut, which leads to different 
distributions of stresses. So in an indirect way, the inhomogeneity of the material 
properties is taken into account by the initial assignment of damage levels to a 
particular region of bone. It was also shown that by applying an ‘error load’ for one 
increment to an idealised strut with homogeneous material properties, a damaged 
region could be created that initiated the bone remodelling cycle. Indeed, applying 
a longitudinal load to a realistic strut, bone tissue was automatically damaged and 
removed due to the high stresses caused by the irregular architecture. However, 
only a small region of bone tissue, and in some simulations only single integration 
points, experienced high damage levels. A single load case was examined in this 
study whereas in reahty bone tissue would experience a range of loads varying in 
magnitude and direction. A greater region of damaged tissue would be expected 
to accumulate if different loading conditions were applied to the model and if the 
inhomogeneous material properties of the bone tissue were accounted for. As it is 
assumed that damage initiates the remodelling process, it is similar to the algorithm 
employed by Huiskes et al. (2000) and Ruimerman et al. (2005), where osteoclasts 
are directed to damaged zones. However, in their simulations, damage was not 
directly simulated but rather a set volume of bone tissue was resorbed stochastically 
across the trabecular surfaces. A further study by van Oers et al. (2008a) indirectly 
modelled damage by removing osteocytes in a region of cortical bone, simulating 
apoptosis due to damage accumulation. It was found that this was capable of 
signalling osteoclastogenesis and removal of the damaged tissue. Of course these
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simulations does not prove th a t bone turnover is mechano-regulated, but they do 

support the concept th a t bone remodelling is a process of removing microdamage 
to form a pit which refills until strains reach homeostatic values.

5.3.2 Continuous versus Boolean remodelling algorithm

Two different remodelling algorithms were investigated in this study: continuous 
and Boolean. The continuous remodelling algorithm is based on the same theory 

as th a t employed by M cNamara and Prendergast (2007) and is derived from the 

adaptive-remodelling principals of Cowin and Hegedus (1976). The Boolean remod

elling algorithm develops upon this concept by including physiological and experi
mental observations and in this regard follows closely to the ideas proposed by Frost 

(1987). Under the continuous remodelling algorithm, and similar to other compu
tational models simulating bone remodelling, remodelling rates are assumed to be 

dependant on the magnitude of the signals received (Cowin and Van Buskirk, 1979; 
Huiskes et al., 1987; Ruimerman et al., 2005; McNamara and Prendergast, 2007). 

While this may hold true on macroscale simulations, constant rates, representing the 
average rate at which a cavity is resorbed/refilled, may be more physiological for 
models on a trabecular level. Studies looking at the stimulation of single osteoblasts 
and osteocytes in vivo have shown th a t a certain level of applied force or response 

threshold is required to obtain a stimulus but th a t no correlation between applied 
force and the magnitude of the signal has been found (Vatsa et al., 2006; McGarry 

et al., 2008). A logical approach therefore is to assume th a t all activity proceeds 

at a constant rate once a triggering threshold has been exceeded as this is what 

Frost (1992a) suggested. He proposed th a t the mechanisms “either act or do not, 
so one could say they are either ON of O FF” . One of the advantages of assuming 

Boolean or O N /O FF adaptation is th a t experimental da ta  can be used to ascertain 

the magnitude of the remodelling rates in the computational model.

A second difference between the two algorithms is tha t strain is assumed to be the 

mechano-stimulus for the Boolean remodelUng algorithm rather than  strain energy 

density which is used in the continuous remodelling algorithm. Strain-activated 

receptors have been found on osteoblasts and it easy to conceive how cells may 

respond to this stimulus (Duncan and Misler, 1989; Hamill and McBride, 1996). On 

the other hand, SED is a conceptual param eter and there is no experimental evidence 

to suggest th a t SED stimulates a response in bone cells. However both  stimuh are 

related - with strain energy density being proportional to the square of the strain. 

A further difference was the value chosen for the critical damage level, ujcrit- ^ c r i t  

was calculated based on a strain level of 3500 f i e  in the continuous remodelling
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algorithm and 4000 in the Boolean remodelling. It was not unexpected tha t 

some of the parameters may not directly translate from one algorithm to the next. 

It was found th a t a value for U c r it calculated at 3500 //e was too low and th a t damage 
accumulation, during the formation of a 25 f i m  cavity, exceeded the critical damage 

threshold and led to perforation of the trabecula. In reality, a cavity of this depth 

would be expected to be refilled in a 90 /xm width trabecular strut. Moreover, 

experimental evidence shows th a t under fatigue loading above 4000 yue, a change in 

the material properties occurs (Pattin  et al., 1996). This may represent the threshold 

for damage-initiated resorption.

Comparisons between these two algorithms and their effects on bone remodelling 

were made with both simulating resorption of the damaged tissue and refilling of the 

cavity, see Figure 5.3. However, the time scale between the two models differed. A 25 

yum cavity was refilled in 50 days under continuous remodeling algorithm whereas 

it took up to 100 days for the model to reach full convergence with the Boolean 

algorithm, which is a more physiological remodelling cycle time period.
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Figure 5.3: Plot of change in bone mass with time for continuous and Boolean 
remodelling algorithms under baseline values

5.3.3 Inhom ogeneous m aterial properties

Trabecular bone tissue is not uniformly mineralised but instead consists of packages 

th a t vary in mineral content depending on their age. The mineralisation of newly 

formed bone reaches 70% of its full mineralisation capacity (primary mineralisation)
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within the first few days of formation whereas the other 30% is achieved over the 
following years (secondary mineralisation) (Akkus et al., 2003). As trabecular bone 
remodelling occurs along the surface of the strut, deep, internal regions of bone 
tissue are generally older and therefore stiffer than the newer outer layers (Boyde 
et al., 1993). Previous studies examining the mineral content of trabecular bone have 
observed this distribution (Roschger et al., 1998; Ciarelli et al., 2003). In this thesis, 
the backscatter electron imaging technique was employed to quahtatively determine 
the difference in mineralisation between the deep and superficial packages of bone 
tissue. Other studies examining the mineral content have generally studied blocks 
of trabecular bone; however, in this study individual struts were examined. This 
ensured that the trabeculae were aligned so that their cross-section was examined 
and deep and superficial packages could be identified. Using blocks of bone, there 
is little assurance that the trabecular strut is not at an oblique angle and a package 
that would in reality be deep may be touching the surface. An average difference 
in atomic number of 0.16 between the two packages was found, with a maximum 
value of 0.4. This corresponds to a change in mineral content of 2.4% and 5.8% 
(Skedros et al., 1993). A previous study examining the difference between these 
two packages calculated an average difference in atomic number of 0.39 (Ciarelli 
et al., 2003). Discrepancies between these studies may be due to the different bone 
tissues being examined. In the present study sheep femoral trabeculae were scanned 
whereas human iliac trabecular bone was examined by Ciarelli et al. (2003).

From the qBEI study, density values for the deep and superficial packages were 
inputted into the finite element model. It was found that no change in the bone 
remodelling process occurred with the inclusion of the different bone packages. It 
was thought that the stiff deep layer would accumulate more damage and therefore 
increase the risk of perforation; however, it was found that although the damage 
did accumulate in the deeper layer it did not exceed the critical damage level. The 
thickness of the packages was also not found to influence bone turnover in the model 
presented in this study.

5.3.4 O steoporotic m aterial properties

As the mechanoregulation algorithm was capable of simulating normal bone remod
elling along a trabecular strut, changes in the mechanoregulation pathway were ex
amined to see whether the model could predict the rapid loss of trabeculae observed 
in osteoporotic patients.

In the introduction to this thesis, it was proposed that if osteoporosis causes an 
increase in the actual tissue modulus, as some experiments on trabecular tissue have
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shown (McNamara et al., 2006a), then the perforation of struts during osteoporosis 
may result from normal bone remodelling of pathologically stiffer tissue. This hy
pothesis was corroborated in this study. A critical value of elastic modulus was found 
to exist below which refilling of the resorption cavity is possible but above which, 
for a particular diameter of strut and depth of cavity, perforation is inevitable. The 
increased elastic modulus resulted in higher stresses being experienced at the base 
of the resorption cavity. Damage therefore accumulated above the critical threshold 
and was resorbed. This led to subsequent damage formation and tissue removal un
til perforation of the trabecula resulted. Numerous experimental studies have found 
a relationship between damage and age or disease - with an increased amount of 
damage observed with age and osteoporosis (Schaffler et al., 1995; Zioupos, 2001; 
Waldorff et al., 2007; Dai et al., 2004). These observations, therefore, lend some 
support to the proposal of damage accumulation and its removal as the mechanism 
for trabectilar bone loss in osteoporosis.

A similar result was found when the elastic modulus of the /xCT-generated real
istic strut was increased. For normal material properties, damaged tissue caused by 
high stresses from the irregular architecture was capable of being resorbed and the 
subsequent cavity was refilled. However, when the elastic modulus was increased, 
a greater amount of tissue was damaged which led to resorption and perforation of 
the strut.

Several investigations have been made into the mineral content of osteoporotic 
bone with conflicting results. Some have found no change or a decrease to occur 
in the disease (Li and Aspden, 1997; Roschger et al., 2001), whereas increases have 
also been reported (Boyde et al., 1998; Ciarelli et al., 2003; McNamara et al., 2006a; 
Dickenson et al., 1981; Paschalis et al., 1997). In this study the possible effect of an 
increase in mineral content on BMU behaviour was investigated. It should be noted 
that if the mineral content, and therefore elastic modulus, is found to increase, it 
is not known whether this change would cause osteoporosis, or be an ontogenetic 
adaptation to it. In other words, whether these changes in tissue properties are a 
consequence of adaptation to an already weakened architecture or whether these 
alterations drive the loss of trabecular struts (as suggested by this thesis) is an 
open question. Although estrogen deficiency increases bone turnover which would 
reduce the mineral content, it is possible that a pathological change in the miner
alisation process may also occur. The mechanisms by which osteoporosis may lead 
to an increase in the mineral content of bone are not known. However, studies have 
shown that changes in collagen content and cross-linking of collagen fibrils occur in 
osteoporotic bone (Birkenhaeger-Frenkel, 1987; Bailey et al., 1993). As collagen is
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the template and sets the spatial limitations for mineral deposition, changes in the 
collagen structure may alter the subsequent mineralisation process. Grynpas et al. 
(1994) noted a reduction in the amount of noncollagenous proteins in human osteo
porotic bone when compared to age-matched healthy controls. It has been previous 
proposed that the function of the noncollagenous proteins is to regulate mineral de
position, acting as nucleators and regulating the growth and proliferation of mineral 
crystals. Therefore changes in these proteins may alter the mineral content of the 
bone tissue. However, what can be concluded from the work of this thesis is that if 
bone remodelling is regulated by a combination of strain and microdamage and if 
an increase in the elastic modulus does occur, it will predispose osteoporotic bone 
to trabecular perforation.

Indeed, from mechanical testing of individual trabecular struts by McNamara 
et al. (2006a), the elastic modulus was found to increase from 2.6 to 4.0 GPa in 
the ovariectomised bone tissue. As this value for osteoporotic bone tissue is greater 
than the critical value found in this study, it lends further support to the hypothesis. 
Therefore the results suggest that the thinning of trabeculae by osteoclast/osteoblast 
‘imbalance’ is not the only mode of trabecular perforation in osteoporosis - trabec
ulae may also be lost by mechanobiological means.

In their work on trabecular bone remodelling, van der Linden et al. (2004) sim
ilarly found that increases in the elastic modulus of bone tissue lead to a reduction 
in bone mass. This result lends support to the idea that a pathological change 
in the elastic modulus may be a cause osteoporosis, see Figure 5.4. However the 
mechanism behind trabecular perforation, which is the mode of bone loss during the 
disease, was not considered in their study.

Normal tissue stiffness Increased tissue stiffness

Figure 5.4: Resulting trabecular architecture with normal and elevated elastic mod
uli. Adapted from van der Linden et al. (2004)
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Perforated struts are generally considered to be irreversible and once the connec
tion has been breached it cannot be repaired by new bone formation (Parfitt, 1984a; 
Mosekilde, 2000). However, contrary to this belief, a few experimental studies have 
provided evidence of possible trabecular bridging (Banse et al., 2003). These bridges 
were observed as less mineralised bone sections connecting bone of higher mineral 
content using backscatter electron imaging of blocks of trabecular bone. However, 
as the direction of the strut being examined was unknown, oblique cross-sections 
through newly refilled resorption cavities would produce a similar image. Therefore 
these ‘bridges’ may be just cuts through a newly refilled resorption cavity. In our 
study, once disconnected, the strut ends in our model continued to resorb away as 
they were unloaded and strains were below e m i n -  The remodelling of a callus, which 
braces a trabecular strut that has undergone microfracture, can also be simulated 
by the current model. However, the actual formation of a fracture callus cannot. 
Additional rules regarding the heahng of fractures would have to be included before 
such a mechanism could be simulated.

5.3.5 Increase in cavity depth

If estrogen deficiency causes the depth of bone tissue resorbed by an osteoclast to 
increase, as shown by the experiments of Eriksen et al. (1985), a cavity will be 
created which is incapable of being refilled during the remodelling cycle, leading to 
perforation of the trabecula. Parfitt (1987) proposed that the mechanism behind 
rapid loss of trabeculae in osteoporosis is the increase in the depth of osteoclastic 
resorption cavities leading to localised perforation of thin struts. However, an ad
ditional mechanism to the final part of Parfitt’s proposal is suggested in this thesis, 
which is that perforation finally occurs from continued osteoclast resorption due to 
microscopic damage from elevated stresses at the base of the resorption pit. In fact, 
a critical depth of 32 j i m  was found for a strut of diameter 90 //m; below 32 /xm 
depth, the pit will be refilled whereas greater than this perforation of the strut will 
ensue. A critical resorption cavity depth was also found by McNamara and Pren- 
dergast (2005) in their work on bone remodeUing along a 2D strut, van Oers et al. 
(2008b) examined the effect of increases in resorption cavity depths on trabecular 
bone remodelling. They found that increasing the cavity depth led to some bone 
loss. However, perforation of the struts was not predicted. A possible reason for 
this is that damage was not included in the remodelling algorithm and so the high 
stresses and strains experienced at the base of the resorption cavity did not lead to 
damage accumulation as one would usually expect. This result further highlights the 
importance of incorporating both strain and damage into remodelling algorithms.
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5.3.6 Targeting o f trabeculae for resorption

Although both increased elastic modulus and resorption cavity depth are possible 

mechanisms for the accelerated bone loss experienced in osteoporotic patients, they 
differ in the trabecular stru ts th a t they target for resorption. By applying the re

modelling algorithm to a two-strut model of different thicknesses it was found tha t 

if osteoporosis is driven by increased osteoclast activity then the thinnest struts 

would be more prone to resorption, leaving the thicker ones behind. On the other 

hand, as changes in tissue properties occur over time and to varying degrees in each 

trabecula, perforation due to increases in the elastic modulus would not necessarily 

be restricted to the thinnest struts. W hether th in  stru ts or the more highly min

eralised stru ts are targeted is not known, but further research using a combination 

of backscattered electron imaging and micro-computed tomography to examine the 

change in mineral content with time, may be able to lend further support to these 

proposed mechanisms.

5.3.7 Change in m echanosensitiv ity

During a normal bone remodelling cycle, the amount of bone resorbed generally does 

not correspond to the amount of bone formed. Instead an imbalance exists in favour 
of resorption (Frost, 1985; Eriksen et al., 1984a). This net bone loss is normally con

sidered to be caused by the loss of biochemical coupling between bone resorption and 
deposition; however, such a coupling need not be independent of mechanoregulation 

because in this study it was found th a t the imbalance is automatically simulated as 
a consequence of bone mechanosensitivity. Frost (1987) proposed th a t the setpoints, 

and in particular the bone modelling threshold, determine how sensitive the bone 

tissue is at perceiving its mechanical environment. Therefore, in this thesis, the ef

fect of changes in the mechanosensitivity of the bone cells was examined by changing 

^ m a x -  It was found tha t the net bone loss in each remodelling cycle occurred due to 

the presence of the ‘dead zone’, with the m agnitude of this loss being influenced by 

the width of this zone - increases in t m a x  leading to a subsequent increase in the net 

bone deficit each remodelhng cycle.

Frost (1987) had previously proposed th a t these setpoints may be under genetic 

control and explain the differences in bone mass observed between individuals. In

deed, up to 70% of peak bone mass has been a ttributed  to genetic factors (Seeman 

et al., 1989; Krall and Dawson-Hughes, 1993; Eisman, 1999). Although the path

ways through which these genes act are not fully understood, this thesis proposes 

th a t their effect on the setpoints for mechanoregulation may be one such target.
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Individuals with genes generating lower mechanosensitivity (i.e. higher values of 

€ m a x )  than  the normal population would have a greater loss of bone every remod
elling cycle. It is possible tha t with this continual net bone loss over a number of 

remodelling cycles, these individuals would be more susceptible to lower bone mass.

Furthermore, if the mechanosensitivity of bone cells decreases with age, the grad

ual age-related bone loss may be explained by the same mechanisms. Experimental 

evidence of such a decrease in mechanosensitivity (increase in C m a x ,  the threshold 

for formation) with age was found by Turner et al. (1995). In their study, young (9 

months) and adult (19 months) ra t tibiae were loaded under various magnitudes. 

It was fomid th a t the load required to stim ulate bone formation was increased in 

the older rats but tha t, when formed, the bone had a similar surface area to th a t of 

the younger rats. This suggests th a t the bone cells in the older rats are behaving in 

a similar manner to those in the younger ones but the threshold of loading which 

initiates their recruitment is elevated.

Frost (1992a) previously proposed th a t changes in the setpoints due to drugs or 

disease may lead to sensor cells tha t are either somewhat ‘deaf’ or ‘overactive’ to 
their mechanical environment. However, Frost suggested a shift in the MES, whereby 

both MESr and MESm are moved together (see Figure 2.9 for a description of these 
setpoints). By increasing the MES, for example as may occur in postmenopausal 

osteoporosis, the subsequent effect on the bone would be similar to th a t of disuse, 
with more of the tissue in the DW window leading to thinner bones. However, exper

imental studies have now shown tha t trabecular bone mass is usually lost through 
perforation and resorption of stru ts and not through general thirming (Parfitt et al., 

1983; Waarsing et al., 2006). In our study, instead of changing the setpoints to

gether, only € m a x  was varied from the baseline value. It was found tha t if e^ax 
exceeds 2600 f i e  then, for a trabecula of width 90 //m and a microdamaged region 

25 ^m  deep, perforation of the trabecula inevitably occurrs. This is because the 

mechanosensors are not sensitive enough to their loading environment to perceive 

the raised strain stimulus for refilling (see Figure 5.5). Osteoblasts are therefore not 

recruited and so no refilling of the cavity occurs. Effectively, decreased mechanosen

sitivity ‘turns down’ the stimulus for refilling during the remodelling cycle. W ithout 

refilling, bone tissue a t the base of the cavity becomes further damaged under the 

high cyclic stresses at the base of the ‘notch’ and bone is resorbed by the osteoclasts 

when damage levels exceed the critical level, leading to subsequent perforation of 

the stru t. It was therefore concluded th a t if diseases, such as osteoporosis, decrease 

the mechanosensitivity of the sensors cells, this may explain the rapid bone loss 

observed in this skeletal disease.
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Figure 5.5: Plot of strains around resorption cavity when (a) em ax is 2000 f i e  and 
(b) Cmax is 3000 /ue. Strains greater than e^nax are shown in light grey. There is an 
increased formative stimulus when /xe is lower.

A previous computational study by Mullender et al. (1998) examined the effect 

of changes in setpoints on bone remodelling. No ‘dead zone’ was included in their 
mechanoregulation algorithm and so only one setpoint controlled bone behaviour. 

The effect of a shift in the setpoint, stemming from hormonal changes, would have 

on trabecular bone architecture was investigated. When applied to a grid of trabec

ular struts, it was found th a t increases in the setpoint lead to an overall reduction 

in bone mass. However, this reduction was due to thinning of the trabecular struts 

rather than  due to the perforation and complete resorption of trabeculae as is gen

erally observed in osteoporotic patients. Indeed, once the setpoint was returned to 

its original value, bone volume returned to  normal. Although this would seem to 

contradict the result found in this study, the individual effects of osteoclasts and 

osteoblasts were not considered in the model by Mullender et al. (1998), only the net 
change in bone mass was modelled. Also, strain was assumed to be the only stimulus
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and the effect of damage was not included. As a consequence of these differences, 
the mechanism of strut perforation was not simulated. The author considers these 
to be the reasons a different conclusion was reached by Mullender et al. (1998).

Although bone mass has been shown to be genetically dependent, the heritabihty 
of bone loss is not well established. The rate and extent of bone loss varies widely 
between individuals even under similar conditions (Vico et al., 2000; Pouilles et al., 
1996). However, one study of post-menopausal women estimated that genetic factors 
can account for 37-54 % of the variation in BMD (Brown et al., 2005). A study 
carried out by Amblard et al. (2003) found that when the hind limb of two distinct 
strains of mice were unloaded, bone loss only occurred in one of the strains. This 
suggests that differences in the sensitivity of the bone tissue to unloading may also 
be genetically controlled. Furthermore, a study which examined the bone lost after 
ovariectomy found that the timing, location and magnitude between three distinct 
strains of mice all differed (Li et al., 2005; Bouxsein et al., 2005). Together these 
results would suggest that bone loss due to disuse or postmenopausal osteoporosis 
are at least partially genetically determined.

A change in mechanoresponsiveness of bone can be the result of two possible 
causes - a reduction in the number of viable mechanosensors or a decrease in their 
ability to sense changes in their mechanical environment. If the number of sensors 
decreases, less of the mechanical stimulus is sensed, which would lead to inadequate 
appraisal of the mechanical load. Examining the density of osteocytes with age and 
in osteoporotic patients, conflicting results have been reported - Frost (1960a) found 
that an increase in osteocyte death in human bone with age whereas Mullender et al. 
(1996b) found no significant difference between osteocytic cell death and either age 
or osteoporosis in human transiliac bone when compared to healthy control samples. 
Robling and Turner (2002) examined the effect of loading on two distinct strains 
of mice, and found that each strain responded differently. However, the osteocyte 
lacuna density between these distinct strains of mice was found to be similar. This 
result would suggest that cell mechanosensitivity rather than cell number is the 
cause of the difference in loading response.

Furthermore, the response from mechanical stimulation of osteoporotic bone cell 
cultures was found to be decreased when compared to cells from healthy controls 
(Neidlinger-Wilke et al., 1995; Sterck et al., 1998). Therefore, the ability of bone cells 
to detect strain (or some other loading parameter) may change at a cellular level due 
to osteoporosis. Damien et al. (1998) proposed a possible pathway through which 
estrogen withdrawal, as occurs in postmenopausal women, may affect mechanosen
sitivity. Studies have shown that the estrogen receptor (ER) found in osteoblasts
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and osteocytes diminishes in the absence of estrogen. This reduction in ER number 
may reduce the cell’s response to strain thereby reducing the strain-related signal 
downstream. Therefore, the bone cells are not properly reacting to the signals they 
are receiving. Indeed, it has been shown that mechanical stimulation of osteoblasts 
from ERa knockout mice have a reduced response to mechanical strain than os
teoblasts from healthy control animals (Jessop et al., 2004). Another experimental 
study investigating the effect of mechanical loading on bone formation in rats, found 
that a single injection of parathyroid hormone (PTH) before simulation increased 
the osteogenic response (Chow et al., 1998) which suggests that PTH may also have 
control over the setpoints and the bone cell’s mechanosensitivity.

5.4 Summary and perspectives

Osteoporosis has now become one of the most prevalent diseases and the number of 
sufferers is set to increase further over the coming years with the ageing society. It 
is therefore important that further research into our understanding of the etiology 
and pathology of the osteoporosis is carried out to ensure suitable treatment of this 
debilitating and life-threatening disease.

Bone loss during osteoporosis is generally attributed to overactive osteoclastic 
behaviour and therefore current drug treatments target osteoclast and arrest their 
activity. However, this may not be the most appropriate or effective treatment. In 
this thesis alternative hypotheses for the development of this skeletal disease were 
proposed and tested. It was found that the perforation and rapid loss of trabecular 
struts, that is observed in osteoporosis, could be explained by:

-increases in the elastic modulus
-increases in the depth of resorption cavities
-decreases in the mechanosensitivity of the bone cells

Bone cells during osteoporosis may be behaving normally but receive altered signals 
due to disruptions in the mechanotransduction process. Therefore, the preservation 
of bone mineral content or the maintenance of mechanosensitivity of the bone cells 
may provide alternative targets for the treatment of this disease.
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Chapter 6

Conclusions

Contents
6.1 M ain conclusions o f th is t h e s i s .................................................................149

6.2 Future w o r k .......................................................................................................... 150

6.1 M ain conclusions o f th is thesis

In this thesis, a mechanoregulation algorithm that was capable of predicting a re
modelling cycle along a single trabecular strut in 3D was developed. Using this 
algorithm, it was shown that changes occurring in the mechanotransduction pro
cess could explain the rapid loss of trabecular struts that is generally observed in 
osteoporotic patients.

The main conclusions of this study are as follows:

• A combined strain and damage remodelling algorithm can successfully simulate 
complete resorption of a damaged region of bone tissue followed by refilling of 
the cavity along a trabecular strut. The inclusion of a rule, which concerns 
other biological factors released during the remodelling process that affect local 
osteoblast behaviour but are not taken into account in the mechanoregulation 
algorithm, was found to be necessary for physiological cellular prediction.

• Increases in the elastic modulus produce a trabecular strut that is prone to 
perforation. This change in the bone tissue property alters the mechanical 
environment and as a result increases the rate of damage accumulation within 
the bone tissue. The damage stimulus perceived by the bone sensor cells is 
altered which leads to easier trabecular perforation and rapid bone loss.
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• Higher stresses experienced at the base of increased resorption cavity depths, 
increase the rate of damage accumulation. A critical depth exists, which if 
exceeded, causes damage to accumulate to levels above the critical threshold 
and perforation of the strut follows as a result. However, perforation does not 
occur due to fracturing but rather by osteoclastic resorption.

• A decrease in the mechanosensitivity of the bone cells was found to alter the 
strain stimulus sensed by the mechanosensor cells and increase the net bone 
deficit each remodeUing cycle. Furthermore, if bone cells become too insen
sitive to their mechanical environment, refilling of the cavity does not occur 
and instead damage accumulates leading to perforation and rapid resorption 
of the trabecular strut.

6.2 Future work

The following recommendations are suggested as improvements to the mechanoreg- 
ulation model presented and experimental studies that would lend further support 
to the hypotheses posed in this thesis:

• Application of the mechanoregulation algorithm to a realistic volume of tra
becular bone to examine its effect under a range of loading conditions. Fur
thermore, the model should include the different BSU packages observed in 
trabecular bone. One way in which this may be achieved is through syn
chrotron radiation microtomography (SR/xCT), where the architecture and 
minerahsation of bone tissue in 3D can be obtained and directly inputted into 
a finite element model. By incorporating a realistic architecture and material 
distribution, a range of stresses and strains will be experienced and, therefore, 
damage accumulation rates will differ throughout the trabecular bone. These 
different rates of damage accumulation may autorfiatically and simultaneously 
initiate bone remodelling at different regions across the bone volume.

• Comparisons between the bone remodelling process predicted by the compu
tational simulation and the realtime change in bone mass of an animal model 
obtained using in vivo â CT, would further validate the mechanregulation al
gorithm.

• Osteocyte cell processes have been proposed as possible sites of mechano- 
sensation and should therefore be included into the finite element model. This 
can be achieved by using the approach taken by Adachi et al. (2007) in which
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osteocyte processes are indirectly modelled by assuming that the mechanical 
stimuli can be sensed in a volume of bone tissue surrounding an osteocyte. 
It is possible that both bone-lining cells and osteocytes may also work to
gether in detecting changes in the mechanical environment and signalling the 
commencement of bone remodelling - with osteocytes detecting the strain and 
damage stimuli deep within the trabecular strut and bone-hning cells sensing 
the stimuli at the bone surface. Therefore a model which incorporates both 
mechanosensor cells also would be of interest.

•  Examining damage accumulation in normal and osteoporotic bone tissue under 
an induced force (perhaps by nanoindentations) will provide information on the 
ability of the diseased bone tissue to resist crack formation and propagation.

• Investigations into the change in trabecular bone architecture over time along 
with the corresponding change in the mineral content of the bone tissue. Tech
niques such as small angle x-ray scattering (SAXS) (which can provide infor
mation on the size, shape and arrangement of the mineral within the tissue) 
in combination with qBEI and ^CT imaging can be used.

•  In vitro experiments comparing the osteoid produced by osteoblasts from both 
normal and osteoporotic patients may provide further insight into the changes 
occurring in the material properties of the bone tissue as a result of the disease.

• As an alteration in the mineralisation of bone tissue may result from changes in 
the collagen, investigations into the cross-linking, fiber orientation and compo
sition of the collagen in osteoporotic bone compared to healthy controls using 
histological sections and biochemical assays may also reveal information on 
the changes occurring in bone tissue composition.

• To investigate cell mechanosensitivity experimentally, the response of single 
bone cells from normal, aged and osteoporotic subjects to mechanical loading 
could be examined. One such technique that has been previously used to 
stimulate bone cells is atomic force microscopy (AFM).
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