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Abstract

The osteocytas believed to act as the primasgnsor of mechanical stimulus in
bone, controlling signalling for bone growth and resorption in response to changes in
the mechanical demds placed on bones throughout lifdterationsin local bone

tissue compositiomnd structurarisingduring osteoporosis likely disruphe local
mechanical environment of these mechanosensitive bone cells, and may thereby
initiate a mechanobiological responstowever, due to the difficulties idirectly
characterising the mechanical environment of bone cells in, ¥he mechanical
stimui experiencedy osteoporotic bone cells anet known. The global aim of this
thesis is to discern thim vivo mechanical environment dhe osteocyteboth in

healtty bone tissuand during the disease of osteoporosis.

The first study of this thesisolvedthe development of 3D finite element models
of osteogtes, including their cell bodynd the surrounding pericellular matrix
(PCM) and extracellular matrix (ECMusing ©nfocal images of the lacunar
canalicular network. Thesanatomically represeative models demonstratethe
significance of geometry fostrain amplification within the osteocyte mechanical
environmentA second study employed flugtructure interaction (FSI) modelling to
investigate the complex muitihysics environment of ostedeg in vivo. These
models built upon the anatomically representativedels developed in the first
study, and=SI methods were used to simulate loadinducedinterstitial fluid flow
through the lacunacanalicular network.Interestingly the in vivo mechanical
stimuli (strain and shear stress) predicted using these computational approaches were
above threshold&nown to elicit osteogenic responsdsom osteoblastic cells in
vitro, and therebyrovide a novel insight into the complex myptiysics mechanical

environment of osteocytes in vivo.

The third study of this thesisoughtto experimentally characterise the strain
environment obsteoblasts and osteocyt@sder physiological loading cottidns in
healthy and osteoporotic bone, using a rat model of osteoporosistédmdesigned
loading device compatible with a confocal microscope was constructed to apply
strainsto fluorescently stained femur samples from normal and ovariectomised rats.

Confocal imaging was performed simultaneously during loading and digital image



correlation techniques wengsedto characterise cellular strains from the images
acquired These results suggested that the mechanical environmestieoblasts and
osteocytesis altered during earigtage osteoporosis, and it is proposed that a
mechanobiological response restores the homeostatic mechanical envirdayment
late-stage osteoporosisA final study applied these results as inputs for the
developed computational mdddo investigate whether changes in tissue properties,
lacunarcanalicular architecture or amplification mechanisms during osteoporosis
could explain the altered mechanical stimulation of osteocytes obserhed.
findings of this study shed new light ohet osteocyte mechanical environment in
both healtly and osteoporotic boneelucidding a possible mechanobiological
relationshipbetween increases in strain stimulation of the osteocyte and subsequent
increases in mineralisation of bone tissue as key svientthe progressionof

osteoporosis.

Together, tk studies in this thespovide a novel insight into the closed mechanical
environment of the osteocyte. Using both computational and experimental methods,
the mechanical stimuli that osteocytes expeeenander physiological loading in
vivo, in both healtih and osteoporotic bonavere elucidated. In particular, the
research in this thesis provides a missing mechanobiological link in the temporal
development of pognhenopausal osteoporosis, and the infaiomagained from this

body of work may inform future treatments for osteoporosis.
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Chapter 1

Introduction and Objectives

1.1 Bone Cell Mechanobiology

Bone is a dynamic and adaptive material, which actively remodels itself in response

to the mechanical demands imposed by physical activity throughout life. This
adaptive nature is crucial to boneds phy
survive inder a variety of loading conditions and repair itself in response to damage.
Central to this adaptive behaviour are osteoblast and osteocyte cells, which are
known to be highly mechanosensitive and work in concert by signalling to osteoclast

and osteobldscells to optimise bone structu¢Birmingham et al. 2012hJahani et

al. 2012 Klein-Nulend et al. 1995Mullender et al. 2004Owan et al. 1997Smalt

et al. 1997You et al. 2000

Numerous in vitro cell culture studies have demonstrated the ability of osteoblast and
osteocyte cells to sense external loading, such as fluid flow and matrix stretch, and
respond through the production of biochemicals gmdteins associated with
osteogenesigAjubi et al. 1996 Klein-Nulend et al. 1995aKlein-Nulend et al.
1995h Owan et al. 1997Pitsillides et al. 1995Smalt et al. 199/ Westbroek et al.

200Q You et al. 200D Osteocytes are believed to be the most mechanosensitive
bone celldAjubi et al. 1996 Klein-Nulend et al. 19958V estbroek et al. 20Q0@&nd

are connected by a network of highly mechanosensitive dendritic cell processes
(Adachi et al. 2009bBurra et al. 2010Klein-Nulend et al. 2013Wu et al. 2011

Due to this ubiquitous distribution throughout bone, osteocytes are thought to act as
a network of strain sensgraonitoiing the mechanical environment throughout bone

tissue orchestrating adaptive responses of bone to mechanical I¢Bdimgwald

1
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2002 Cowin et al. 1991 Lanyon 1993 A recent in vitro study has shown that
osteocytes are more influential than osteoblasts in stimulating osteogenesis in
mesenchymal stem cells (MSA8irmingham et al. 2012b However the location

of osteocytes deep within the bone matrix represents a significant challenge
experimentally and, as suctihe in vivo mechanical environmerf the osteocyte

remains to be characterised.

While whole bones are known to suffer damage at strain levels of greater than 3,500
O (Carter et al. 198Mosley 2000, individual bone cells have been shown in vitro
to require at |l east 10, 0 @Burgeddhd VYelhuigéni ci t an
1993 You et al. 200D This represents a paradox, as it implies that boneroéjlst

not be sufficiently stimulatedin vivo during normal physiological loading
conditions Previous theoretical and computational models have explained this
paradox, by proposing thadtrain amplifying elementsexist within the local
osteocyte environmer{Han et al. 2004Rath Bonivtch et al. 200AWang et al.

2007 You et al. 2001pVerbruggen et al. 20)2However these models have not
incorporated the effect of the intricate architecture of the laecavaalicular
network, which is tortuous and highly varial§feerretti et al. 1999Kusuzaki et al.

200Q Marotti et al. 1985 Sugawara et al. 20D5Therefore the first research
hypothesis of this thesisisMe ¢ h a n i cta the dsteoaytksi amgjified by the

nativegeometry of th@steocyte environmento

Fluid flow has repeatedly been shown to be highly stimulatory to bone(Cs¥an
etal. 1997 Smalt et al. 1997You et al. 200 in particularosteocyteswhich are
the most responsive cell type to fluid fla&jubi et al. 1996 Klein-Nulend et al.
1995h Westbroek et al. 2000Pitsillides et al. 1996 For this reason loading
induced fluid flow through the lacunaanalicular network is thought to be the
primary mechanical stimulus to osteocyteaying been both predictedeoretically
and observed experimentalfjHan et al. 2004 Knothe Tate and Knothe 2000
Knothe Tate et al. 1998&Knothe Tate et al. 1998Knothe Tate et al. 2000
Piekarski and Munro 197Mang et al. 2000Weinbaum et al1994 You et al.
2001k Zeng et al. 1994 Previous attempts to model this fluid flow computationally
have used mostly idealised geometries of portions of the(éeltderson et al. 2(8)
Anderson and Knothe Tate 2Q08amioka et al. 201Rusing computationalfluid

dynamics approaches. However no previous hoet hascapturel the complex

2
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interplay between the extracellular bone matrix, the interstitial fluid and the
osteocyte cell body. Therefore tlsecondresearch hypothesis of this thesis is
fiLoadinginduced interstitial fluid flow significantly contributes the mechanical

stimulation of osteocytes in viv.

Osteoporosis is a prevalent disease known to lead tetésngdegeneration in both

the macroscopic material properties and marchitecture of bon€Bourrin et al.
2002 Compston et al. 198%derveen et al. 200 Geusens et al. 199Rarfitt 1987.

This loss of bone mass ocsuwith age(Wendlova and Pacakova 2Q0and is
exacerbated by pestenopausal oestrogen deficienfyalahatiNini et al. 2000
Riggs et al. 200R Indeed oestrogen deficiency is a primary cause of osteoporosis,
and causes sudden and dhfione loss at the onset of osteoporosis resulting in
micro-structural changes in bone strength, mass and mineral dddstynan et al.
2011a Brennan et al. 2011Brennan eal. 2012 Compston et al. 198%ane et al.
1998 McNamara et al. 20Q@arfitt 1987. These changes in tissue properilesly

alter the mechanicaknvironment sensed by bone celBnd may stimulate
mechanobiological respons&ghich could play a rolen the macroscopichanges in
bone mechanics during osteoporosi®wever, as the mechanical environments of
osteoblasts and osteocytdsave not been observed directlyn situ, the
mechanobiology ofhesebone cells in disease remains poorly understdbé third
hypothesis of this thesisRapi d bone | oss at the onset
mechanical stimulation afsteoblasts and osteocytes

Interestingly recent experimental studies have observed that bexgsriencing
long-term oestrogen defency exhibit increased mineral content and elastic
modulus at the tissue leviBrennan et al. 20118rennan et al. 2011Busse et al.
2009 McNamara et al. 2006 Additionally, an increase irtrabecular thickness,
strength and stiffness occurs during ldegn osteoporosigBrennan et al. 2012
McNamara et al. 20Q6/NVaarsing et al. 20Q4Naarsing et al. 2006 These changes
might suggest that a mechanobiological response isrorgyin which bone cells
are altering locabone mineral content iman atemptto return their mechanical
environment to a homeostatic staidnerefore, lhe fifth hypothesis of this thesis is
AA compensatory mechanobi ol ogical respon
results in subsequemalterations in local tissumineralisation and stiffness in late

stage osteoporosi so.

3



Chapter 1

As well as the macroscopic changes in bone tissue properties during osteoporosis, it
has been demonstrated that the lacwaaalicular network in humans with
osteoporosis is disorganised, with a more tartucanalicular anaton{inothe Tate

et al. 2002 Knothe Tate et al. 2004 These changes during osteoporasight

further affect the mechanical stimulation of tlsteocyte in vivo. Similarly, the
lacunar and canalicular walls have been observed to be rougher, with loose collagen
fibrils and matrix debris, in an oestrogen deficient rat model of osteop¢&bsisma

et al. 2012 It has been postulated that this degradation could disrupt the attachments
connecting the cell processes to the canalicular &iihrma et al. 2032 which

could in turn affect osteocyte mechanosensation and viallildggyon and Skerry

2001 Plotkin et al. 200p Together these complex changes would be expected to
alter the mechanical stimulation of the osteocyte, and thus the final hypothesis of this
thesis isfiThe extracellular environmenalters the mechanical stimulation of

osteocytes during osteoporasie

1.2 Objectives and Hypothess

The global objective of this thesis is to characterise the mechame@bnment of
osteoblasts and osteocytesder physiological loading conditions in healthy and
osteoporotic bone. The primary specific objective of this research is to delineate the
normal mechanical environment dhese bone cells. The secondary specific
objective is to determine whetherighmechanical environment is altered during
osteoporosisThe third specific objective is to derive an understanding of how the
mechanical environment of the osteocyte plays a role in bone mechanobiology
during the development of osteoporo3is.address thesebjectivesfive hypotheses

have been defined, each of which will underpin the research of Chapteo$ this

thesis.

Hypothesis 1:Mechanical loadingto the osteocytes amplified by thenative

geometry of the osteocyte environment

Hypothesis 2:Loading-induced interstitial fluid flow significantly contributes to the

mechanical stimulation of osteocytes in vivo
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Hypothesis 3:Rapid bone loss at the onset of osteoporosis increasesamieaih

stimulation of osteoblasts and osteocytes

Hypothesis 4:A compersatory mechanobiological response by osteocytes to
increased loading results in subsequehérations in local tissue

mineralisation and stiffness in laséage osteoporosis

Hypothesis 5:The extracellular environment alters the mechanical stimulation of

osteocytes during osteoporosis

By testing each of these hypotheses, the research questions outlineccatdye
answeredand the proposed research will deliver significant advances in the
understanding dbonemechanobiology during normal physiology aatdhe onset of

the disease of osteoporosis.

Confocal imaging and image processing software will be employed to generate
anatomically representative geometries of osteocytes, which will then be used to
generate 3D finite element models of osteocytes to gice the mechanical
environment of osteocytes in vivo (Hypothesis 1). In order to capture the complex
interplay between bone matrix, interstitial fluid and the cell in the laciaralicular
network, these geometriesll be used to conduct fluidtructue interaction analyses

and determine the effects of loadimgluced fluid flow on osteocytes in vivo, and
thereby further delineate the mechanisms by which osteocytes are stimulated in both

healtty and osteoporotibone tissuéHypotheseg, 5).

Finally, a novel loading device will be designed, allowing simultaneous loading and
confocal imaging of individual bone cells in rat femur explants. These image series
will then be analysed using digital image correlation (DIC) techniques, allowing the
strain distibution within the cells to be characterisétsing an ovariectomised rat
model of posimenopausal osteoporostbe strain inbone cellsunder macroscopic
loadingwill be comparedfor both healthyand osteoporotic bone (Hypothegeand

4). The resultof this study will then act as inputs for the computational models, to
further elucidate the relationship between bone cell mechanobiology and

osteoporosis (Hypothesis 5).
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1.3 Thesis Structure

This thesis comprises the work completed for the duration of thedldzad at eds PhD
studies First, a thorough review of the literature presenteih Chapter 2, detailing

the function of bone, remodelling theories, and the current knowledge of bone cell
mechanobiology in bothealthy and osteoporotic bone. Next, theoryinvolved in

the computational modelling and image analysis is outlined in Chapter 3. The effect
of extracellular geometry on osteocyte stimulation and strain amplification is
described in Chapter 3, testing hypothesis 1. Ftridcture interaction modets the
osteocyte mechanical environment are developed in Chapters 4 and 7, using both
anatomically representative and idealised models to test hypothasdss2ZChapter

6 investigates hypothesé&sand 4 by simultaneously loading and imaging bone
samplesvhich have been exposed to both shand longterm oestrogen deficiency.

Each of Chapters-4 contains a detailed description of the methods in each study
and comprehensive discussions of the results. A summary of the main findings of the
thesis is cordined in Chapter 8, placing them in the context of current bone cell
mechanobiology and osteoporosis research, along with recommendations for future
research in these fields.



Chapter 2

Literature Review

2.1 Bone

2.1.1 Bone Function and Composition

Bone is the primary component of the skeleton, which provides a support framework
and protection for internal orgagnend allows movement in concert with muscles,
tendons and ligaments. Bone is capable of efficiently performing these functions due
to its high strength to weight ratio, arising from its unique composition including a
stiff mineral phase and a softer orgarphase(Currey 1984 Bone tissue is
composed of approximately 65% mineral hydroxyapatite crydtadgz| et al. 2004

and 35% organic molecules. This organic phase is largely composed of primarily
type | collagenMiller and Parker 1984Miller et al. 1969, but also contains nen
collagenous proteins, such as osteopontin, osteocalcin, osteonectin and bone
sialoprotein, which provide bonds between collagen fibrils and facilitate bone
mineralisation(Roach 1994 This composition provides bone with its lelgaring

capacity while also ensuring a degree of flexibility in bending.

2.1.2 Hierarchical Structure of Bae

Two distinct types of bone structure are discernible in vivo (see Figure 2.1). Cortical
bone is formed as a dense outer shell consisting of highly calcified tissue and, as it
represents approximately 80% of the bone mass and dictates the primaryeswfictu
most bones, it is largely responsible for providing support and protection to the
human body(Buckwalter et al. 1995Currey 1984 Favus and Christakos 1996
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Trabecular bone is found within this outer cortical structure and forms supportive
struts which act with the cortical shell to distribute high stresses throughout the bone

structure(Lemaire et al. 2004

(d)  Trabecula (e)

Hydroxyapatite Crystal

(a) IZ

Trabecular

(b)

Haversian Canal

&,
&\

>
. Cortical Bone {

_ e
=4

Nanostructure Sub-microstructure Microstructure Macrostructure
(1-100 nm) (3-8 um) (100-500 pm) {(>1 mm)

Lamellar Bone

Mineralised Collagen Fibrils

Figure 2.1: Diagram of the hierarchical structure of bone, illustrating)(the
composite nature of bone and the bone microstructure organised into (c) osteons and
(d) trabeculae. These organisational units respectively form the basic constituents of

(e) the cortial and trabecular macrostructure of béWiaughan et al. 2032

The structure of bone is hierarchically organised into functionis wver multiple
scales, so that micfarchitecture is optimised to bear high loads experienced in
everyday situations. At the micszale, cortical bone is composed of functional units
known as osteons. These are cylindrical structures composed ohtandegs of
osteocytes orientated about a vascular Haversian canal (see Figure 2.2). This
compact network facilitates mechanosensation, communication and nutrient supply
to bone cells, whilst providing the basic structural unit for cortical l{&ni&sen et

al. 1994. Indeed, the osteon is thought to give structsuglport to bone by slowing

crack growth through their outer cement liiBarr et al. 1988

Trabecular bone is also composed wlictural units called trabecular packets, or
hemiosteongCowin 200). While these packetgre similar in size to osteornhey
are highly porous and do not have a vascular suayfitt 1983, instead receiving
nutrients and mechanical stimulus from the surrounding bone mé&@owghlin and

Niebur 2012b De Bruyn et al. 1970 Trabecular bone struts are thought to align
8



Chapter 2

themselves along the trajectories of weigharing forces, providing optimised

mechanical support for minimal bone m@aslff 1986).

e
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Haversian Canal / /
/

Osteocyte Canaliculi

Figure 2.2: (A) Crosssection of cortical bone showing the oste(fRgyce and
Steinmann 2003 with (B) osteons, osteocytes and canaliculi indicated in a diagram
(Gray and Standring 2098

2.1.3 Bone Porosity and Fluid Flow

Bone in characterised by a number of different porosities across multiple scales (see
Figure 2.3); the trabecular porosity within the bone marcavity (Arramon and
Cowin 1999, the vascular porosity resulting from the network of blood vessels
spread throughout bong&hang et al. 1998 and the lacunazanalicular porosity
which houses more than 90% of baredls (Cowin 200). The trabecular porosity
consists of the space between trabecular struts, known as the mechigyywhich
contains the bone marrow. This marrow displays viscosities up to two orders of
magnitude greater than fluid in other bone porosifiyant 1983 Bryant 1988

Hruba et al. 1988 and results in a unique mechanical environment that has been
shown to be stimulatory to various bone cejpds residing in the marrow
(Birmingham et al. 2012aCoughlin and Niebur 2012b The vacular porosity
contains blood vessels at pressures largely similar to those found throughout the
vasculaturgCowin 2@1), and is highly permeable compared to the other porosities
(Zzhang et al. 1998 Finally, the lacunacanalicularporosity contains interstitial

fluid, which bathes the osteocytes within the system and has an ionic composition

similar to plasma or salt wat€éAukland 1984. Experimental tracer studies have

9
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shown that mechanical loading of the bone matrix surrounding this porosity
generates a pressure differential that drives fluid through the lacanalicular
network (Knothe Tate and Knothe 2000Further tracer studies have recently
observedinterstitial fluid velocities of approximately 60 pm/s withimdividual

canaliculiunder applied mechanical loadiferice et al. 201)1

These porosities contribute to the mechanical behawb bone, by dictating the
time-dependent response to loading, which is related to the time and energy required
to drive fluid through these porositi¢g€owin 1999. While the more permeable
vascular porosity can dissipate a loadinduced buildup of pressure rapidly
through the vascular netwqrthe lacunaicanalicular porosity requires a relaxation
time that is three orders of magnitude greéfdrang et al. 1998 The combination

of the mechanical effects of these different porosities contribute to the ability of bone
to absorb high load@Cowin 1999, but importantly also generate interstitial fluid
flow around osteocytefKnothe Tate and Knothe 2000rThis fluid flow facilitates

nutrient supply(Knothe Tate et all998a Rho et al. 199B8and is also believed to

play an important role in the mechanobiological behaviour of l§Baeger et al.
1998.

Osteocytes

Organ Level Cortical Bone Osteon

Figure 2.3: Diagram of an osteon, the primary structural unit of bone, with the
concentric locations of osteocytes shaivaughan et al. 2013b

10
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2.2 Bone Cells

Numerous cell types reside bone tissues, and act in concert to maintain bone.
These cells largely develop from two lineages: the osteogenic lineage and the

monocytemacrophage lineage. Their development is illustrated in Figure 2.4 and
described in the following sections.

@A)
osteoprogenitor immature mature osteocyte
cell osteoblast osteoblast
£
o
° 2
§o — '\@ > 9
Q
E
B) | Osteoclastogenesis | | bone resorption |
CD34* cells pre-osteoclast osteoclast activated
osteoclast
RANKL o
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RANK < y “\\y >
2 . N A 1 e
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Al \ ,.\‘n.‘ f‘.j \\‘,\_3 \‘{\NQ\
Figure 2.4: Differentation of cell types along (A) the osteogenic lineage and (B) the
osteoclastic lineag@Vang et al. 201

Encased within the cortical bone and surrounding the trabeculae is the bone marrow,
the source of osteoprogenitor cells, which differentiate into osteoblasts and
ultimately osteocytegOkazaki et al. 2002 The vasculature within the bone tissue
itself acts as a source of multinucleated cells and monocytes, which can develop into
osteochsts (Udagawa et al. 1990 The morphological differences between these

cells types can be seen in Figure 2.5.

11



Chapter 2

2.2.1 MSCs and Osteoprogenitors

Mesenchymal stem cells (MSCs) are multipotent cells that have the potential to
differentiate into numerous cell types. While they play a key role in early skeletal
development, they can also be found in mature adult bone and are present in the
periosteum, endosteum and bone marrow. The MSCs exhibit a basic cell
morphology, defined by a small cell body containing a large, round nucleus, and are
capable of altering their morphology in response to their local environment
(McNamara 201l When osteogenesis is stimulated MSCs begin to proliferate,
influenced by growth factors, cytokines and physical stimuli to become
osteoprogenitor cells. These cells have committed to the osteochondral lineage and
are now only capable of differentiatindoag the chondrogenic (cartilage) or
osteogenic (bone) pathways. Morphologically larger than MSCs, osteoprogenitors
can be influenced by growth factors such as bone morphogenic proteins (BMPs) to
differentiate further into osteoblasts and ultimately insteocytesOkazaki et al.

2002.

2.2.2 Osteoblasts

Osteoblasts are bone forming cells that are responsible for the production of bone
tissue from birth, and also tlienewal of bone tissue in modeli and remodelling
(Section 2.3.2throughout life. As described above, osteoblasts differentiated from
osteoprogenitor cells, which are present in bone marrow and form part of the same
osteoblastic lineage as osteocytéee Figure 2.4A)(Okazaki et al. 2002
Displaying a cuboidal geometry, the osteoblast possesses a large Golgi apparatus and
rough endoplasmic reticulum when acti@owin 200}, and organelles that play a
key role in the <cell éds pri rflammondfanchct i on of
Helenius 1995Rothman 1994 The deposition and subsequent mineralisation of
this new bone matrixDucy et al. 200Pforms a key part of the bonemedelling

cycle (Parfitt 1994. Osteoblasts actively control this process by deposition of
fibronectin (Gronowicz and Derome 1998oursi et al. 19960wen et al. 1990

which is responsible for mineralisation, matrix formation and osteoblast

differentiation(Gronowicz and Derome 199¥loursi et al. 1995

12
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Quiescent osteoblasts on resting bone surfaresknown as borkning cells,
displaying a flattened, elongated geometry and lying upon an organic collagen
matrix approximately 2 pm thick (Manolagas 2000 These cells have been
observed to form banin response to both biochemical sign®&sbnig and Turner
1995 Merz and Schenk 197Miller and Jee 1987and mechanical straifLanyon

1993 1996, suggesting involvement in maaming bone homeostasiMill er and

Jee 1987Miller et al. 1980 Talmage 196Q Furthermore, osteoblasts are thought to
aid bone resorption by removing the organic collagen layer and contracting to allow

osteoclasts to access the mineralised bone t{§aws and Christakos 1998uzas
and Lewis 1999

Figure 2.5: TEM image of an osteocyte, osteoblast and osteoclast, with the ruffled
border of the osteoclast indicated (red arrow). Reproduced wittigson of Dr.
L.M. McNamara

2.2.3 Osteoclasts

Osteoclasts, derived from mononuclear precursor cells in the hematopoietic vascular
channels in bon¢dUdagawa et al. 1990are giant multnucleated cells that can
range in diameter from 2000 um (Roodman 1996 The main function of these

cells is to break down and resorb bone matrix, and as such they are usually found in
temporary cavities on t he baeduingshelofeac e
remodelling proces@/Vatanabe et all995. Osteoclast resorption is initiated by the
activity of bonelining cells, which retract from their location on the bone surface to
provide access for the osteoclast to attach to the bone r(fedrins and Christakos
1996. The osteoclast then forms a sealing z(8$edo et al. 1997 which is a closed

microenvironment(Teitelbaum 200p controlled by the cell and rendered highly

13
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acidic to digest bone tissy&aananen and Horton 1905This is facilitated by a

remarkable morpblogical feature known as the ruffled bordeee Figure 2.5)a

complex folding of the cell s plasma membra
increased surface area through which acids and proteolytic enzymes are secreted to

degrade the bone matr{RPalokangas et al. 199Minerals and ions resulting from

the breakdown of bone are released into the extracellular environment by the

osteoclasts, thereby maintaining homeostasis under alternating mechaatsl |

(Bilezikian et al. 2008

2.2.4 Osteocytes

Osteocytes are distributed abundantly throughout bones encased within the bone
matrix, and represent the terminal differentiation of the osteogenic linEagst
19604q. Differentiation of osteoblasts into osteocytes occurs during deposition of
new bone matrix as part of the bone remodelling prog@swin 200). Organised
concentrically around blood vessels within osteons (see Figure 2.6), osteocytes are

uniquely placed to sense mechanical loading.

Py Blood vessel

Dendritic cell
processes

Osteocyte

Figure 2.6: Confocal scan of osteocyte network, with aspects of its mechanical

environment highlighted
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The cells extend a network of dendritic processes outwards through a system of
passages known as canaliculi (see Figure 2.6), to contact and communicate with
other osteocytes via gap junctiofis et al. 2000 Xia et al. 201). These canaliculi

are believed to provide a vital systdar nutrient supply and waste disposal to the
cells (Cowin 200}, as well as allowing transduction of biochemical signals to other
cells, both in the matrix and on the bone surfd@nyon 1998 Turner et al. 1998

A meshlike pericellular glycocalyx surrounds the osteocyte, tethering it to the
extracellular matriXYou et al. 2001)y while punctate integrin attachments between
the cell processes and the matrix are present in the candMcNamara et al.
2009. Osteocytes reside within a complex mechanical environment, experiencing
mechanical loading during exercise through both direct strain in the bone matrix
(Huiskes et al. 2000and interstitial fluid flow which is driven through the lacunar

canalicular networkCowin et al. 199h

2.3 Bone Growth and Adaptation

2.3.1 Bone Growth

Bone formation occurs both during embryonic development and throughout life,
adapting the geometry of bones in response to changes in mechanical loading or
replacing aged or damaged bone. The bone formation process can occur via two
specific pathways: endochondral ossification and intramembranous ossification.
Both of these processaw/olve the initial depositionfaan organic matrixpsteoid or

cartilage, which is then mineralised over time to produce the composite bone matrix.

2.3.1.1 Endochondral Ossification

Endochondral ossification is the process involved in embryonic bone formation,

is initiated by MSCs creating a cartilage template upon which bone is formed
(Ortega et al. 2004 This is performed by differentiation of MSCs into
chondroblasts, which then secrete a matrix comprised of collagen and proteoglycans.
Further differentiation of these chondroblasts into chondrocytes results in the
secretion of biochemicals and growth ttals that initiate mineral deposition and
promote vascularisation of the template. Endothelial cells on the lining of these
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vessels produce essential growth factors that control the recruitment, proliferation,
and differentiation of osteoblastSumpio et al. 2002 emphasising the importance

of vascularisation for bone formatiof€CollinZDsdoby 1994 Gerber and Ferrara
2000. This formation process through endochondral ossification igoorg
throughout childhood, particularlynithe epiphyseal plate of long bones. New
cartilage continues to be produced at this location during youth, which is replaced by

bone, and thereby facilitates lengthening of bones.

2.3.1.2 Intramembranous Ossification

Embryonic bone formation can also occur byeams of intramembranous
ossification, which regulates the formation of fong bones such as the bones of

the skull and clavicle. Critically, the intramembranous process does not rely on the
formation of a cartilage template. Rather, embryonic stem wéltén mesenchymal

tissue of the embryo, begin to proliferate and condense to form an aggregate of
MSCs. This aggregate becomes surrounded by a membrane, and MSCs within the
membrane begin to differentiate directly to osteoprogenitor cells and then to
osteblasts. These osteoblasts line the aggregate and secrete an extracellular matrix.
Some of these osteoblasts become embedded within the newly formed matrix and, in
this environment, they differentiate and form interconnecting cytoplasmic processes
to becone osteocytes. The cells on the outer surface form a periosteum, and
mineralisation begins to occur to form rudimentary bone tissue that is populated by
osteocytes and lined by active osteoblg§tswin 200). This tissue eventually
forms trabeculae, which then fuse to form woven bone. This woven bone is then
remodelled over time to become lamellar bone, with concdatriellae surrounding
Haversian systems in what is known as an os(€tning et al. 2004Cowin 2001
Kanczler and Oreffo 2008

2.3.2 Bone Modelling and Remodelling
The dynamic adaptive nature of bone is fundamental to its ability to protect and
support the body throughout life, allowing it to optimise its structure and

composition to provide maximum strength for minimal mass.
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Bone modelling is a process which faeites growth and change in bone
morphology, and largely occurs in childhood and adolescence. This occurs when
bone resorption by osteoclasts simultaneous to bone formation by osteoblasts, but on
different surfaces such that the dimensions of the bonelt@redyFrost 1990a

While the bulk of bone modelling occurs during early life this process does continue
in the adult skeleton, regulating both bone mistrcture and overall bone

geomety in response to mechanical dema(idssekilde 199)

Bone remodelling is the process by which old bone is replaced with new tissue,
enabling active repair of structural miedamage and adaptation of
microarchitectee to local stress conditiorficNamara 201}l The process of bone
turnover begins at-3 years of age by replacing immature or primary bone present
from infancy (Cowin 2003, and remodelling continues throughout life every 20
years for cortical bone and4lyears for trabecular borRarfitt 1983.

Bone remodelling, as the work of coupled osteoblasts and osteoclasts, is primarily a
cell-controlled procesgParfitt 1994. Bone cells act in a coordinated fash to
remodel bone, in a cellular unit known as the bone roeltular unit (BMU)(Frost

1973. Within this unit osteoblasts anolsteoclastsoperate, whereby osteoclasts
resorb unwanted/damaged bone to leave cavities, whiclubsequently filled with

new bone by osteoblasiBarfitt 1994. This process, shown in Figure 2.7, occurs in

six successive phases; resting, activation, resorption, reversal, formation and

mineralisation(Cowin 200).
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Figure 2.7: Diagram showing the six phases of the bone remodelling cycle: resting,

activation, resorption, reversal, formation and mineralisgtitih 1998)

2.4 Bone Mechanobiology

Crucial to the adaptive and regenerative nature of ohene cell mechanobiology,

the effect of physical forces on cells and their ability to convert these forces into
biochemical signaléVachwate et al. 1995There is much experimental evidence of
bone mass adapting to different loading conditions, with net bone resorption
occurring at low strains and net bone formation occurring at high stf@srser
1984 Forwood and Turner 1995Jee et al. 1991Mosley and Lanyon 1998
O'Connor et al. 1982Woo0 & al. 198). This process is governed by the cells,
osteoblasts, osteoclasts and osteocytes working in concert, and this igdoutlin
further below. It is now known that many cells of the body have the ability to
appraise their mechanical environment, by means of specific molecule or protein
complexes known as mechanosensors,amimunicate the need for adaptatlmn
producing certai biochemical signals (mechanotransductimninitiate an adaptive

response inother cells when the mechanical environment is not favourable.
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Mechanosensation, mechanotransduction and the mechanical environment of bone

cells will be discussed in this s&xt.

2.4.1 Mechanosensation

While osteocytes are thought to be the primary mechanosensors in bone, the precise
mechanism by which they can sense mechanical strain is unknown. Osteocytes have
been shown in vitro to be the most mechanosensitive bone cellAypa et al.

1996 Klein-Nulend et al. 1995aNestbroek et al. 20Q0particularly in response to

fluid flow, and have also been shown to direct osteogenesis in other cell types
(Birmingham et al. 20129b This has reinforced the theory that osteocytes sense
mechanical loading in the bone matrix and then orchestrateadbptive bone
remodelling respons@Bonewald 2002 Cowin et al. 1991 Lanyon 1993 Due to

their presence deep within bone matrix, direct experimental observation of
osteocytes in vivo has proven extremelyallenging and, as such, the precise

mechanical stimuli which they experience in vivo remain unknown.

Previous studies have proposed that deformation of the osteocyte I@Raitha
Bonivtch et al. 200), strain energy density in the bone tisgdeiskes et al. 20Q0
Mullender et al. 199% or loadinginduced interstitial fluid flow in the osteocyte
canalicular channelgCowin et al. 199% might stimulate the cell membrane.
Experimental evidence has demonstrated an anabolic response in osteoblastic cells
exposed to both fluid flokBakker et al. 20GIMcGarry et al. 2005aMcGarry et al.

2005h and matrix straifOwan et al. 1997You et al. 200D in vitro. Multiple
mechanisms for mechanosensation have been proposed, as shown in Begare

2.8. The locations of some of these mechanisms with respect to the osteocyte are

shown in Figure 2.9.
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Figure 2.8: A diagram of the potential mechanisms by which an osteocyte may
sense interstitial fluid floWyThompson et al. 201X ou et al. 2001 (A)
deformation of the cell body cauag strains at punctate integrin attachments to the
extracellular matrix, (B) perturbation of tethering elements between the canalicular

wall and the cell membrane and (C) bending of the primary cilium under flow

It has been observed that punctate integtiachments spaced along the canalicular
wall exist, and appear to docalise with projections of the extracellular matrix into
the pericellular spacéMcNamara et al. 2009 It is thought that osteocytes may
sense matrix strain and fluidduced deformation in bone canaliculi via integrin

b as eybs) focal attachments betweemeir cell processes and these ECM
projections (see Figure 2.8A and Figure 2.9D(MgNamara et al. 2009Vang et

al. 2009. Another mehanism by which the osteocyte has been hypothesised to
sense fluid flow is via flownduced drag force on tethering elements of the
pericellular glycolcalyx (see Figure 2.8B and Figure 2.9B), which attaches the cell to
the lacunaicanalicular wall(You et al. 2001pYou et al. 2004 This theory is
reinforced by evidence that enzymatic removal of this glycocalyx in vitro reduces the
ability of the osteocyte to respond via the B@&thway(Reilly et al. 2003
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Figure 2.9: Schematic representation of key mechanisms in the osteocyte
environment implicated in mechanosensing (Adapted fi®chaffler et al. 2013
(A) TEM image of an osteocyte process dispigythe actin cytoskeletdiYou et al.
2004); (B) TEM image ofproteoglycan PCM tethering elements (black arrows)
bridging an osteocyte cell process to the bony canalicular wall; (C) Fluorescent
i mmunohi st ochemi cal;integriresi(whiie argpwsy dredogdted g t h a
only on osteocyte cell bodi¢slcNamara et al. 2009(D) TEM image
demonstrating the discrete ECM projections fromc¢hnalicular wall that contact
osteocyte processes; (E) Fluorategansnt i mm
(white arrows) are present in a punctate pattern along osteocyte processes, with

similar periodicity and spacing pattern to ECM projectiMsNamara et al. 2009
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It has been proposed that both of these extracellular attachments may act to amplify
strain signals to the osteocytdan et al. 2004McNamara et al. 20Q%avalko and
Burridge 1991 Wang et al. 2007You et al. 2001pYou et al. 200%through their
connections with the cytoskelet§Baik et al. 201 This is particularly significant,

as experimental studies have shown that osteocyte cell processes are significantly
more mechanosensitive than the cell bodfegachi et al. 2009bBurra et al. 2010
Klein-Nulend et al. 201,3Nu et al. 201}

The primary cilia, a microtubulbased cellular structure, has recently been identified
in bone tissu€Tonna and Lampen 19Y.2As these structures have been implicated
as fluid flow sensors in other tissues, such as the ki(eyartz et al. 199) it has
been proposed that primary cilia may allow bone cells to sense-déawed fluid
flow (see Figure 2.8C)Whitfield 2003 Whitfield 200§. This hypothesis has been
supported by in vitro studies identifying primary cilia on osteoblastl osteocyte
like cell lines in cell culture(Malone et al. 2007 Xiao et al. 200§ and

demonstrating osteogenic responses under in vitro fluid (lMafone et al. 2007

2.4.2 Mechanotransduction

All cells in the osteoblastic lineage can transduce mechanical strain signals into
biochemical cues for osteogenefitaj et al. 199D It has also been observed that
osteoblastic cells respond with biochemical signals to both direct matrix strain
(Owan et al. 1997You et al. 200pand to fluid flow in vitro(Bakker etal. 2001
McGarry et al. 2005aMcGarry et al. 2005 suggesting multiple mechanical
mechanisms of bone cell stimulation in vivo. These mechanical stimuli are

transduced into various biochemical cues that can orchestrate bone remodelling.

Intracellular calcium signalling isan early signalling event in bone
mechanotransduction, and facilitates multiple important cell funci{iBesridge et

al. 200Q Zayzafoon 200pas well as expression of bone matrix proteins such as
osteopontin(You et al. 2001 Osteopontin itself is a phosphorylated protein located
in the cement lines of osteons and along walls of canalibd@voll et al. 1997a
McKee and Nanci 1996kVicNamara et al. 200@Nanci 1999 Sodek and McKee

2000. It is also believed to play a role in osteocyte mechanosensation by mediating
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their attachment to surfaces, and its absence has been shown to change the response
of bone to loadingY oshitake et al. 1999 Nitric oxide (NO) is a biochemical signal

that controls mechanitip-stimulated bone formation in vii&hambers et al. 1998

Fox et al. 199§ with inhibition of this signal suppressing bone formafidarner et

al. 1996. Prostaglandin E(PGE,) release has been shown to play a role in the
adaptive response of bone to load{#dcamine et al. 1992 while blocking of this

signal diminishes the osteogenic response of jbanechinetti 200). Indeed it has

been confirmed that mechanical loading of bone cells results in increased expression
of both NO and PGE(Burger and KleirNulend 1999 Johnson et al. 199&lein-

Nulend et al. 1998McAllister and Frangos 199Mullender et al. 2004bSmalt et

al. 1997. Similarly, applied fluid shear stress in vitro has been shown to increase
intracelldar calcium, mineral productioand other osteogenic biochemical signals
such as PGE NO and osteopontifBakker et al. 2001Batra et al. 2005Donahue et

al. 2003 McGarry et al. 2005aSikavitsas et al. 2008 malt et al. 1997van den
Dolder et al. 2008

Osteocytes aréhe putativeprimary mechanosensobpnecell in vivo and respond

to changes in mechanical strgiBonewald 200F, demonstrating higher intrinsic
sensitvity to loading than other osteogenic cellKlein-Nulend et al. 1995b
Westbroek et al. 2000 However,the exactmanner in which they are stimulated
under mechanical loading vivo remains unknownrAs a result, several studies have
compared the effect of strain with shear stress on bone cells in vitro. Shear stress
applied to osteoblastic cells was found to rapigiyregulate NO and PGEelease,

while no effect was observed under mechanical s{famalt et al. 1997 Similarly,
osteoponti expression has been shown to be more sensitive to shear stress than
direct mechanical strai(fOwan et al. 1997 However, mechanical strain has also
been shown to increase both NO and intracellular calcium signalling in osteocytes
(Adachi et al. 2009&Ajubi et al. 1999Zaman et al. 1999

Previous studies comparing the mechanosensitivity of osteoblasts and esteocyt
found that the position of the osteoblasts on the surface of bone made them less
sensitive to changes in loading pattesisch as changes in loading direction of up to
20°, and therefore less likely to influence bone remodellMgllender and Huiskes
1997. Furthermore, osteocytes have been shown to be more responsive to fluid flow

than osteoblasts in vitro, with respect to B@&&EeaseKlein-Nulend et al. 1995a
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Interestingly, recent in vitro experiments have observed the spreading of both NO
and intracellular calcium signalling through networks of bone ¢&itg et al. 2013

Lu et al. 2012alLu et al. 2012bVatsa et al2007), demonstrating #ir ability to

spread signals as a network. Moreover, osteocyte networks were found to be more
mechanoresponsive in calcium signalling than osteoblast nettarket al. 20125
illustrating the importance of the osteocyte network for mechanosensation and signal

transduction in bone remodelling.

2.4.3 Mechanical Environment

Despite the known importance of the osteocyte to mechanosensation and
medianotransduction in bone, its mechanical environment remains poorly
understood. This is due the osteocyteods | oce
direct experimental observation without destructive interference with the
environment challenging. Expments have attempted to overcome this difficulty by
focussing on the lacunaanalicular network. High resolution imaging of this
network under mechanical loading is limited to 2D imaging of lacunae on an
exposed optical microscopy plafidicolella et al 2005 Nicolella et al. 2001l This

study demonstrated experimentally that applied strains at the whole bone level are
ampified in the lacunar matrix (see Figurel@). (Nicolella et al. 2006 However,
exposing the osteocyte mechanical system through sectioning alters the mechanical
behaviour of the environment, and can introduce microcracks through destructive
removal of materia(Zioupos and Currey 1994As loadinginduced fluid flow is
thought to be highly stimulative to osteocytes in vivo, fluorescent tracer studies have
been prformed to examine the fluid flow through the lacuoanalicular network

under mechanical loadinginothe Tate et al. 1998&nothe Tate et al. 1998Price

et al. 201) This allows determination of the fluid flow in the environment
surrounding the osteocyte under various conditions, most recently the average fluid

velocity and predicted shear stresses withesysten{Price et al. 2011
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subSurface
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Figure 2.10: Measured matrix strain in exposed osteocyte lac(iNmelella et al.
2006

2.5 Theoretical and Computational Analysis of Bone

2.5.1 Computational Modelling of Whole Bones

Due to the complex material properties and microstructure of bone, computational
modelling techniges have been applied to develop a greater understanding of bone
mechanical behaviour. Initially, bone was modelled as a homogenous continuum and
was used to determine stresses in human bones including the femorgBioeeal

and Ferguson 19F8the intervertebral dis(Belytschko et al. 197%4and the tibia
(Hayes et al. 1978 The ability to predict the mechanical behaviour of orthopaedic
systems without destructive interference led to its rapid adoption in the analysis of
macrascale bone treatment problems, such as dpoostheses systems, fracture
fixation devices and bwimplant interactions (Huiskes and Chao 1983
Computational modelling techniques have facilitated investigation of three major
areas in orthopaedic reseafétrendergast 1997(1) design and prelinical analysis

of prostheses/implas; (2) to investigate timdependent mechanobiological

adaptation tissues; and (3) to characterise the fundamental biomechanics of
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musculoskeletal structures. The work of this thesis explores the fundamental
mechanobiology of bone cells and hereafter thiapter will expand on current

knowledge of the adaptive bone remodelling processes.

2.5.2 Adaptive Modelling of Bone

Modelling the adaptive nature of bone has largely been investigated either through
bone remodelling algorithms, which seek to simulate ttepaese of bone to
modelling, and tissue differentiation algorithms, which attempt to mimic tissue and
cellular differentiation in response to mechanical factors. These biological processes
are intrinsically linked and as such, while dealt with separateig, information

obtained from one method can inform the other.

2.5.2.1 Bone Remodelling Algorithms

Multiple theories have been developed in an attempt to understand bone growth and
its relationship with mechanical loading. Adaptive models specifically targeting

were initially based on either strain stim(@owin and Hegedus 197Buiskes et al.

2000 or microdamage stimuliGarciaAznar et al. 2005Prendergast and Taylor
1994. Beginning wi t hstatédaHatfthéafihy boheawll adapt to the h
loads under which it is placed, a mechanostat theory was developed byHFosst
1987h a Wolff 1986). Based on observed in vivo adaptive behaviour this
hypothesis proposed a strain range of-2005 0 0 O Uhich torel resovption
occurs with bone hypertrophy occurring above this rafigjest 1990ab; Frost

1997. This was further developed into an adaptive elasticity theory, which
determined that mineral density, stiffness or geometry of bone adapts to return to a
remodelling equilibrium strain state when déiias from normal loading conditions
occur (Cowin and Hegedus 19Y.6This theory has been able to predict surface
remodelling of bon¢Cowin and Van Buskirk 1979and has been expanded upon to
successfully predict bone adaptation both cortical (Beaupré et al. 1990kg;
Weinans et al. 1992nd trabecular bongEarter et al. 198Huiskes et al. 2000 as

well as in contact with prosthesg@suiskes et al. 1987
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More recently damagadaptive laws have been developed based on microdamage
stimuli (GarciaAznar et al. 2005Prendergast and Taylor 1994These theories
hypothesse that a homeostatic level of damage is always present in the form of
microcracks in bone and that any deviation from this equilibrium state stimulates
bone adaptatiofPrendergast and Taylor 1994 pplication of this theory showed
physiological predictions of the remodelling response of bones to torsion loads (see
Figure 211) (McNamara and Prendergast 20BTendergast et al. 1997

While all of the above models have had success predicting some aspects of bone
remodelling, it has been proposed that multiple control stimuli may @aster et

al. 1987%. Therefore it was postulated that both microdamage and strain stimuli may
orchestrate bone remodelling, in order to simultaneously maintain bone mass and
prevent fracture(Prendergast and Huiskes 1995\ recently developed bone
remodelling algorithm incorporating both of these aspects, and in which damaged
bone is remeed when damaged above a critical level, predicted BMU behaviour
(McNamara and Prendergast 2DOKost recently, damage and strain have been
coupled alongside a spatial influence in order to better predict fracture in trabecula
bone (Hambli et al. 200R Further development of these theories will require a
greater understaling of the mechanical stimuli sensed by bone cells in vivo, which

this thesis aims to elucidate.
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Figure 2.11: Bone remodelling algorithm of bone adaptaion and strains in the tissue
under various combinations of mechanical stimuli; (i) strain stimulus alone, (ii)
micro-damage stimulus alon@ii) a combination of strain and miciamage and

(iv) a stimulus okither strain of micradlamaggMcNamara and Prendergast 2D07

2.5.2.2 Tissue Differentiation Algorithms

Bone remodelling behaviour is an extremely complex activity. While initial attempts
were made to characterise this mechanobiologietlabiour experimentally in a
fracture callugGoodship and Kenwright 1985limitations on measurement of the
changing stress environment within the fracture callus necessitated the use of
computatbnal modelling as a powerful analytical tool to quantify the mechano
regulation of musculoskeletal tissuéslow and Huiskes 2005 Models were
developed by Claes and Heigele, who attempted to quantitatively predict bone tissue
formation by incorporation of the phenomena of intramembranous and endochondral
ossification(Claes and Heigele 199Claes et al. 1998 Thus they proposed ¢h
occurrence of intramembranous bone formation at IGauchy strains and

compressive hydrostatic pressures (< 5% and0<45MPa respectively) and
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endochondral ossification at greater magnitudes (< 15% aneD.@15MPa
respectively), with all otheconditions assumed to generate connective tissue or
fibro-cartilage(see Figure 2.12(Claes and Heigele 199€laes et al. 1998 Finite
element models were generated to test these theories and, when compared to
histological samples from in vivo experiments, demonstrated the efficacy of these
quantitative bandary conditions(Claes and Heigele 199%laes et al. 1998
However these models predicted tissue composition from mechanical conditions at a
specific point in time and could not simulate the development and progression of

tissue differentiation with time.
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Figure 2.12: Mechaneregulation theory controlling tissue differentiation in a

fracture callugClaes and Heigele 1999

A further set of biphasic mechancegulatory computational models were generated
by Prendergast and Huiskes, who employed poroelastic theory originally pedelo
by Biot (Biot 1941 to demonstrate the importance of drag forces in interstitial fluid
flow on differentiation along a specific pathwéyrendergast and Huiskes 1995a

Prendergast et al. 1997 This theory was then used to generate a tissue
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differentiation algorithm dependent on maximum distortional strain and relative fluid
velocity (Huiskes et al. 199 an Driel et al. 1998 which was then employed using

an iterative finite element model to create the first simulation of the progression of
tissue diferentiation over time. Later, the incorporation of cells in computational

models allowed inclusion of the effect of loading on cell migration, proliferation and

apoptosigLacroix et al. 200p as well as calculation of bone resorption (see Figure
2.13A).

substrate Stiff,u?ss

Figure 2.13: Tissue differentiation algorithms controlled by (A) tissue shear strain

and interstitial fluid flomLacroix et al. 2008 and (B) oxygen tension and substrate
stiffness (CC: calcified cartilagéBurke and Kelly 201p

Tissue differentiation algorithms have continued to be developed, investitja¢ing
effects of other physiological processes on mechanoregulation. Later developments
incorporated the effects of both cell proliferation and cell de#tblly and
Prendergast 2005 successfully predicting cellular differeatiion along different
pathways (Shapiro et al. 1993 The most recent iterations have represented
vasculogenesis using an oxygen tension gradient (see Fig®) 2(Burke and

Kelly 2012, showing the oxygen availability is a key factor in bone remodelling
(Burke et al. 2013
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2.5.3 Modelling of the osteocyte environment

Previous numerical simulations of the osteoblasteocyte network have shown that
osteocytes, due to their ubiquitous distribution throughout bone, are uniquely placed
to act as mechanosens@kullender and Huiskes 199 7However, this distribution

also results in their location deep within bone tissue. As their mechanical
environment is difficult to directly investigate experimentally, researchers have
turned to theoretical, numerical and computational modelling techniques to
characterise the mechanical stimuli that they sense in vivo. These have been largely
concerned with two important aspects of the osteocyte mechanical environment: the
structural behawaur of solid components such as the ECM and the dynamiite of

fluid within the lacunaicanalicular network. The development of each of these

analyses is described here.

2.5.3.1 Theoretical Modelling of the Osteocyte Environment

Mathematical modelling has beemppdied at the osteonal level to model fluid
pressure relaxatiofWang et al. 1999 poroelasticity(Smit et al. 200Rand tracer
transport experients (Wang et al. 2000within an osteon under cyclic loading.
Theoretical models spetif to the osteocyte were developed to investigate the
canalicular environment, in particular the effect of loadmduced fluid flow along

the cell process. Initially, these models predicted the occurrence of prdssere
interstitial fluid flow underapplied global matrix strain (see Figure4A) (Cowin et

al. 1995, and resulting shear stresses and streaming potentials oglltpeocess
membrangWeinbaum et al. 1994eng et al. 1994 Further developmem¢d to the
inclusion of an internal actin cytoskeleton in the cell process (see Figuig)2.1
with tethering elements anchoring it to the surrounding EGMuU et al. 2001)

This resulted in greatly amplified drag forces and strains to the cell prptaset

al. 2001Dh. A refined threedimensional theoretical model was then generated, using
contemporary experimental data on the flexural rigidity of the PCM tethering
elements(You et al. 2004 to further test these results (see Figure4@)1 and
similarly found strain amplification occurring as a result of these tethering elements
(Han et al. 2004 The most recent iteiiah of these models incorporated projections

of the ECM (see Figure 2D), which had recently been identified and shown to
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colocalise with proposed integrin attachmeéang et al. 2007 Inclusion of these
attachments in the model resulted in predicted strains an order of magnitude greater
than those induced by the PCM tethering elementsegfiVang et al. 2007
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Figure 2.14: The development of theoretical models of the canalicular environment
by Cowin, Weinbaum and coworkdi@owin et al. 1995Han et al. 2004Wang et
al. 2007 You et al 2001H

2.5.3.2 Structural Modelling of the Osteocyte Environment

Computational modelling has also been used as a tool to characterise the osteocyte
mechanical environment (see Figure5}.1Finite elementmodels at the level of
Haversian systems have been applied to investigate microdamage in bone,
determining that the accumulation of damage results in changes in strain which could
be sensed by the osteocyRrendergast and Huiskes 199H0mogenisation theory

has been employed using finite element models to determine the strains in individual
lacunaeunder applied trabecular tissue level strains, showing an amplification
occurring(McCreadie and Hollister 199.7Idealised finite element models have also

been used t o i nvestigate t he strain
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remodelling, and the action of osteoblaatsl osteoclasts during remodelli¢igmit

and Burger 2000 Discretised osteon models were also developed to investigate
localised strain fields under applied osteonal loads, predicting the strain fialds aro
hollow lacuna€Lenz and Nackenhorst 2004

(B) 1986 Howship’s

/ lacuna
1572 Tty

TR
Seed

osteocyte
element

(C) . Fringe Levels

microstrain \ | / Strain (s)
g

Figure 2.15: Idealised finite element models of (A) strains within an osteon with
discrete osteocyte elemeiitenz and Nackenhorst 2004B) strains within a
Hows hi p 6Smitara Burger2000(C) strains within the lacunar matrix
(Rath Bonivtch et al. 20Q"and (D) strains within osteocytes derived from osteon
level straindVVaughan et al. 2013b

The first completethreedimensional idealised finite element model of a whole
osteocyte lacuna was later developed, and predicted that a strain amplification factor
of 1.26 to 1.52 occurred for an applied
the inclusion of caaliculi in the simulationgRath Bonivtch et al. 20Q07However,

both the analytical studies and this computational approach employed idealised
geometries, which do not accurately represent osteocytes in vivo. Information on the
mineral al orgamc composition of bonédetermined at the nargiructural level has

also been applied using finite element techniques to determine the stiffness values
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across multiple scales, allowing characterisation of the microstructural properties of
osteons and trabelae at various mineral volume fractiofaughan et al. 2032
Recently, multiscale modelling techniques have been applied aldagseriodic
boundary conditions to determine that an inhomogeneous strain field results in
osteocytes experiencing a range of microstructural strains under the same loading,
depending on their location relative to the microstructural porosities (e.gm¥nhk
Canals)Vaughan et al. 2013bMoreover, it was found that lamellar orientation can
have a significant effect on strain experienced at the cellular (gaeighan et al.
2013h.

2.5.3.3 Fluid Modelling of the Osteocyte Environment

I nitially bone was treated as a biphasic co
poroelastic theoryBiot 1941 Biot 1955, and these studies predicted that pressure
gradients resulting from mechanical loading generated fluid flow around the
osteocyte(Piekarski and Munro 1977 Analytical models of idealised osteocyte
canaliculi under loadhduced flud flow have been developed and applied to predict
the in vivo range for shear stress (8.8°a) and deformation of osteocyte cell
membranegHan et al. 2004Weinbaum et al. 1994You et al. 2001pZeng et al.

1994. With the development of tracer transport experimdgKisothe Tate and
Knothe 2000 mathematical models were developed to explain the movement of
solute through bone despite cyclic fluid movement under logififang et al. 2000
generating much debate about the primary mechanisms of leadiunced fluid flow
through the lacunaicanalicular networkKnothe Tate 2001Wang et al. 2001
Recent numerical models have been developed to determine the effect of the
pericellular matrix on flow through the canaliculus, investigating the permeability
(Anderson et al. 200& emaire et al. 2012 emonnier et al. 20)1fluid movement
(Lemaire et al. 2012d_emaire et al. 2006 and electrchememechanical effects
(Lemaire et al. 20Q8ansalone et al. 2012t hasalso recatly been determined that
interstitial fluid viscosity and pericellular matrix permeability are the dominant

parameters affecting flow in the lacur@analicular networkSansalone et a2012.

Computational finite element modelling techniques have also been applied to
idealised models of the lacupreanalicular system and have predicted abrupt
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changes in the drag forces within the canaliculi arising from changes in geometry or
proximity to bone microporosity and the Haversian cafidizk et al. 199Y. Similar
techniques were applied to characterise loathdgced fluid flow at the level of
whole bonegSteck et al. 2003 One study investigated the fluid environment of an
idealised osteocytand predicted high shear stresses within the canaliculi whereas
the osteocyte cell body is primarily exposed to hydrodynamic pregSoderson et

al. 2005. Recent stude identified projections of the extracellular matrix into the
pericellular space around the canalidivicNamara et al. 20Q9and computational
studies which incorporate 3D approximations of realistic 2D geometries have
suggested that such projections amplify the fluid shear stimulus to the osteeeyte (s
Figure 2.Ba and b)(Anderson and Knothe Tate 2Q0&ltra high voltage electron
microscopes (UHVEM) have been used to develop highly detailed computational
models of 80 nm long sections oftescyte canaliculi (see Figure Bc), and these
have been applied to predict that theeedimensionalgeometry of thecanalicular
spacegreatly affects the velocity of fluid flow around the osteocyte cell processes
(Kamioka et al. 201p

Axial Velocity, u* =
e ‘ Shear stress, t°
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Figure 2.16: Computational fluid dynamics models of 3D representative of

osteocyte canaliculi, showing (a) axial velocity and (b) shear gthes®erson and
Knothe Tate 2008and (c) velocityKamiokaet al. 2012

2.5.3.4 Current Computational Challenges
While the models described above provide important insight into the structural or
fluid environments of the cell, they do not fully incorporate the intricate architecture

of the lacunaicanalicular networksurrounding the cell. Furthermore, these studies

35



Chapter 2

model bone cells and tissuby using either solid mechanics approaches (where
extracellular fluids were modelled using poroelastic assumptions) or fluid dynamics
modelling, wherein all structures were assanto be rigid. However, bone cells are
actually complex materials composed of an elastic cell membrane that deforms under
external fluid flow, and modelling of the osteocyte as a rigid body precludes
investigation of cellular strains arising from fluidof (Anderson et al. 2005
Anderson and Knothe Tate 2Q08amioka et al. 2012 An example of a similarly
complex and difficult to investigate environment is the bone marrow cavity, which
involves a highly viscous fluid that flows at low velocities under compression of the
bone in which it is encased. While detailed CFD analysidbbar performed on this
complex system previousfCoughlin and Niebur 2012bfluid structure interaction
techniques have recently been applied to determine the complexphmysics
interactions which occur in vivdBirmingham et al. 2013a Therefore fully
simulating the complex mechanical behaviour of the osteocyte environment
represents a most challenging myliiysics problem, which is too complex to solve
analytically and requires a flustructure interaction (FSI) approach.

2.6 Osteoporosis

2.6.1 Pathophysiology of Osteoporosis

Osteoporosis is a disease of the skeleton in which progressive degradation of both
bone mass antlone microarchitecture occurs, with corresponding deterioration in
bone mechanical strength. This leads to greater fragility of bones and a consequently
higher risk of fracture. Osteoporosis occurs due to an imbalance in the rates of
osteoblast and ostdast activity, causing either disproportionate bone resorption or
insufficient new bone formatigras reviewed recently by McNamaflsicNamara

201]). This deteriorationsi most evident in trabecular bgnehere resorption can

lead tocomplete perforation of the trabecul@osekilde 199pand has been shown

to reduce the overall mechanical integrity of bo(earon et al. 2000(see Figure

2.17).
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Figure 2.17: A scanning electron micrograph of (a) normal bone and (b)

osteoporotic bonayith visible degeneration of trabecular struts visible in the
diseased stai@itchie et al. 2009

The disease of osteoporosis can be classified clinically as primary osteoporosis,
which occurs naturally in the body, orcemdary osteoporosis, which results from
the presence or treatment of y@edsting diseases such as anorexia nervosa, cystic
fibrosis and diabetes mellitus type(llerner 2008. Primary osteoporosis can be
further subdivided into type |, which describes pestenopausal bone loss in
women, and type Il, which occurs as part of the natural ageing process. Post
menopausal type | osteoporosis is by far the most common form of#esdiand is
thought to arise due to deficient oestrogen production after the mendpaleteati

Nini et al. 2000 Riggs et al. 2002 where a relatively short period of84years of
disproportionate hwe remodelling results in substantial trabecular bone loss. Type I
osteoporosis sets in more slowly, occurring due to lower testosterone and oestrogen

availability in old age and affecting both sexBsggs et al. 2002

Primary osteoporosis becomes increasingly prevalent with age as bone mass, after
plateauing up to approximately 30 yed@owin 200), begins to degrade slowly

with as little as 70% remaining by 70 yegasnih 1999. Postmenopausal
oestrogen deficiency has been shown to increase bone resorption in {Riggenet

al. 2003, and results in an increased likelihood of developing osteoporosis with
approximately 40% of women over 50 at rigiklelton et al. 205). This bone loss is

irreversible, and leads to high risk of fracture for women with beleerage initial
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bone masgFavus and Christakos 1996rost 1998 Frost 1999 Lindsay 199%
Tomkinson et al. 1997 Indeed oestrogen levels have also been suggested to play a
role in agerelated bone loss in méRavus and Christakos 1996vith up to 30% of
men suffering an osteoporotic fracture in their lifetiffeandell et al. 1995
Significantly, sufferers are 5000% more likely to sustain another separate fracture
(Klotzbuecher et al. 2000while mortality rates increase by-P0% within a year of

an initial fracturglCummings and Melton 20Q®/elton et al. 200b

The primary concern during osteoporosis is the deterioration of the macroscopic
mechanical properties of the whole bone, ultimately resulting in fracture or damage
of the bone. Indeed, reductiomsthe elastic modulus and compressive strength have
been observed in human osteoporotic bone at both the whole bonéHasegawa

et al. 1993 and the trabeculdevel (Ciarelli et al. 2000 Sugita et B 1999, when
compared with normal bone. The decline in global mechanical behaviour associated
with osteoporosis occurs due to a combination of changes in bone mass and bone
guality, which together determine the mechanical behaviour of Bdundex et al.

2003.

Bone mass is known to decrease following oestrogen deficigane et al. 1998

and as such, has been identified as a critical marker in the development of bone
fractures. The standard quantitative measurement of the mass of a bone is bone
mineral density (BMD)(Kanis et al. 2002 with a score below 2.5 standard
deviations(T-score) of a young adult diagnosing osteopor@senis et al. 2008
However, BMD has been shown to be a poor predictor of bone fra¢eespster

2000, with only 1853% of postmenopausal fractures in patients over 65 having an
osteoporotic BMD scoréGarnero and Delmas 2008tone et al. 20Q3Nainwright

et al. 200%. Therefore, it is thought that assessment of the quality of the remaining

bone tissue could explain this discrepancy.

There are two major determining factors of bone qualitye fitst is bone micro
architecture, the micrscale organisation and morphology of both trabecatat
cortical bone(McNamara 201)) and this is known to change dramatically due to
bone loss during osteoporogSompston et al. 198%ane et al. 1998Parfitt 1987.
Interestingly, recent investigations of trabecular bone during oestrogen deficiency
have observed gradual increases in trabecular thickfWasarsing et al. 2004
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Waarsing et al. 20Q6and apparent consolidation of trabecular architecture
(Waarsing et al. 2006 This suggests a form of remodelling response to osteoporotic
conditions, and incorporation of these diseasated changes in trabular micre
architecture in computational models have improved fracture predictions by 13%
compared to predictions based on BMD alfhesti et al. 2001

The second important determinant of bone quality is tissue composition, the ratio of
the mineral phase, which governs the stiffness of the bone tissue, to the organic
phase, which contributes to the strength and flexibility of bone. In particular,
mineralisation of bone tissue is known to correlate strongly to bone strength and
stiffness(Currey 1984 and therefore, observed changes in matractural tissue
properties likely arise from altered mineral cont@WitNamara et al. 2006In an
animal model of osteoporosis it was shown that bone tissue from osteoporotic bone
had a more heterogeneous mineral distribution than healtimg both within
individual trabecula¢Brennan et al. 2011 &iarelli et al. 2003and across different
regions of the bone (see Figure &.1Brennan et al. 201})a This increased
heterogeneity likely accounts for the observed osteoporotic changes in the micro
structural mineral content of hes, which has been shown to both incr¢8sgde

et al. 1998 Dickenson et al. 198IMcNamara et al. 20Q0&ioupos and Aspden
2000 and decreas@adeleta et al. 200 diseaed conditions. Changes in mineral
content such as these may thus explain the fact that, despite a decrease in overall
mineral density, there is an increase in the yield strength and elastic modulus of the
remaining bone in osteoporosis of-40% when comared to control§McNamara

et al. 2008.
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Figure 2.18: (a) Diagram of a proximal femur showing three different regions. (b)

Increased mineral heterogeneity is across these regions in oestrogen deficiency is

shown, with (c) the heterogeneous mineral distribution within an individual

trabecular sample also Mi$e (Brennan et al. 201)a

The effects of oestrogen deficiency on osteoclasts are-naitging and have been

explored in detail, and are indicative of the physiological processes that occur in

cells during osteoporosis. Significantly, increases in the activation frequency of

BMUs, andconsequently bone turnover rate, have been observed during oestrogen

deficiency(Brockstedt et al. 199Friksen et al. 1999 While all bone cell typs are

known to possess oestrogen receptBsidman et al. 200)a oestrogen acts

through multiple pathways to affect the behaviour of different cell lineages.

Oestrogen is known to have an inhibiting effect on bone resorption by redbeing

formation of mature osteoclast®ursler et al. 1991 Therefore, oestrogen

withdrawal gives rise to the recruitmteof more osteoclastdRosen 200Pand a

reduction in osteoclast apoptogidughes et al. 1996 causing extended periods of

resorption and subsequent bone perforat{@ell et al. 199§ Furthermore,

oestrogen deficiency is known to result in increased apoptosis of both osteoblasts

and osteocyteEmerton et al. 202(Kousteni et al. 20Q1Tomkinson et al. 1997

This oestrogen deficienaglated apoptosiin osteocytes has also been suggested to

result in hypemineralisation of the surrounding bone tis{®yde 2003 Frost

1960k Kingsmill and Boyde 1998and changes to the organisation of the osteocyte

network(Knothe Tate et al. 200&harma et al. 20)2which is thought to indicate a
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reduction in bone production per osteoblast during osteopofidsibender et al.
1996. Moreover, it has recently been observed that the effect of oestrogen on
osteoclasts can in fact be regulated by osteob(iBthael et al. 2005 suggesting

that the relationship between oestrogen deficiency arebstosis is dependent
upon a complex muktellular network of behaviour that requires further study to
elucidate fully(McNamara 201D

2.6.2 Bone Cell Mechanobiology during Osteoporosis

The mechanobiology of bone cells during osteoporosis is poorly understood.
However, as these cells regulate healthy bone remodelling in response to mechanical
loading it is likely tha mechanotransduction in bone cells is crucial to
understanding the pathophysiology and treatment of osteop¢@iss et al. 2010
McNamara 201p It has been suggested that the presence of oestrogen allows the
normal response of ostelasts and osteocytes to mechanical loafliagyon 199%.

This theory is reinforced by evidence that osteoblastic cells display defective
responses to mechanical loading in vitro during oestrogen defic{drsgop et al.

2004 Sterck et al.1998. Indeed, oestrogen deficiency has been shown to affect
osteocytes in vivocausing apoptosi@ousteni et al. 20Q1Tomkinson et al. 1997

and reductions in cell densifjvullender et al. 1996 These effects suggest that
oestrogen deficiency may alter the mechanosensitivity of bone tissue during

osteoporosi¢Tatsumi et al. 2006

In addition to effects on bone mechanosensitivity, osteoporosis is known to change
the mechanical environment of osteocytksleed, oestrogen deficiency in post
menopausal osteoporosis results in rapid bone loss, as well as changes in the bone
strength and mineral densitgrennan et al. 20118rennan et al. 2011lBrennan et

al. 2012 Compston et al. 1989 ane et al. 1998McNamara et al. 2006Parfitt

1987. This canalsomanifest as distorted organisation of the osteocyte cell network

in humans(Knothe Tate et al. 2004 and increased surface roughness of the
surrounding lacunae and canaliculi (see Figur8)43harma et al. 20}2This may
indicatethe occurrence obsteocyte osteolysis, wherein osteocytes are proposed to
directly alter their surrounding mineralised maifeti and Zallone 2009 This may

alsobe degradation of the laminaniitans,an organic layewhich surrounds the cells
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(Scherft 1972 plays an important role in both physicochemidhlid interactions

and fluid flow in the pericellular spa¢&napp et al. 2002Reilly et al. 200}, and is
thoughtto be absent during bone formati¢hakagi et al. 1991 Both of these
processes may occur as a mechanobiological response by the cell to osteoporotic
changes.

Osteocyte

o g

Late stage osteoporosis

Figure 2.19: Sample TEM images of the surface of the lacuna in (a) a control (b) an
ovariectomised rat model of osteopordSikarma et al. 20} 2Histology of the

osteocyte network ihealth and disease (@§nothe Tate et al. 2004

While never before observed, these microstructural changes in composition and
microarchitecture likely alter the mechanical environment of cells embedded in
osteoporotic bone. This might provoke a mechanobiologicabnssp particularly in
osteocytes, which have been shown to modify their mechanosensing focal adhesions,
their material properties and their mechanosensitivity in response to changes in their
mechanical environmeniBacabac et al. 20Q08vatsa et al. 2008 Moreover, a
mechanobiological response to compensate for bamssedould emlain the increases

in stiffness and yield strength which have been observed to occur in osteoporosis
despite deterioration in macroscopic bone properties. This thesis sets out to
investigate this proposed phenomenon in detail, with the aim of elucidating the role

of osteocye mechanobiology in the pathogenedissteoporosis.
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2.7 Summary

This chapter has presented a detailed review of bone physiology and anatomy, as
well as the mechanobiology of its constituent cells, in both health and disease. In
summary, bone is an active reaal which, through the process of remodelling, is
capable of adapting itself in response to mechanical loading. This adaptive nature is
orchestrated by osteocytes, with the coupled activities of-fmymeng osteoblasts

and boneesorbing osteoclasts Hdaping old and damaged bone. While the
mechanobiology of these cells is crucial to understanding this process, their complex
closed mechanical environments are challenging to investigate experimentally.
Therefore the precise mechanical stimuli that boriés gense in vivo remain
unknown and, as such, computational modelling techniques can provide greater
insight into this environment. Furthermore, during osteoporosis oestrogen deficiency
results in deteriorated macroscopic bone properties, bone arclateeuced bone

mass and changes in tissue composition. These changes likely alter the mechanical
environment of bone cells, possibly inducing a mechanobiological response,

although this remains to be confirmed.

In Chapters 4 and 5 a detailed computatianaéstigation of the geometry, solid
mechanics and fluid dynamics of the mudliysics osteocyte environment is
performed, as it is the most mechanosensitive and influential cell in osteogenesis.
Then, in Chapter 6, a novel experimental loading methadkewsed to study the
mechanical environments of bone cells directly, and to elucidate the effect of
osteoporosis on the mechanical stimuli they experience. Finally, a study is conducted
in Chapter 7, which applies the models developed in Chapters 4 amdafoagside

the data obtained in Chapter 6, in order to explore the effects of osteoporosis on

various aspects of the osteodgtenechanical environment.
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Theory

3.1 Introduction

The theoretical basis for ttiemputational modelsedeloped in Chapters 4, 5 and 7,

as well as the image analysis in Chaptear@, outlined inthis chapter. Firstly, an
overview of continuum mechanics is provided, alongside the theoretical framework
and governing equations for thaife element theory, in Section 3.3. Secondly, fluid
dynamics theory and the requisite governing equations are considered in Section 3.4.
In Section 3.5, the theoretical basis and coupling of these techniques using fluid
structure interaction modelling ialso expounded. The digital image correlation
theory applied in Chapter 6 is presented in Section 3.6, and finally the elastostatics

theory, employed to validate the experimental approach, is described in Section 3.7.

3.2 Notation

Here an introduction to theotation used in the current chapter is provided. Tensors
and matrices are given capital letters while vectors are given lowercase letters. Bold
type face font is applied to vectors, tensors and matrices, and their component parts
are shown in italics. bhex notation is used to illustrate manipulation of these
guantities. For index notation a repeated index implies a summation. The coordinate
system uses the ax®gg X, andxs, orx wherei = 1, 2, 3(summation over values of

the indices from 1 to 3)ndex notation summation convention is shown below using
the dot product (also known as the scalar or inner product) of two vectors in three

dimensionsy, v), which is the summation of the component parts.
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0to 6L 60 060 060 (3.1)

Second order tensors are represented by nine components in 3D. Each component is
denoted by two subscripts that define the location in the tensor. For example, the
second order tensgk in component form ish;, where the subsctip define the
location within the tensor at ronand column. A fourth order tensor is defined as

the linear tensor function of a second order tensor. For example, the linear elastic
constitutive law relates the second order stress tefisand strain tensor, through

the fourth order elastic modulus tendgras follows:

) o - (32

3.3 Finite element theory and formulations

3.3.1 Continuum Mechanics

The computer simulations in Chapt4 and Chapter 7 are based in a finite
deformation kinematic framework, which is outlined below. Similarly, all models in
this thesis are assumed to exhibit linear elastic, isotropic behaviour, and thus this

material model is described here.

3.3.1.1 Fundamental Principals and Theoretical Formulations

Large deformation kinematics describes the deformation of a body by following its
movement from an initial state to a deformed state, which are commonly referred to

as the o6reference coindgumgatriaomn®@ ndf anlatdcl
(Fagan 199p This is represented in Figure 3.1 with position vectoes)dy used to

define the locatiomf a material point in the reference (position vegjoand current

configurations (position vecta.
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Reference volume

Current volume

Figure 3.1: Schematic diagram of finite deformation kinematics, whgrs a
reference volume that changes to a current voMpaadu is a displacement vector

of a material point defined by vectorandy (Fagan 199). P and Q are points

which are mapped to p and g in the current volume, allowing characterisation of

deformation of the body
The displacement vectar, of the material point is represented by
O e oD o (33
The velocity vectory, is the time derivative af with respect to time;:

0

W o e (34)

The deformation gradient tensd, relates the distance between two neighbouring

materialpoints to that in the reference configuration.

o 5t0e (35)
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i (36)

The Jacobian] the total volume change, is used to quantify volume changes in the
deformaion of the body, expressed as the determinant of the deformation gradient

as in equation (3)7
v AAD (3.7)

From the deformation gradient (equation6fB the spatial velocity gradienit, can
bedefinedas:

4 515 (38)

The spatial velocity gradient,, can be decomposed into a symmetric rate of
deformation tensom), and an asymmetric spin tens@V, The spin tensonV, is a
measure of thaverage angular velocigssociated with the deformed configuration.
The rate of deformation tensd, is a measure of the strain rate associated with the

deformed configuration and is from the spatial velocity gradierss:

r od -4 i (3.9)

T | 06 SIL (3.10

The deformation tensom), can be integrated with respect to time to give the

logarithmic strain tensor, a measure of finite strain, calculated as:

EO0 . Qo (3.12)

In the present work the Cauchy stress, or true stfess, the primary measure of
stress and is defined as the force per unit area on the current (deformed)

configuration.
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3.3.1.2 Material Constitutive Theory

A continuum constitutive elasticity formulation is required to predict elastic
deformation under complex loading and boundary conditibhs. strain tensom,

in equation 3.11s symmetric whereby; = Rj and thereforeonly six independent

strain components are needed to represent a strain state. This can be written as:

- - (3.12)

The primary measure of stress used in ABAQUS artfli;thesis is the Cauchy, or
it r ue oK. Bhe threesdgmensional stress state of a material can be represented

by the Cauchy stress tensér(i.e. £;) as follows:

s (3.13)

Thestress tensor iglsosymmetric, whereby;; = £ji, therefore only six independent

stress components needed to represent a stress state.

3.3.2 Finite element method

The finite element method is appligdsoftwaresuch as the ABAQUS package used

in this thesis to solve the constitutive equations of the material under various
boundary condition$ABAQUS 2011). The first step in FE analyses is the division

of a structure int@n assembly of subdivisions, known as elements. These elements
are interconnected at nodes. A given input variable is assumed to act over each
element in a predefined manner, with the number (i.e. mesh density) and type of
elements chosen such that theiafale distribution throughout the whole body is
adequately approximated. The distribution across each element can be predefined by

a polynomial (e.qg. linear or quadratic) or a trigopnometric function.
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After the problem has been discretised, the governingtemns for each element are
calculated and assembled to give the system equafieagan 1992 These

individual element equations generallikeghe form

QY O (3.14)

where K] is a square matrix, known as a stiffness matf{i¥} is the vector of
(unknown) nodal displacements; anfd}{is the vector of applied nodal forces. The
requisite element and system eqolasi can be derivefbr a fournoded tetrahedral
element, with displacements {u} calculated as:

6 U7y (3.15)

where N] is a shape function matrix. The general form of the shape functions is

given by:
0 O 0o 00 QdTen I GGG (3.16)

whereV is the total volume of the element and the constants, ¢ andd are
functions of the nodal coordinates. Th matrix relates the strains experienced in
an elemento the nodal displacements, and for a thieeensional analysis all six
strain components are requirdehgan 1992 Considering straity in the x direction,
the variation in displacement is given by:

6 06 06 006 06 (3.17)

Therefore the strail is:

WO W6 WO WO Tew (3.18)

Similar derivations can be performed for the other two direct strains and the shear

strains, which can be summarised as follows:
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The material property matric [D] for an isotropic material is:
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Thus, the stiffness matrix for the element can be calculated from:

Q .6 06Qn & 066 (321)

This theory is applied using both ABAQUS in Chapter 4 and ANSYS in Chapter 5
as part of fluidstructure interaction (FSI) simulations, in order to model the

osteocyte mechanical environment.

3.4 Computational fluid dynamics theory and formulations

The computer imulations in Chapter 5 and Chapterare based oma twoway
coupled structural and fluid dynamics framework. The following section elaborates
on the theoretical background of CFD as a basis for the FSI analyses described in the

next section.
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3.4.1 Mass conseration principle and continuity equation

Fluid flow and transport phenomena are governed by basic conservation principles
such as conservation of mass, momentum and energy. All these conservation
principles are solved according to the fluid mechanicsrihewehich givesa set of

partial differential equations, called the governing equations of the fluid.

The mass conservation principle states that the rate of increase of mass in a fluid
element is equal to the net rate of flow of mass into a fluid element. Applying this
physical principle to a fluid model results in a differential equation called continuit
equation(Malalasekra 2007 This is derived by first defining the rate otiease of

mass in the fluid element:

— "1 0 04 ® o o (322

wheremdenotes density artdstime. The mass flow rate across a face of an element
is defined as the product of area and the velamotyponent normal to the face (see
Figure 3.2. Fluids entering the element are given a positive sign as they increase the

mass of the system, while those leaving are given a negative sign.
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Figure 3.2: Massflows in and out of a discrete fluid eleméhtalalasekra 2007

Thus the netate of flow of mass across the boundaries of an element is given by:
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O —- @ @ "6 —- @ @ 4
"0 — @ @ "0 —- @ o «
O — M R @0 — @ e o (329

wheredx/dt =u, dy/dt =v and dzdt =w. The rate oincrease of mass (equation
3.22) is now equated to the net rate of flow of mass into the eleatenss its faces
(equation 3.2B If the expression is divided by the volume of the elemer@) Uy U

the following expression is obtained:

— T (3.29)

which can be expressed as:

— QOW T (3.25)

This is the continuity equation for a compressible fluid, where the first term of the
equation is the rate of change of density with respect to time and the next term is net
flow of mass out of the element boundaries. The analysésrped in this thesis
involved liquids, which are modelled asicompressible fluids, and allow

simplification of equation 3.2&s follows:

QQ0 m (3.26)

or more clearly:

— — — T (327)
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342Newt onb6és second | aw and momentum
Newtonds second | aw states that the rate
is equal tahe sum of the forces acting on a partitleing equation 3%, the rate of

increase ok-, y-, andz-momentum of a fluid particle can be expanded as:

T — QDL (3.29)
" — QLY (329
. —— QLW (3.30)

where D is the total or substantive derivative, also known as the Lagrangian
derivative.The forces acting on a body are a combination of both surface and body
forces. The state of stress of a fluid element is defingdrms of the pressure, a
normal stress denoted Ipy and the nine shear stress components, denoteg by
shown in Figure3.3. The usual suffix notatiog; is applied to indicate the direction

of the shear stresses. The sufficaad] in z; indicate that the stress component acts

in thej-direction on a surface normal to thdirection.
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Figure 3.3: (A) Stress components on three faces of a fluid element and (B) stress

components in the-direction (Malalasekra 2007
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Considering thex-components of the forces due to presguamd stress components

Zxx, Zyx and Zzx, (see Figure 3)3 the net force in the-direction is the sum of the
force components acting in that direction on the fluid element. To provide the total
force per unit volme due to surface stresses, these forces are summed and divided

by the volumgq @7 Uy U

(330

The overall effect of body forces, such as gravity, can be included by defining a
sourceSux of x-momentum per unit volume per unit time. Theomponent of the
momentum equatiors found by setting the rate of changexaihomentum of the

fluid particle 8.28 equal to the total force in thedirection on the element due to

surface stress€8.31), plus the rate of increase @inomentum due to sources:

g vorx Wy (332
Similarly for they- andz-directions:

. X Wy (333

. Wy (3.34)

When this law is applied for Newtonian fluid (shear stress is proportional to the rates

of deformation)the resulting equations are callddavierStokes equations. The
threedi mensi onal form of Newt onds |l aw of
involves two constants of proportionality: the first (dynamic) viscosifyto relate
stresses to linear deformations, and the second viscbsity,relate stresses the
volumetric deformation.The nine viscous stress components, of which six are

independent, are
t ¢ — Q QU (3.35

¢ — _QQU (3.36)
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t ¢ — _QQ (3.37)
ot = = (3.38)
ot = — (3.39)
ot = — (3.40)

If the above equations for viscous stress components (equaB&8.80) are

substituted into equations 3:32B4the NavierStokes equations arerdesd as:

,060 1Tl T6o oy 1. T O0TO0 T Tolu

00 Tl T o= hTele Ta Tare
(341)

,ov rnt  totruov T TU on 1. 1 OT U

00 T ol o Tolo [ To=-22 s irare
(342)

,o0 tnt  1TO61T06 T TorTo T TO

'OC‘>TwTwTachTwTaTwTacra—QQUY
(343)

As the fluid is incompressiblehése equationsan besimplified andrearranged into

the most useful form for implementationthefinite volume method:

" — QOO HQY (3.44)
" — QU HQY (3.45)
" — QU HQ Y (3.46)
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wheregrad is defined as a vector having coordinate components that are the partial
derivatives of a function with respect to its variabléembining these equations
with 3.28-3.30 gives us equations which fully explain the momentum conservation
principle, and gowa the flow of a compressible Newtonian flu{lalalasekra
2007):

— QL6 — QU GQY (347)
— QQUY — QLI HQY (349)
— QL ® — QOO HQ Y (3.49)

wheremrepresents the density,represents velocity vectau, v, w are the velocity
components in Cartesian coordinate syst@ms the dynamic viscosity an@w
represents the momentum source term. Since the studies performed in this thesis do
not involve heat transfer, the energy equation is not considered here.

3.4.3 Finite volume method

The finite volume method is applied in CFD codes, such as the ANSYS software
padkage used in this thesis, to solve the governing equations of the fluid under
various boundary conditiof&NSYS 201). The basic and foremost step of CFD is

to mesh the egion of interest by dividingt into smaller regions called control
volumes, with the calculated scalaluesstored at the centre of these voluniEse
governing equationsan be described with the general transport equation as follows
(Malalasekra 2007

—— Q0 %0 QOOQI %R Y (350)
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where the variable can be replaced by any scalar quantity and the diffusion

coefficient. The left hand side of the equation contains the rate of change term and
convective term, whereas the diffusive term and source terrmligeo right hand

side of the equation. This 1s then inte
divergence theorem is applied to gi«alalasekra 2007

— T %QG &7 %®O | & OQ QO | YQ& (351

This results in the conversion of the general transport equation intoteamsp$é
algebraic equations, which are solved by iteration to converge upon a solution
(Malalasekra 2007

3.5 Fluid-structure interaction modelling

The computational modelling of biological cells and tissue using solid mechanics
and finite éeement approaches, either negléee presence of biological fluids or
represent extracellular uiids using poroelastic assumptions. For specific fluid
dynamics modelling of such problems, biological tissues are assumed to be rigid for
the purposes of understanding fluid flow and shear stresses. In reality, biological
cells and tissues are composecklatstic solids (e.g. cell membranes, collagen) that
deform in response to the external fluid flow imposed by mechanical loading. To
fully simulate this behaviour represents a challenging rpblgisics problem, which
recent advances in computational researand software can now model. Fuid
structure interaction (FSI) tools can simulate the interaction between deformable
structures and adjacent fluid flows. The computer simulations in Chapter 5 and
Chapter 7 are based in a combined flsmlid interactionframework, which is

outlined further below.
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3.5.1 Theoretical background

As multi-physics problems are challenging to solve by analytical methods, they must
be solved either by using numerical simulations or experiments. Two different
approachegxistfor soving FSI problems using commercial software packages: the

monolithic approach and the partitioned approach

3.5.1.1 Monolithic approach

This approach involves the formulation of both gubblems (fluid and structure)

into one combined problem. The system of algebraic equations resulting from both
systems of governing equations, described in Sections 3.3 and 3.4, are solved as a
whole (Hou et al. 2012Richter 2010. The interaction of fluidand structure at the
interface is treated synchronously. This allows the conservation of properties at the
interface, increasing the stability of the solution. The monolithic approach is
described in the dw process diagram in Figure 3shereS and S° denote the

solutions of the fluid and solid domains respectively, at timasdty.;.

S () ' (tas1)

S (t,) S* (tp+1)

Figure 3.4: Flow process diagram of the monolithic approach, wBkesdS®

denote the solutions of the fluid and solid domains respectively, atttiragdt, .,

While this approach is considered to be more robust than the partitioned approach, it
is computationally expensive and cannot take the advantage of software modularity

as the partitioned method does.

3.5.1.2 Partitioned approach
The other choice for solving FSI problems is the partitioned method. Here, both sub
problems are solved separately i.e. the fluid flow does not change while the

structural solution is calculated. Thequations governing the flow and the

58



Chapter 3

displacement of the structure are solved in fialgernating between two distinct
solvers. The intermediate fluid solution is prescribed as a boundary condition for the
structure and vice versa, and the iteration ow@s until the convergence criterion is
satisfied. At the interface (boundary between fluid and solid), the exchange of
information occurs according to the type of coupling technique ap(tied et al.

2012 Richter 20109. The process of the partitioned methodiéscribed in Figure

3.5, using the same notah as detailed in the previous approach.

SI(t,) S (tys1)
S* (ty) S* (ty41)

Figure 3.5: Flow process diagram of the partitioned approach, wHexadS®

denote the solutions of the fluid and solid domains respectively, atttiragdt,.;

As mentioned in the above paragraph, the information is exchangesl iatetface
between two solvers.his process is defined as theupling andcan beof two

types: oneway coupling and twavay coupling.

3.5.2 One-way coupling
Oneway coupling is aplped if the motion of a fluid flow influences a solid structure
but the reaction of a solid upon a fluid is negligiiBenra et al. 201)] or vice versa.

The oneway coupling methods explained in Figure 3.6

Initially, the fluid flow calculation is performed until convergence is reached. Then
the resultig forces at the interface from fluid calculation are interpolated to the

structural mesh. Next, the structural dynamic calculations are performed until the
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convergence criterion is met. As a consequence the mesh is deformed according to

the response of stcture. This is repeated until the end time is reached.

End time step > New time step
r Structural model solver
— | ,
Fluid model solver

Interpolation of fluid
forces on structure mesh

)

Figure 3.6: Flow process diagram of the emay coupling procedur@Benra et al.
2011

3.5.3 Two-way coupling

This type of coupling is applied to problems where the motion of a fluid influences a
solid stricture andat the same timehe flow of fluid is influenced by the reaction of
the solid.

The process of the strongly coupled tway algorithm is shownn Figure 3.7

During the first time step converged solutions of the fluid calculati@yuations
3.35-340) provide the forces acting on the solid body. Then the forces are
interpolated to the structural mesh, similar to thewag coupling, and the solution

from the structural solver is obtained with these fluid forces as boundary conditions.
As a consquence the mesh is deformed according to the response of the structure.
These displacement values are then interpolated back to the fluid mesh, which results
in deformation of the fluid domain. This is modelled using a mesh diffusion scheme

and, through dplacement of the fluidolid interface, maintains separation of the
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Eulerian fluid domain from the Lagrangian solid domain. The fluid solver then
begins, and this process is repeated until both force and displacement values at the
fluid solid interface ee converged below a poetermined limit(Benra et al2017),

set to 1 per cent in the simulations in this théaNSYS 201). This allows a fully

implicit solution of both solid and fluid domains within éagtaggered iteration step.

> New time step

A

Interpolation of
displacements on fluid
boundary

v

Fluid model solver

| Structural model solver =

A

Converge?

Interpolation of fluid forces
on structure mesh

LA

End time step

Figure 3.7: Flow process diagram of the tweay coupling procedur@Benra et al.
2011

Both oneway and tweway coupling are applied in the flugtructure interaction
modelling performed in this thesis, with the modellimgthodology described in

detail in Chapters 5 and 7.

3.6 Digital image correlation theory

In Chapter 6, an imageased method is used to experimentally quantify strains
experienced by individual bone cells in situ under mechanical loading, using

previously éveloped software package (MOIR@Euu et al. 2011Pan et al2010a
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Pan et al. 201Qb This image analysis is performed by digital image correlation
(DIC), an optical technique that combines image registn and tracking methods

for accurate 2D measurements of changes in images. Correlation theories for the
measurement of alterations in data were first applied to digital images in 1975
(Keating et al. 1976 These theories have been optimised in recent years to apply to
numerous application®an et al. 2009bincluding confocal microscop(Berfield et

al. 200g. DIC is based upon the calculation afcorrelation coefficient that is
determined from pixel intensity array subsets on multiple corresponding images and

extracting the deformation mapping function that relates the images.

Two-dimensional DIC involves the tracking of the same points (or pixelswo

different images, before anfter deformation (see Figure 3.8 he displacements of

a pointP are calculated by creating a square reference subséviof (3 x (2V +1)
centred at poinP(Xo,Yo) on t he Aundefor med irankitge o, whi ch
corresponding |l ocation in the fAdeformed i ma
the reference subset and the deformed subset is calculated by determining a cross

correlation coefficient. The peak value of the correlation is obtained, and #us th

position of the deformed subset is resolved. The differences in the positions of these

two points yield the irplane displacement vector at poihfsee Figure 3)8

(l—) =

P (xo. o) : :  Displacement vector
y : :

P’ (xo.¥0")

Reference subset <™ Q (. 3))

T - S —
N Reference image (B) Deformed image

Figure 3.8: Diagram of (A) a reference square subset before deformation and (B) a
deformed subset after deformati@an et al. 2009b

I n order to separate out the deformation fr
i mage o, Q(ay) prounchthe centre poift(xy, Yo) of the reference subset is
chosen. This point can be npmal to pointQ @@ y§ of the deformed subset
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according to the shape function (also known as a displacement mapping function)
(Schreier and Sutton 2002

0w w , wmw w0

~

® O - ofm (352

Assumption of rigid body translation, where displacement of all points is the same,
allows determination of the displacements using a-aetter shape function as
follows:

A A ~ of U (353

In order to capture the shape change of the deformed subset-@destshape
function that allows translation, rotation, shear, normal strains and a combination of
these can be applied:

, oy 6 6Yn 0 Yo (354)

ok 0 0Ye U Yo (355)

Finally, seconebrder shape functions can be employed to characterise more complex
deformation of the deformed subgeti and Cary 2000

, oy 6 0Yw 6Yw -6 Yo -6 Yo 6 Yoo (3.56)

-~ o 0 VY OYD -0 Yo -0 Yo U YaVo (357)
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For equations B4 1 357, XX 1 X, Y &Y 1 Yo, uandv are thex- andy-
directional displacement components of the reference P@®tYo), Ux, Uy, Vx, Vy are
the first order displacement gradients of the reference subsef.aog, Uy, Vix, Vxy,
vyy are the secondrder displacement gradients of the reference subset.

As mentioned above, a cressrrelation (CC) coefficient is defined in advance of a
DIC analysis in order to evaluate the degree of similarity between a reference image
and a deformedmage (Giachetti 2000 Tong 200%. This can be defined by the

following equation:

6 B B "Qohd "Qasdure (3598

However the CC criterion has been shown to be sensitive to lighting fluctuations,
including offset and linear scale in illumination lighti(lan et al. 2007 Therefore
a normalised crossorrelation (NCC) has been developed, which is insensitive to

linear scale issues and is described as:

8 B B — (359

where:
‘& B B "Qoohd (3.60)
‘T B B "QoadvEe (361)

Finally, a further refined criterion known as the zarean normalised cross
correlation (ZNCC) coefficient has been developed in order to deal with sensitivity
to offset of lighting. As such the ZNCC is insensitive to all fluctuations in lighting
and offes the most robust and noipeoof method for performing DIGPan et al.

20090 Pan et al. 2007 The relationship can be summarised as follows:
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=y
5%

6 B B o5 (362
where:
Q B B "Qohw (3.63)
Q B B "QcaduEe (3.64)
YyQ B B oy  Q (3.65)
yQ B B Qoadre  Q (3.66)

Lastly, in order to calculate the strain distribution a local leastares fitting
technique, the most practical and efficient method for strain estim@am et al.
2009a Pan et al. 20QAVattrisse et al. 20Qlis applied to a square window ohfz
1) x (2n+ 1) points. Therefore:

f

6HY O Hd OO (367)

C

Di
€
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e

(369

wherei, j = -m: mare the local coordinates withihe strain calculation windowy(i,

J) andv(i, j) are the original displacements obtained by DIC, angh » b= 1. are
unknown polynomial coefficients which need to be determined. Rewgtjngtions
3.67 and 3.6& matrix form:

65



Chapter 3
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Similarly for by, by and b,. Thus the leastsquares method provides the unknown
polynomial coefficientsi=g 1, andbj=o,1,» allowing calculation of the Cauchy strains

or Green strains resulting in characterisation of the strain field in the deformed image

being analyse@Pan et al. 20098°an et al. 2007

- =0 (3.70)
- - (371
I — - H ® (372

In a 2D analysis these values can be appliegivi® the maximum principal strain as

follows:

- — (373

This DIC theory is applied in Chapter 6 to investigate the strains experienced by
bone cells in situ using a previously developed softwakage (MOIRE)JLuu et
al. 2011 Pan et al. 2010dan et al. 200b).
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3.7 Theory of elastostatics of a spherical inclusion in

homogenous biological media

In order to validate the strain observed in bone cells experimentally, a validation
studyis performed in Chapter 6 to investigate strains within a spherical object inside
a homogenous medium. Fluorescent microspheres are embedded in a solid resin,
which is then imaged under loading and analysed using DIC. These results are then
compared to amanalytical model of a spherical inclusion in homogenous biological

media, the theory of which is described hereafter.

Previously, analytical models have been created of incompressible, homogenous
tissues under twdimensional planstrain(Kallel and Bertrand 1996kovoroda et

al. 1994 or planestress assumptior(Sumi et al. 1996 In a study by Bilgerand

Insana, these tissue models are developed into a-dimemsional problem to
describe a soft or stiff spherical inclusion embedded in a uniform n{Bitgen and

Insana 1998 An analytical model relates the elasticity of the inclusion, the
boundary conditions set by the external compression and the tissue dimensions to the

strain and stress distributions throughout the media.

The sphegal inclusion is assumed to be bonded to the surroundingxnfaee
geometry in Figure 3/8) i.e. the displacements and stresses are uniform across the
boundary between the inclusion and therounding matrix. Figure 3.8isplays a
cylindrical volume of height 2 and diameter W&/, with a spherical inclusion of
radiusa. A static compressive forCEis applied through a radiu® at both the top

and bottom of the cylinder. The matrix and inclusion are assumed to be hom®genou
and isotropic elastic in nature, with elastic shear moduli describeq lyd

Poi s s on 0 s Thegaraneters relgting to the matrix and the inclusion are
denoted by subscriptsandt, respectively. Finally, small levels of deformation are

assumedo occur such that a linear elastostatic analyses can be performed.
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Figure 3.9: (A) Geometry of a spherical inclusion embedded with a matrix and

compressed along tlzeaxis. (B) Analytical parameters showna crosssectional

view of the geometry through tlyez plane.(Bilgen and Insana 1998

This provides an analytical solution for the component strains and component
stresses along theand z axes for an applied compressidnThe solutions witim

the spherical inclusion are spatially constant and are as follows:

- (3.74)
- (3.75)
\ ¢ — 0 ¢O (3.76)

\ ¢ — 0 1O (3.77)

The corresponding solutions for the surrounding matrix also depend on the

coordinate variablegandz, and are as follows:
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i [ — (3.79)
] _ R — (3.79
. ¢ - — — — (3:80)

. ¢ - — — — Y (381)

The constants, B, C, H andF are determined by applying the above solutions to an

infinite medium, i.eZ=W= D, t hat i1 s I|Rcad®ded Bwn iefmprl mlyy
classical approach, in which symmetrical nature of the displacements about the
loading axis is applied to derive axially symmetric soluti@@sodier 1933 these

constats are calculated as follows:

o (382
8 (383

8 (384)

‘0 (385)

"0 (3.86)

For a finite but relatively large heigit an equivalent uniform displacemedunton

the compressor can be written in termd afs follows:

~.

Yo— (387)
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whereEd enot es Y o u nhich can be celdtad taittse shear modylwsa:
o ¢cp ¢ (3.89)

ThereforeT can be expressed as follows:
Y -¢p (3.89)

Insering this into euation 3.4 gives a relationship between the applied

displacement and strain in tk@ndy directions within the spherical inclusion:

.- (3.90)

This theory will be employed in Chapter 6 to validate the strains unedsy the
DIC method

3.8 Summary

The theory outlined Sects 3.33.5 in this chapter formedhe basis of
computational simulations of the mechanical environment of the osteocyte, using an
FE approach in Chapter 4 and an FSI approach in Chapter 5. The medsisped

using both techniques werapplied in Chapter 7 to investigate the effects of
osteoporosis on mechanical stimulation of osteocytes. Similarly, the theory
deweloped in Sections.8 and 3.7 waemployed in Chapter 6 to experimentally
investigate the strain stimulation experienced by osteocytes, in both health and

osteoporosis.
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Strain Amplification in Bone
Mechanobiology: A Computational
Investigation of the In Vivo Mechanics of

Osteocytes

4.1 Introduction

As described in Chapter 2, osteocytes have long been regarded to be the primary
mechanosensors of bone, due to their ubiquispasial distribution throughout bone

and theirextensive communication netwoffiacilitated by cell processes that extend

to other osteocytes and osteoblasts. In this chagtezxploration of the mechanical
environment surrounding the osteocyte in vivo was carried out, with the aim of
elucidating themechanical stimuli sensed by osteocytes in an accurate representation
of in vivo lacunafcanalicular architecture. In particulaan attempt was made to
resolve the apparent paradox tleateoblastic cellslo not generate an appreciable
anabolic responsb el ow appr oxi nm¥du et ay 2000Burgeddnd O U
Veldhuijzen 1993 despite the yield strain of bone observed at approximately -3,500

4 , 0 0 (Cartérit al. 198Mosley 2000. However, as osteocytes are embedded in

a mineralised matrix, direct experimental studies of these wéhsn their native
environment are challenging. At present high resolution imaging of the osteocyte
environment under mechanical loading has been limited to 2D imaging of sections
through the lacunae on an exposed optical microscopy (Ninelella et al. 2005
Nicolella et al. 2006Nicolella et al. 200;1Schneider et al. 2010
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Researchers have sought to overcome experimental challenges by developing
idealised theoretical models of osteocgtmaliculi and predicted the approximate
levels of shear stress (83%®a) at the cell membrane under loaduced fluid flow

(Han et al. 2004Weinbaum et al. 1994You et al. 2001pZeng et al. 199 In
particular these studies have shown that loading induced fluid drag on the
pericellular matrix (PCM), and projections of the extracellular matrix (ECM)
(McNamara et al. 2009 might amplify the strain experienced at the cell membrane

to levels that initiate a bioemical respons@Han et al. 2004Wang et al. 2007You

et al. 2001 Computational modelling has also been uaga tool to characterise

the osteocyte mechanical environment, with idealised modedswdfole osteocyte
lacuna predicting a strain amplification factor of 1.26 to 1.52 for an applied global
strain of 2,000 OU, i ncr e sedicanglicult imthe3 wi t h th
simulations(Rath Bonivtch et al. 2007 However both the analytical studies and

this computational approach employed idealised geometries, which do not accurately
represent osteocytes in vivo. Computational fluid dynamiodels of individual
canaliculi were developed using 3D axisymmetric models generated from 2D
transmission electron microscopy images of osteocyte canaliculi, predicting that the
canalicular geometry has a profound effect on shear stress experienceddayl th
process (Anderson and Knothe Tate 2Q08owever, the lacunar and cell body
geometry were not included in these models and, while the role of fluid flow was
considered, direct mechanicdimulation of the osteocyte by the surrounding matrix
components was not investigated. Therefore, detailed geometrically accurate models
are required to fully understand the role of the complex 3D geometry of the kacunar
canalicular network on the mecheal stimulation experienced by osteocytes under

physiological loading.

Thereforethe hypothesis thdiMechanical loadindo the osteocytes amplified by

the native geometry of thesteocyte environmebtwvas testedn this chapterThe
objectives of thestudy in this chapter were (1) to develop solid models of osteocytes
that closely represent their geometry in vivo and (2) to use computational methods to
predict the loading conditions experienced by osteocytes during normal
physiological activities. Coofal imagederived models were developed of an
osteocyte and its immediate surroundings. These studies were compared to idealised

models of osteocytes to examine the effect of confocal irdageed geometries on
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strain predicted in the cell. The role dfet pericellular matrix and extracellular
matrix projections as strain amplifiers in osteocyte mechanobiology were also
investigated. This chapter presents an adapted version of work previously published
in the Journal of the Royal Society Interfg¥@rbruggen et al. 20)2

4.2 Materials and Methods

4.2.1 Confocal Imaging of osteocytes

To visualise osteocytes within their native environment fluorescent staofitige
lacunarcanalicular networland confocal imaging was performed. Thick transverse
sections (400 pum) of the tibia of a male8 Gnonth old SpraguPawley rat were cut

using a diamond blade saw (Isomet, Buehler) and then fixed in 4%
paraformaldehyde for 24 hours at room temperature. Sections were then dehydrated
in ascending graded ethanol (75%, 95%, and 100%, 5 minutes each). These sections
were stained with FITC (Fluorescelsothiocyanate isomer |, Sigrfddrich) to
visualise the pericellular space, similar to the methods of Ciani €2G09. The
samples were placed in a rotator (Agar Scientific) with FITC solution at 1% in
ethanol and mixed for 4 hours at room temperature. The sections were then rinsed in
100% ethanol for 30 mutes, air dried and mounted on coverslips using DPX
Mounting Media (SigmaAldrich). Samples and containers were covered in
aluminium foil at all times to prevent photobleaching.

Confocal scans were taken using a confocal microscogiey LSM 5) with a40x

oil immersion lens, 1.25 numerical aperture, laser wavelength excitation of 488 nm
and the pinhole set at 1 Airy unit. All scans were taken at a resolution of 2048 x
2048 pixels giving a field of view of 255 um. An example of these images can be
seenm Figure 4.1a, 4.1b, where lacunae can clearly be seen oriented concentrically
around a Haversian canal. Astack was obtained at increments of 0.41 pum using
laser scanning mode through the depth of the section.

73



Chapter 4

Figure 4.1: (a) Confocal microscopy scan of the lacunanalicular network with
(b) an individual osteocyte, (c) a finite element volume mesh of the osteocyte

4.2.2 Solid model/Mesh generation
Finite element models were constructed of ooaf imagederived and idealised

cells which included the cell membrane, pericellular matrix and the extracellular

matrix.

4.2.2.1 Confocal imagederived models

Materialise MIMICS image processing software was employed to generate a three
dimensional solid modelConfocal image stacks of four osteocyte lacunae were
imported into MIMICS and thresholded to betwe884 and-769 Hounsfield units.
Thresholding allowed segmentation of the lactowmalicular space from the
surrounding matrix. The lacunar geometries gateel were similar to a slightly
flattened ellipsoid with major axes ranging betweenl&4um and minor axes of
8.5-9.5 um. The canaliculi generated had an average diameter-0fQm. These
models were then meshed using MaterialiskleBic voxetmeshig software. A
Boolean subtraction was penfioed to construct the calcified extracellulaatnix
(ECM). In addition, the mesh was offset by 0.08 um to create a pericellular space

and a pericellular atrix (PCM) of the same thickness was constructed by Baole
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subtraction. A representative geometry of the ECM, PCM and osteocyte in a
confocal imagederived model is shown in Figure 4.2a. These geometries were then
meshed using-fioded C3D4 tetrahedral elements, see Figure 4.1c, and exported to
ABAQUS finite elenent software.

In simulations where the PCM was removed, the ECM volume was increased to fill
the space and contact the cell. These geometries were then meshed-nsilegl 4

C3D4 tetrahedral elements.

Osteocyte

Figure 4.2: Models of (a) confocal imagaerived and (b) idealised osteocytes
depicting extracellular matrix (b€), pericellular matrix (oranyeand osteocyte cell
body (green), with ECM projections visible longitudinally in (c)
and in crosssection in (d)

4.2.2.2 Idealisedmodel

A solid model of an idealised osteocyte lacuna was developed for comparison using
ABAQUS finite element software. The lacuna was modelled as an ellipsoid with
minor and major axes equal to 9 and 15 pm respectively, which were taken as the
median dimensions from the confocal sclra and Xu 201). The canaliculi were
modelled as channels in the ECM with a diameter of 0.6 pum. The osteocyte was also
modelled as an ellipsoid with minor and major axes of 7.5 and 13.5 pum respectively,
allowing for a surrounding PCM with a thickness of 0.75 (MtNamara et al.
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2009 You et al. 20014 The cell processes were created by offsetting from the
canaliculi by 0.08 um(Wang et al. 2006 The PCM represented the entire space
between the ECM and the osteogyrd in simulations where the PCM is removed

to examine the effect of its absenitee ECM is enlargd to fill this space and contact

the osteocyte. The geometries of the ECM, PCM and osteocyte are displayed in
Figure 4.2b. These geometries were then meshed usioglel C3D4 tetrahedral

elements.

4.2.2.3 Idealisedmodel with ECM projections

In order to investigate the effect of ECM projections on strain transfer into the
osteocyte, an idealised model was developed that included conical ECM protrusions,
of height 0.08 um and base radius 0.1 um, which projected into the PCM space
(Wang et al. 2006 The projections were organised in groups of four about the axis
of the canaliculi, spaced 1 um apart along its length (see Figure 4.2c, 4.2d). While
the distance between adjacent petifins has been observed to be approximately 0.1
pm (McNamara et al. 2009spacing of 1 um was selected in order to reduce the
computing power required and to better observe the localised effects of individual

projections.

4.2.3 Finite Element Analysis:

4.2.3.1 Material Properties and Loading

All structures were modelled as linearly elasotropic materials. The viscoelastic

nature of the cell was neglected for simplicity as physiological loading of bones

occurs at a frequency of approximately 1 Hz, well below the relaxation time of 41.5

s measured in bone cefAppelman et al. 20%1Darling et al. 2008 An elastic

modul us of 16 GPa and Poi ssonds rati o of
(Deligianni and Apostolopoulos 2008At present there is no experimental data
available to define the material properties of the PCM surrounding the osteocyt
Therefore the properties of chondrocyte PCM were assumed, with an elastic modulus

of 40 kPa and P @AiesopoalosGtsal. 2063Alexopoulnd et &.. 4

2009. A modulus of 4. 47 kPa dribited ®dhes s onods

osteocyte cell body and procesg&sigawara et al. 2008Tie constraints were
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applied to attach the PCM to the ECM and osteocyte where direct contact (i.e. no
space between the components) occurred at their respective surfaces.lySimilar

when ECM projections were included in the idealised model they were also tied
directly to the osteocyte cell membrane.

Finite element simulations were conducted to investigate the strain experienced at
the cellular level under global loading conditiorpresenting unddoading (500

OU), homeostatic |loading (1,500 OU) and
(Burr et al. 199% A displacement boundary condition was applied to model faces to
generatec ompr essi ve | oads of 500, 1,500 and
static loading was applied symmetrically, with opposing faces constrained
symmetrically to prevent rigid body motioReriodic boundary conditions were not
applied in these models asetrealistic geometries are representative of individual
cells, rather than repeating representative volume elements (RWE}$ periodic
boundary conditions were not appropriate, and \aésenot applied to the idealised
models to maintain identical loading conditiods strain amplification factor was
calculated for each osteocyte as the maximum principal strain in the cell divided by
the applied global strain.

4.3 Results

The finite element cdour plots of the confocal imagkerived and idealised cell

models in Figure 4.2nd 4.5show areas of each cell, which experienzaximum

and minimum principaktrairs within specific intervals of microstrairespectively

under global applied loading &, 000 OU. Qualitatively, it
images that théoth themaximumand minimum principal strains are greatethe

realistic models @) than in the idealised models (e, f).

For an applied | oad of 50idlogiddllpadingenmoree s en't |
than 99% of confocal imagderived and idealised osteocyte volumes experienced

strains | ower than 1,000 OB, 9Max i Gilu n( 3p,r8i!
49 OU) were exper i e-aiedecells,while h® 6Onfvasatl h

maximum strain predicted in the idealised model.
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LE, Max. Principal
(Avg: 75%)
100.000E-03
10.000E-03
S.000E-03
3.500E-03
2.000E-03
1.000E-03
137.891E-06

(b) (d) ®
Figure 4.3: Maximum principal gain distribution in four confocal imaggerived
models of osteocytes-@ and idealised osteocytes withoutM@rojections (e),

and with ECM projections included
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Figure 4.4: Image of confocal imagderived osteocytes (a) and (b) loaded at 3,000
OU, with i nd e wihggptesenca s EGMiprojectiomiandsrésuiting

maximum principaktrain concentration
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LE, Min. Principal
(Avg: 75%)
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(b) l (d) ‘ ! ()
Figure 4.5: Minimum principal strain distribution in four confocal imaderived

models of osteocytes-@ and idealised osteocytes without ECM projections (e),
and with ECM projections included (f)
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Figure 4.6: Image of confocal imagderived osteocytes (a) and (b) loaded at 3,000
OU, with indentations circled showing pr

minimum principalstrain concentration
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Homeostatic physiological loadirgf 1, 500 O{13% of thewblumesdof i n 2
confocalimagel er i ved osteocytes stimulated above 2
just 1% for the idealised model. Maximum principal strains predicted in confocal

imagederived osteocytes were 11,008,00000 (11,933 N 612 OU), wi:
being the maximum strain experienced by the osteocyte in the idealised model.

While maximum strains in confocal imageer i ved model s were above
these were predicted in a negligible proportion (less than @p6fithe models.

100 -
M Osteocyte (a)

90 -
M Osteocyte (b)
80 -
M Osteocyte ()
70 -
H Osteocyte (d)
60 -
OIdealised with ECM
Projections

B Tdealised without
ECM Projections

30

40

% Volume

30 A

<1,000 1.000-2,000 2.000-3,300 3.500-5,000 5,000-10,000 =10.000

ne

Figure 4.7: Maximum principal &rain distribution in confocal imageerived (ad, as
in Figure 4.3) and idealised osteocyte$ ife Figure 43) subjectedt@ , 000 OU

compression. Results show idealised models both with and without ECM projections

The strain distribution as a percentage volume of the ostecelteody is shown in

Figure 4.7 with element volumes and strain values at element centroids adanis

into bands to clearly show the proportions of the cells that are well in excess of 3,000

OWor an applied load of 3,000 OU, represent
confocalimageler i ved model s predicted sutfr-ain value

28% of the cell body, whereas only 0.1% of the volume of the idealised osteocytes
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experienced strain above this level, see Figuie Mlaximum principal strains

predicted in the confocal imagterived osteocytes were 23,0006 , 000 OU (24,
1,033 W) , compared to a maximum strain of ¢
strains observed in the models are used to calculate a strain amplification factor of
7.7-8.9 for the confocal imagderived models. The strain amplification factor for the
idealisedmodel without the ECM projections was 2.2. All four confocal image

deri ved osteocyte model s experienced S
approximately 1% of the cell vol ume whert
However, the idealised model without theojections did not see these strains. In

addition a slight decrease in the volume of the PCM, of 0-08B591% (0.0986 +

0.0144%), was also observed during loading in all models.

M QOcteocyte (a)
M Osteocyte (b)
H Osteocyte (¢)
H Osteocyte (d)

Ll Idealised

% Volume

<1.000 1.000-2,000 2.000-3,500 3.500-5,000 5.000-10,000 >10.000

e
Figure 4.8: Maximum prircipal grain distribution in confocal imageerived (ad, as

in Figure 4.3 and idealised osteocytes subjectedto 000 OU compressi v

without a pericellular matrix
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M Osteocyte (a)
M Osteocyte (b)
H Osteocyte (c)
H Osteocyte (d)
BAldealised with ECM

Projections

# Idealised without
ECM Projections

% Volume

:

<1,000 | 1,000-2,000 2,000-3,500 3,500-5,000 I 5,000-10,000 ‘ >10,000
IE3
Figure 4.9: Minimum principal strain distribution in confocal imagderived (ad, as
in Figure 45) and idealied osteocytes {ein Figure4.5 subj ected to 3,000
compression. Results show idealised models both with and without ECM projections
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00 | H Octeocyte (a)

u Osteocyte (b)
80 |
M Osteocyte (¢)
7 H Osteocyte (d)

60 | Aldealised
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40
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<1,000 1,000-2,000 2,000-3_.50 3,500-5,000 I 5,000-10,000 I >10,000
ue
Figure 4.10: Minimum principal strain distribution in confocal imaderived (ad,
asinFigure4p and idealised osteocytes subjected t

without a pericellular matrix
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Similar results were obseed for minimum principal strainghown in Figure 4.9

with much greater strain stimulation of
to idealised osteocytes, for an applied
strains predicted in the confaicimagederived osteocytes were 20,0006 , 000 OU,
compared to a minimum princiopal strain o
to the results for maximum principal strains, all four confocal irdeyéered

osteocyte models experienced strains graateran 10, 000 OU in appr
the cell volume when 3,000 OU global o

observed in the idealised model without the ECM projections.

Evidence of the presence of ECM projections was detected in the confocal image
derived models constructed from confocal images, as depicted in Figumadi4.6,

(a) and (b). Indentations indicating the presence of ECM projections are highlighted,

with strain concentrated in these areas on the cell process. Maximum strain levels
predi cted around these points ranged fror
amplification of the applied loading by #8Y%. This generated a strain amplification

factor of 1.51.67. The idealised model thaicludes the ECM projections (Figure

4.2f) shows mme concentrated strain in the cell processes than the idealised model
without these (Figure 4.2¢). It can be seen from the graph in Figutead.in the
idealised loading case of 3,000 OU, t he
0.25% increase ithe proportion of the osteocyte experiencing high strain levels
(>3,500 OU) . Maxi mum strains | ocalised a
model were 6,600 2, 6 00 OU, -420B0ihigter thars the2applied global

loading. This resulted in a sitma amplification factor for the model of 4.2.
Simulations of the confocal imagkerived and idealised models without a
pericellul ar matrix were performed. The
shown in Figure & and 4.101t can be seen that17% of the confocal image
derived models experience strain |evels
senses this strain in less than 0.1% of its volume. Maximum principal strains in the
confocal imagederived models without a PCM were found to be 296®, 000 OU
(57,925 N 16,630 OU), while a maximum s
idealised model without a PCM. The strain amplification factors for these models

were calculated as 933.3 for the confocal imagaerived models and 2.3 for the

idedised model.Similar results were observed for minimum principal strains (see
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Figure 4.1, with values of 30006 0, 000 OU and 8,000 OU for

idealised models respectively, in the absence of a PCM.

4.4 Discussion

In this studygeometrically accurate threkmensional computational models of

osteocytes in their native environment were developed to study in detail the effects

of physiologicalloading on the mechanical stimuli experienced by the ostedtyee

results show for thdirst time that even under strains of 3,000e 7-28% of the

volume of the osteocyte experiences strains
an osteocyte volume experiences strains in excess of 1&@dth maximum

principal strains of 23,006,000 ® U Minimum principal strains were also

investigated due to the applied compressive loading, with similar results observed in

both realistic and idealised geometriesn contr ast el evated strains
predicted in only 1% of the idealised modelder similar loading conditions, with a

maxi mum pri nci paThe straim anplificatiorf fact®r,wésOsBowrCrd) .

be 3.54 times higher in confocal imagkerived models compared to an idealised

model. Most notably, while all osteocyte modelsearignced strains above the 5,000

OU |, vehichegenerates some biological response in vitro, only the confocal-image
derived models predicted maxi mum strains wel
approximate strain stimulus necessary to elicit a ggmt osteogenic response in
osteocytes(Burger and Veldhuijzen 1993 These findingscorroborate those of

Anderson et al(Anderson and Knothe Tate 2Q08emonstating the importance of

accurate 3D geometrical modelling when simulating the osteocyte in vivo

mechanical environment, and the strain amplification effect of the lacunar

canalicular architecture. The results of this study also served to reinforce two

theaies, (1) the PCM plays an important role in osteocyte mechanical stimulation

(Burra et al. 2010Burra et al. 201;1Reilly et al. 2003pand (2) ECM projections act

to amplify matrix strains at the cell membrgh¢ang et al. 2007

It must be noted that a number of assumptions were made in the development of
these models. Firstly the ECM, PCM and cell materials were assumed to be linear
elastic isotropic materialand material properties were assumed based on values

available for cultured osteocytes and chondrocyi&kexopoulos et al. 20Q3
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Alexopoulos et al. 20Q5Deligianni and Apostolopoulos 200&ugawara et al.
2008. For the purposes of this study it was impractical to include an advanced
material model due to the highly néinear nature of the geometry, which resulted in
4.5 million elements and an average computational solving time of 12 hours. The
mechanical behaour of osteocytes in vivo have not been characterised at this scale
as direct analysis of such a closed biological system has proven unfeasible.
Furthermore, the ECM is composed of collagen fibrils and mineral crystals that are
intricately organised wiin this matrix and have been shown to affect stress
distribution about the lacun@Currey 2003 Ascenzi et al. 2008Hofmann et al.
2006. It would therefore be more appropriate to model the ECM as an anisotropic or
transversely isotropic materiéNeil Dong and Edward Guo 200@'Mahony et al.
200)). It should also be noted that the distance betweendte®cyte and the ECM

was assumed to be constant at 0.08 um in the confocal irtkegeed modelsThis

is due to the fact that confocal microscopy is limited by the wavelength of light
(~488 nm), which is much greater than this gap size (~80 nm). Therafothis gap
cannot be imaged using confocal resolution, data from much higher resolution TEM
studies are usedHowever, it is not expected that in vivo the pericellular space is a
uniform thickness as tracer studies and TEM imaging have shown avelags v
0.078 pum = 0.038 pnfMcNamara et al. 2009Vang et al. 2005You et al. 2004

Due to the experimeak challenges of obtaining the precise size of the gap at all
locations surrounding the cell body, it was necessary to make this assumption.
However, it is important to note that an average gap size was assumed whereas in
reality certain regions would be icloser proximity to the ECM. At such locations
strain transfer to the osteocytes would be increased, as is clearly demonstrated by the

results of the idealised ECM projections study.

Furthermore, the cell body and membrane are highlylinear materialgLim et al.

2006, and the internal actin cytoskeleton in particular plays an integral role in cell
mechanics by actively adapting in response to applied mechanical (Ofegset al.

201Q McGarry et al. 2009McGarry 2009. An analysis of transversely isotropic
cells wasalsoperformed in order to investigate the effect of anisotropy of the cell on
the strain stimulus to its membrane. The results ofahaysis show that there is a
3.7-12.2% increase in maximum principal strains experienced by a transversely

isotropic osteocyte compared to an isotropic model. Therefore this analysis further
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supports the conclusion that the inclusion of an actin cyteskelto accurately
reflect the anisotropy in vivo would enhance the strain amplification which occurs

due to the geometry of the lacureanalicular network.

A final limitation of these models is the absence of an active actin cytoskeleton.
Future studieshould incorporate this behaviour in order to provide more realistic
simulations of osteocyte mechanobiology in vitan et al. 2004 However, the

overall focus was on the role of geometric changes and based on these studies it is
expected that the strain amplification effect observed here would be more
pronounced if an active actin cytoskeleton and afaithirated PCM were included.

While previous computational research has examined idealised models of the
osteocyte mechanical environment in IMcCreadie and Hollister 1997Rath
Bonivtch et al. 200), this study represents the first development of accurate 3D
finite element geometries of the osteocyte, with its canaliculi and surrounding
matrix, to predict osteocyte mechanobiology. It is reported here that the maximum
strains predicted in confocal imaderived models are approximately 17,8000

ouU h i gah estrainst gnedicted through previous idealised computational
approachegMcCreadie and Hollister 199Rath Bonivtch et al. 20Q/but are lower
than the maximum strains of approxi mately 3
imaging oflacunae on a 2D exposed plafiicolella et al. 2005Nicolella et al.

2006 Nicolella et al. 2001 It must be noted that those experimental studies
characterised strain in the lacunae, as opposed to strain measured in the cell
(Nicolella et al. 2005Nicolella et al. 2006Nicolella et al. 200}, and also that the
authors proposed that microdamage artefacts might be exacerbating local tissue
deformation(Nicolella et al. 2005 Nicolella et al. 2006 Nicolella et al. 2001
Therefore, it is unlikely that such high strain levels would indeed be experienced by
the osteocyte in vivo, and the results of this chapter correlate betteaweithge
strains between 7,500 OU and 2@®icoein0 OU repo
et al. 2005Nicolella et al. 2006Nicolella et al. 200L The results demonstrate that

the in vivo geomatrical characteristics of the surrounding ECM and PCM lead to a
high degree of strain transfer into the cell body and must be considered for

understanding mechanotransduction in osteocytes in vivo.
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The current study provides direct evidence that thecgl@rlar matrix does indeed

act to amplify the strains experienced by the cell membrane, which was previously
shown using twalimensional idealised analytical models of a transverse section of a
canaliculus(Han et al. 2004Wang et al. 2007Weinbaum et al. 1994You et al.

2001h Zeng et al. 199 It is interesting to note that in this study it was observed

that the presence of a pericellular matrix reduces the maximum strain in confocal
imagederived osteocytes by approximately 80%, but that the total volume of the
cdls stimulated ab ovieY. Bhjsinples altiainishieldinge a s e s
effect, whereby the PCM absorbs very high strains while also increasing the overall
strain transfer to the cell. A similar effect has been predicted in recent computational
studies of chondrocytes, which found a wider overall stress distribution despite a
decrease of 262% in maximum stress values in the cell when a PCM was included
(Alexopoulos et al. 20Q5Appelman et al. 2001 In the idealised simulation
maximum strains actually increased by 37% with the inclusiaan €M, alongside

a slight increase in the volume experi el
explained by the simplified geometry of the idealised model resulting in poor strain
amplification in the absence of a PCM. The PCM has a low elastic modntus

deforms significantly under compression compared to the calcified extracellular
matrix, resulting in high strain transfer to the osteocyte cell membrane. These results
emphasise the important role that the PCM plays in osteocyte strain sensing and

meclanotransduction.

It should be noted that in vivo the pericellular matrix consists offiéyglycocalyx

and the interstitial fluid within this matrix is capable of flowing through the laeunar
canalicular network under mechanical loading of the E(Whang et & 2004.
Analytical models developed by Weinbaum et alhich assume a PCM which
tethers the cell process to the canalicular wall using matrix fibres through which
interstitial fluid is free to flow under mechanical loadiftdpn et al. 2004Wang et

al. 2007 Weinbaum et al. 1994vou et al. 2001bZeng et al. 1994 suggest that the
stimulus arising from loadingnduced fluid flow plays an important role in osteocyte
mechanobiology. Computational fluid dynamics has also shown that fluid flow
characteristics within osbcyte canaliculhave a profound effect on shear stress
experienced by cell proceénderson and Knothe Tate 2Q08Vhile fluid dynamics

were not incorporated into the models in the currerttysta decrease in the volume
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of the PCM was predicted (~0.1%) and thus it is proposed that, due to such
volumetric changes under mechanical loading, fluid flow would indeed occur and
might provide an additional stimulus to the cell. Further studies af flaw within

this matrix arising from this observed volume change reported here are performed in
Chapter 5 using fluidtructure interaction (FSI) modelling techniques, providing a
unique insight into meanical stimulation of osteocytashnder matrix stria and

loadinginduced fluid flow in vivo.

It is interestingthat evidence of projections of the ECM into the pericellular space
can be seen in the confocal imadgrived geometries, whichave been identified
previously using TEM and AFM techniquésnapp et al.2002 McNamara et al.

2009 Reilly et al. 200). Localised strain amplification appears to occur around
these ECM projections, magnifying the applied strain by6B%. When these
projections were incorporated into the idealised model, locahsaraplification of
220-420% of global strain was predicted, increasing the strain amplification factor of
the overall model by 190%. These findings highlight the ability of the ECM
projections to act as powerful strain amplification mechanisms in osteocyte
mechanobiology, particularly due to their location in the most mechanosensitive
region of the cellAdachi et al. 2009b Furthermore, the spacing between adjacent
projections was increased from 0.1 um to 1 um to reduce the large computational
power required for the simulations. Employing a spacing of 0.1 pm would result in
the presencefomany more projections, whichoald in turn impart even greater
strain stimulus to the osteocyte, and this is investigated further in Chapter 7 of this

thesis.

Of particular interest is the loading case representing vigorous physiological activity

(3,0000 U »s it is under this level of global mechanical loading that appreciable

strain above 10,000 OU is observed in the os
vitro studies have shown that strain | evels
elevatel levels of intracellular cytosolic calcium mobilisation {Gaand alkaline

phosphatase (ALP) in cultured osteoelke cells (Smalt et al. 1997You et al.

2000. As C&"; mobilisation is an early intracellular signalling event involved in

bone mehanotransduction and ALP is a marker for bone mineralisation and ECM

deposition, these are good indicators of the anabolic effect of mechanical stimulus.

Past studies applying | arge strains (>10, 00
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oxide (NO) and mstaglandin (PG) production, both essential for an osteogenic
response, at these strain lev@itsillides et al.1995 Yeh and Rodan 1984In

contrast more recent studies have suggested that production of NO and PGs, as well

as mMRNA expression of the important bone rdelling protein osteopontin, may be

more closely linked with loadinoduced fluid flow than direct substrate stimulation

(Owan et al. 1997Smalt et al. 1997You et al. 200D However, these studies did

not investigate direct mecharc a | |l oading above 5,000 OU.
t hat the elevated strain | evels (>10, 000
previous experimental studi€¢dicolella et al. 2005Nicolella et al. 2006Nicolella

et al. 200) may also stimulate these biochemical osteogenic responses, particularly

due to the strain amplification effects of the P@wl ECM projections.

4.5 Conclusions

In this chapter it wa reported confocal imagierived models subjectetb
physiologically act i vpedict 3b@400Pongeater straie | s (-
amplification experienced by osteocytes compared to an ideakslie@urthermore,

twas predicted that the PCM increases the
by 4-10% and that ECM projectioranplify strain to the cell bgpproximately 50

420%. In addition, decreases in the volume of this matrix were also peddic
suggesting the occurrence of mechaniedtiyen interstitial fluid flow.These are

the first confocal imagéerived computational models of osteocytes in vivo thed
results confirm the hyptothéostsocyss amgiifed A Me c
by the native geometry of th@ st eocyt e envirarmreaalt , 0 p
understanding of osteocytemechanobiology However, these models did not
incorporate the role of the fluid occupying the pericellular space, which is believed

to act asa stimulus for osteocytes in vitro. In Chapter 5, a fstidicture interaction

approach is applied to investigate the role of fluid flow in mechanical stimulation of
osteocytes. The strains within the environment of the osteocyte will be investigated
experimentally in Chapter 6, and compared with those predicted here. Finally, in
Chapter 7 the models developed here are applied alongside the experimental results

to determine the effect of changes in bone tissue properties on osteocyte stimulation
during oseoporosis.
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Fluid Flow in the Osteocyte Mechanical
Environment: A Fluid -Structure

Interaction Approach

5.1 Introduction

The precise mechanical stimuinat osteocytes, the cells thatchestrate bone
remodelling, experience in vivo have been much debatéxperimental studies
comparing substrate strain with fluid flow in vitpwint to loadinginduced fluid

flow around the osteocyte as the primary stimulus for bone gr@@ven et al.

1997 Smalt et al. 1997You et al. 2000 The fluid within the pericellular space is
driven to flow under normal mechanical loading and thereby generates a shear stress
on the osteocyte cell membrane, which timught to act as a stimulus for
biochemical signallingKnothe Tate and Knothe 2008nothe Tate et al. 1998a
Knothe Tate et al. 1998lKnothe Tate et al. 2008ang et al. 2000 This theory

has been substantiated by experimental observations of bone cells responding more
to flow derived shear stress than to streaming potentials or chemotrafigaddaer

et al. 200}, although chemotransport may modulate the response to fluid flow
(Donahue et al. 2003 In vitro cell culture studies have observed osteogenic
responses in osteocyiike cells exposed to fluid shear stress levels between 0.4 and
1.2 Pa within in vitro flow experimentdacabac et al. 200Bakker et al. 200\
while a similar osteogenic threshold of 10, C
loading (Burger and Veldhuijzen 1993rou et al. 2000 However, due to the

location of osteocytes embedded within a mineralised extracellular matrix, direct
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experimental studies to elucidate their in vivo mechanical environment are

challenging.

Thus analytical models of idealised osteocyte canaliculi underitoladted fluid

flow have been developed and applied to predict the in vivo range for shear stress
(0.8-3 Pa) and deformation of osteocyte cell membréHas et al. 2004Weinbaum

et al. 1994 You et al. 2001pZeng et al. 1994 Computational finite element
modelling techniques have also been applied to idealised models of tnadacu
canalicular system and have predicted abrupt changes in the drag forces within the
canaliculi arising from changes in geometry or proximity to bone microporosity and
the Haversian cana(®ak et al. 199Y. One study investigated the flughvironment

of an idealised osteocytend predicted high shear stresses within the canaliculi
whereas the osteocyte cell body is primarily exposed to hydrodynamic pressure
(Anderson et al. 2005 Furthermore, theoretical and computational studies have
suggested that projeotis of the ECM amplify the shear stress or strain stimulus to
the osteocyt€Han et al. 2004Verbruggen et al. 201Anderson and Knothe Tate
2008. Ultra high voltage electron microscopes (UHVEM) have also been used to
develop highly detailed computational models of 80 nm long sections of osteocyte
canaliculi, and these have been applied to predict that the geometry of the
pericellular space greatbffects the velocity of fluid flow around the osteocyte cell
processegKamioka et al. 2012

In all previous computational models bone cells and tissue were modelled using
either solid mechanics approaches (where extracellular fluids were modelled using
poroelastic assumptionsy fluid dynamics modelling, wherein the biological tissues
were assumed to be rigid for the purposes of understanding fluid flow and shear
stresses. In realitpsteocytesre composed of an elastic cell membrane that deforms
in response to the externdluid flow imposed by mechanical loading. The
assumption that osteocytes are static rigid bodies precludes the elucidation of cellular
strains arising from fluid flow in the lacunar canalicular netw@kderson et al.

2005 Anderson and Knothe Tate 2Q@8amioka et al. 2012 To fully simulate this
behaviour represents a most challenging nphgisics problem, which is too
complex to solve analytically and requires a flatducture interaction (FSI)
approachFurthermore, previous studies have used idealised geom@&ridsrson

et al. 2005 Rath Bonivtch et al. 20Q07r have modelled limited portions of the cell
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(Anderson and Knbie Tate 2008 but computational models have recently shown
that the use of idealised geometries predicts stress and strain values which are
significantly lower than those predicted by geometries developed from physiological
imaging (Anderson andKnothe Tate 2008 Verbruggen et al. 20)2 In vitro
experimental studies have shown that the geometry of the bone cell affects its
response to straifBacabac et al. 2008Therefore, an approach which examines the
effect of the complex architecture of the lacuoanalicular network on fluid shear
stress and cellular strains in osteocytes is required.

Therefore, it was hypothesised thatL diraginduced interstitial fluid flow
significantly contributes to theThmechani cal
objective of the research in this chapter was to use computational methods to predict

the mechanical environment of osteocytes in vivader physiological loading.

Using representative models of the osteocyte and its environment with fluid structure

interaction (FSI) techniques, both shear stresses on the cell membrane and resulting

strain within the osteocyte arising from mechanicdiiyen interstitial fluid flow in

vivo were examined. This chapter is modified from previously published work
(Verbruggen et al. 2033

5.2 Material s and Methods

5.2.1 Model generation

Fluorescent staining of thick transverse sections of thedmijghysis of the tibia of a
male 68 month old SpraguPawley rat was performed, using FITC (Fluorescein
Isothiocyanate isomer |, Sigr#ddrich) solution at 1 perent in ethanol to visualize
the pericellular spacéVerbruggen et al. 2032 While ethanol will damage any
remaining cellular tissue, it will not affect the visualisation of the lacuaaalicular
architecture.Confocal scanning of osteocytes was performed using a confocal
microscope (Zeiss LSM 51) with a 40x oil immersion lendaser wavelength
excitation of 488 nm, allowing visualisation of their native environment.

Confocal microscopy allowed acquisition of &tack of scans through the depth of
the sample, taken at 2048 x 2048 x 47 pixels with a field of view of 255 um,

reallting in a resolution of 0.1 pum in-x plane and 0.6 pum in the z axis, that were
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then used to develop geometrically accurate models of osteocytes as previously
describedVerbruggen et al. 20)2Briefly, MIMICS (Materialise) image processing
software was used to generate 3D reconstructions of the images, with thresholding to
between-884 and-769 Hounsfield units to alloveegmentation of the lacunar
canalicular space form the surrounding maif¥erbruggen et al. 20)2 These
models were lten meshed using-Ratic (Materialise) voxemeshing software to
create four solid osteocyte models with anatomically accurate geometries
(Verbruggen et al. 20)2Boolean operations were applied to generate a surrounding
extracellular matrix (ECM) and pericellular fluid space (PCS), offset from the
osteocyte model by 0.08 um, based on experimental measurements of th&rygeome
of the osteocyte environme(i¥icNamara et al. 2009Vang et al. 2005You et al.

2004). These models were meshed with ANSYS SOLID72 tetrahedral elements and
exported to ANSYS. Models of an idealised osteocyte and an idealised osteocyte
with ECM projections were generated to compare with the representative geometries
(Verbruggen et al. 20)2 similar to the methods described above. The four
representative geometries and the idealised geometry are shownmria %igy (AD)

and Figure 5.1 (E) respectively.
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ECM

B FLUID
B cELL

Figure 5.1: Composite images of the three components of the representative models
(A-D) and the idealised model (E). The face on which loading and inlet pessu

conditions are applied is also shown (F).In each model the solid extracellular bone

matrix (grey) is cut back to reveal the fltfiled pericellular space (blue), which is

in turn cut back to reveal the solid osteocyte beneath (green)
5.2.2 Fluid-structure interaction analyses:

5.2.2.1 Solid Material and Fluid Properties

All solid structures were modelled as linearly elastic, isotropic materials. An elastic

modul us of 16 GPa and Poi ssonos ratio of
(Deligianni and Apostolopoulos 20D modulusof4 47 kPa and Poi ssonoés

0.3 was attributed to the osteocyte cell body and procéSsgawara et al. 2008

The properties of the interstitial fluid were assumed to be similar to salt water, with a
density of 997 kgl and a dynamic viscosityf ®.000855 kgrits® (Anderson et al.
2009. Flow within the lacunacanalicular system was assumed to be laminar in
nature.
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5.2.2.2 Boundary conditions and loading

Two-way fluid-structure interaction simulations were conducted using coupled
ANSYS Multi-physics software tanvestigate the behaviour of interstitial fluid
under physiological contions. Two levels of fluiesolid interactions are performed

to simulate interaction between the ECM and the interstitial fluid and also between

this fluid and the osteocyte cell merabe.

The initial twoway FSI simulation is conducted through adbiectional coupling of

the ANSYS CFX solver to the ANSYS Structural finite element (FE) solver. A
displacement boundary condition was applied to model faces to generate a
compressiveload f 3, 000 OU, representati®er of vi
et al. 1998. Due to the fact that mechanical loading in bone occurs on the whole
organ level, with compression and tension occurring irecfit regions driving fluid

across the bone network, a pressure gradient is applied across the models to represent
this (Knothe Tate 2003Manfredini et al. 1999Steck et al. 2003Knothe Tate and
Niederer 1998 Therefore,jn order to simulate in vivo loading conditiore) inlet
pressureof 300 Pa was assigned to the inlets on one face and the remaining inlets
were defined as outlets at a relative pressure of (Bafredini et al. 1999Steck et

al. 2003 Knothe Tateand Niederer 1998similar to the pressure gradient applied by
Anderson et al(Anderson et al. 2005

While in vivo loading of bone is dynamic angctic (Fritton et al. 200§ the
materials in these models were assiglwear elastic material propertiesnd it was

thus assumed fluid flow would not differ during unloadagyhas been determined
mathematically (Wang et al. 2001 This alowed simplification of boundary
conditions to ramped static loading. Loading was applied -amally and
symmetrically, to represent longitudinal congs®n of long bones in vivfTaylor

et al. 1999, with opposing faces constrained symmetrically to prevent rigid body
motion. Using a staggered iteration approach inherent in ANSYS coupling software,
the deformations at the interfacetween the ECM and the PCS resulting from the
applied loading are mapped onto the fluid domain. The resulting fluid equations are
solved and forces are relayed back to the solid ECM domain as new boundary
conditions, allowing gradual mesh motion and a gitproupled solution through
further iterations. This staggered iteration approach is performed repeatedly within

each step until convergence of the field equations and a fully implicit solution is
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achieved. Upon solution of this FSI analysis, the loa@dgced fluid flow can be
analysed. The pressure load on the cell membrane arising from the flow is then
exported to ANSYS Structural and interpolated onto the surface of the solid
osteocyte domain. This FSI analysis facilitates investigation of the datiormand
strain in the cell generated by the interstitial fluid boundary conditions imposed by

global matrix loading.

5.3 Results

The complex multphysics nature of this study allows analysis of multiple aspects of

the osteocyte mechanical environmevtjch are examined in sequence here.

5.3.1 Interstitial fluid velocity

The streamline plots in Figure 5.2B and Figure 5.3 show the velocity distribution on
the surface of representative osteocytes. Qualitatively it can be seen from these
images that regions ofdhest velocities are located within osteocyte canaliculi, with
maximum velocities of 238-325.7 um/s(298.48 + 35.84 um/sin representative
models and 219.2 um/s in the idealised model. In contrast fluid velocities were much
lower surrounding the ostegte cell body, with magnitudes of approximately- 78

pm/s (60.58 £ 16.5 pm/spredicted in the representative models and approximately
27 um/s observed in the idealised models (see Figure 5.7A). It can also be seen that
the fluid velocity within canaliculis affected by variations in surface roughness of
the canalicular wall. This is noticeable in the effect of ECM projections on fluid flow

in the osteocyte canaliculi as shown in Figure 5.6. Fluid velocity is seen to increase
in these areas in both modéisgure 5.6A and 5.6C).
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Figure 5.2: (A) Maximum principal #rain distribution in the bone matrix around a

representative osteocyte, (B) streamlines of the fluid flow within the pericellular

space arounthe osteocyte, (C) shear stress imparted on the cell membrane by the

fluid flow and (D) the resulting strain within the osteocyte. A composite image of
these contour plots is also shown (E)
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Figure 5.3: Images of velocity streamlines in the space surrounding representative

osteocytes

1.200e+001 (B)

1.080e+001
9.600e+000
8.400e+000
7.200e+000
6.000e+000
4.800e+000

I 3.600e+000
2.400e+000
1.200e+000

0.000e+000
[Pa]

©) (D)

Figure 5.4: Contour plots of shear stress on representative osteocyte cell membranes
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5.3.2 Shear stress on the cell membrane

The sheastress distribution on the surface of the representative osteocytes resulting
from the interstitial fluid flow is shown in Figure 5.2C and Figure 5.4. Visually the
highest shear stresses are predicted within the osteocyte canaliculi, resulting in stress
concentrations on the cell processes (see Figure 5.6B). A similar effect is seen in
idealised models when ECM projections are included (see Figure 5.6D). Maximum
shear stresses are shown in Figure 5.7B, and are observed to increase to 6.9 Pa in the
idealissd models with the inclusion of ECM projections in the osteocyte canaliculi.
The representative models experience even higher levels of shear stress stimulus,
with maximum shear stresses of approximatelyl®2 Pg11.6 = 2.5 Pa) located in

the canalicul All osteocyte models experienced shear stress above the level of shear
stress required for bone growth (0.8 Pldan et al. 2004Weinbaum et al. 1994

You et al. 2001pZeng et al. 199¢ with the amount of the cell membrane stimulated

to this level shown in Figure 5.8A.

0.001
0.0005
0.0001

©)

Figure 5.5: Contour plots othe maximum principadtrain distributions in

representative osteocyte cell membranes

99



Chapter 5

5.3.3 Strain within the osteocyte

The strain experienced in the representative osteocyte cell membranes is visible in

the contour plots in Figure 5.2D and Figure 5.5. Theirstdastribution in the

representative and idealised osteocytes is shown in Fig8& While cellular

strains greater than 10,000 OU were predicte
the cell membranes, approximately83% (90.1 + 6.1%)were straind by less than

1,000 OU.
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Figure 5.6: Contour plots showing the stimulus amplification effect within the
canaliculi, with the effect of the ECM projections clearly visible on (A) velocity and
(B) shear stresin a representative osteocyte,
and similarly (C, D) in an idealised model
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Figure 5.7: Average interstitial fluid velocities within the pericellular space in
osteocyte models (A) and the resulting maximum shear stresses on the osteocyte cell

membranes (B)
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Figure 5.8: The percentage of thetescyte models stimulated above 0.8 Pa (A) and
the strain distribution in the osteocytes arising from the mechanabalgn fluid
flow (B)

5.4 Discussion

The study in this chapter develops the first flsiducture interaction models to
investigate thecomplex interaction between the solid and fluid phases within the
osteocyte environment in vivo. These models simulate interstitial fluid flow arising
from mechanical deformation of the bone matrix and pressure gradients under
loading conditions represetitge of vigorous activity. This study allows the
investigation of the velocities of the interstitial fluid, the shear stress imparted onto

the surface of the cell and the resulting strain in the osteocyte cell processes and
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body. Such findings predict thenechanical stimuli to osteocytes under loading
conditions known to stimulate an osteogenic response.

The modelling of a complex mechanical environment such as the lacamaicular
network necessitates a number of assumptibne.resolution of the ima&g used to
generate the models (0.1 um), is amongst the highest obtainable on commercially
available confocal microscopes. As the diameter of the canaliculus is ~100 nm, the
most highly fluorescent canaliculi are more easily discernible and less fludrescen
canaliculi were omitted during thresholding operations, resulting in fewer processes
than exist in vivo. Although transmission electron microscopy (TEM) resolutions
could overcome this issue, obtaining the full 3D information of an osteocyte through
seral TEM is unfeasible due to the small size of ultrathin slices required (~9 nm)
relative to the size of an osteocyte environment (~50 um). It must be noted that, as
the greatest stimulation in the models occurs in the canaliculi, it is expected that
incluson of more canaliculi, as are present in vivo, wopitdsent even more sites

for amplification of stimulatiorat these levels of loading.

For the purposes of this study the ECM and osteocyte materials were assumed to be
linear elastic isotropic materialaith cell properties assigned from values observed

in cultured bone cell§Sugawara et al. 2008and the meshke pericellular matrix

was not included. The viscoelastic nature of the cell was neglected as physiological
loading of bones occurs at feequency of approximately 1 Hz, well below the
relaxation time of 41.5 s measured in bone ¢élfpelman et al. 201 Darling et al.

2008. Furthermore, the inherent anisotropy of the cell was neglected in this study in
order to focus on the mulghysics effects of loadinopduced fluid flow. However,

the effect of tansverse isotropy was investigated previously in Chapter 4 through a
finite element approach and reported -B2Z/2% greater strain transfer to the
osteocyte when compared to isotropic céWerbruggen et al. 2032 Thus the
stimulation predicted in the current study would be enhanced with the inclusion of an
active actin cytoskeleton, which has been shown to result in higher reaction forces
and increased tension inside the c@llswling et al. 2012McGarry 2009 McGarry

et al. 2009 Ofek et al. 2010Ronan et al2012. As the fluid dynamics of the
interstitial fluid are not well understood, lammmuntdirectional flow was assumed
based on studies of the nasale dimensions of the canalicular chang&tsderson

et al. 2005 Cheng and Giordano 20P2Realisticdly dynamic flow and cyclic

loading conditions occur in vivo, and experimental studies suggest that shear strain
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rate on the cell membrane is an important mechanical factor in bone mechanobiology
(Bacabac et al. 2004&ritton et al. 2000Goldstein et al. 1991L.anyon and Rubin

1984). The incorporation of dynamic physiological boundary conditions in future
studies, along with an active actin cytoskeleton, would further amplify the stimulus
observed in this study and provide morealistic simulations of osteocyte
mechanobiology in vivo.

Mechanical loading in bone occurs on the whole organ level, with compression and
tension occurring on opposite regions in the bone. This global loading generates a
much higher pressure gradightan across the region of a single cell, driving fluid
from one side of the organ to the other and resulting in gradients as large as the 300
Pa gradient applied in this stu@ianfredini et al. 1999Steck et al. 2003 A recent
computational study has predicted pressure gradients within individual canaliculi as
high as 1 Pa/nm, the equivalent of an approximately 800 Pa pressure gasalignt

the length of a single canalicul@&amioka et al. 2012 While this global loading

was represented as a localised pressure gradient in this study it is anticipated that an
anatomically accurate lacuraanalicular network, employing a muticale
modelling approach to dee the boundary conditions across multiple scales
(Vaughan et al. 20)2may elucidate the pressure gradient induaeross individual

osteocytes.

While previous researchers have employed CFD techniques to predict fluid flow in
the lacunaicanalicular systenfAnderson et al. 2005Anderson and Knothe Tate
2008 Kamioka et al. 201 this study provides the first investigation oé thffect of
bone matrix deformation on flow of interstitial fluid, and subsequent deformation of
the osteocyte cell membranes in a fully thdémensional anatomicaHlgiccurate
osteocyte environmenkESI modelling has recently been applied to model indisid
cells under in vitro condition§Vaughan et al. 2013aand to investigate the
mechanics of the bone marrow cavi(Birmingham et al. 2013a but these
techniques have not yet been applied to the in vivo environment of individual
osteocyteslt was observed herthat average velocities of approximately 60.5 pm/s
occur within the pericellular space, which are similar to those observed in

experimental fluorescein tracer studies (~60 prfi?sice et al. 2011

Examination of the strain distribution in the osteocyte resulting from loading

i nduced fluid flow shows that strain |
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vitro substrate stia studies have shown is required to stimulate osteoblast and
osteocyte activitfBurger and Veldhuijzen 199 ou et al. 200 Indeed most of

the cell volumes (88 8 %) experi ence strains ithdel ow 1, 000
lower than that required for an osteogenic response. This implies that mechanically
driven fluid flow alone in the canalicular system is not sufficient to generate a strain
related osteogenic response. In a previous study, presented in Chaptevad, it
predicted strain stimuli of 226, 000 OU by a sol i d mechanic
approach using these representative models, assuming that the PCM was a solid
continuum (Verbruggen et al. 20)2 This glycocalyx matrix has been shown to
reduce permeability by an order of magnitdederson et al. 20Q8resisting flow

and inducing strain in the osteocyte cell membr@eulet et al. 2009Gururaja et

al. 2005 Sansalone et al. 2012Thus the inclusion of such matrix would likely

reduce the magnitudes of fluid velocity and the resulting shear stresses. However, the
presence of tethering elements in the PCM would also likely result in an increase in
strain transfer to the osteocyte predicted here, as haslba®nstrated analytically

(Han et al. 2004Wang et al. 2007You et al. 2001pZeng et al. 1994 The models

in the current study do not include tethering elements as these are too small (~0.5 pm
long) to be accurately captured at confocal resolutions, while serial TEM imaging of
an enire osteocyte with tethering elements would prove extremely challenging due
to the small size (~9 nm) of ultrathin sections required relative to the size on an
osteocyte environment (~50 um). Thusis proposed that the absence of these
tethers of the pécellular matrix accounts for the low strain values predicted along
the osteocyte membrane. The effects of these tethering elements are included in an
idealised form in Chapter 7 in order to elucidate the effects of osteoporosis on the

local osteocyte n@hanical environment.

There has been much debate within the osteocyte community as to whether the
stimulus to the osteocyte is amplified through tethering elenfeais et al. 2004or
through ECM projections that disturb the flow or attach directly to the cell processes
(Anderson and Knothe Tate 2Q0&rbruggen et al. 2012Vang et al. 2001/ While
tethering elements have not been included in this study, the results do show that
variations in the canalicular geometparticularly the ECM projections, act as shear
stress stimulus amplifiers in the osteocyte geometry, similar to previous
computational fluid dynamics (CFD) studigsderson and Knothe Tate 2008
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These projections have been shown to contact the cell prig¢assoka et al. 2012
McNamaa et al. 200P and also cdocalize with areas ob; integrin staining
(McNamara et al. 2009 zibnt egr i n i s \#;fokakadhegonsowhieni n i n
have been implicated in matrix invasive and attachment procéShkeserjee and
Chatterjee 2001Huang et al. 2000between bone surfaces aosteoclastgClover

et al. 1992Engleman et al. 199'Horton et al. 1991 Additionally, osteopontin is a

bs ligand(Horton et al. 1991Ross et al. 1993which is present in abundance along

the canalicular waliDevoll et al. 1997pMcKee and Nanci 1996&loda et al. 2003
Sodek and McKee 2000 This evidence strongly suggests that these punctate
represent a form of focal adhesion between the osteocyte and the canalicular wall.
These attachments would result in bivitreased strain transfer from the ECM to the
osteocyte(Verbruggen tal. 2012 Wang et al. 200/ and increased shear stress
stimulus to the osteocyte through disrupted fluid flow as seen previ@Aistierson

and Knothe Tate 200&nd predicted in the current study.

The shear stimuli predicted here fall within the range of2021Pa, which has been

shown in cell culture studies of osteoblastic cells to result in increased nitric oxide

(NO), prostagindin (PGE) and osteopontin production, biochemicals known to play

a key role in the osteogenic (bone forming) response of osteo(Bastabac et al.

2004 Bakker et al. 20010wan et al. 1997Smalt et al. 1997 Furthermore, in vitro

studies have also shown increases in intracellular calciufi)(@a importat bone
mechanotransduction signalling factor, at shear stress levels of (2oBaet al.

2000. Therefore, these findings suggest that under global loading conditions
representative of gorous activity (3000J) , t he i ndi vi dual oste

stimulated to produce biochemical signals for bone formation.

Interestingly the results of the current study predict shear stresses on the cell
processes in all models that are within thege of 0.8 Pa predicted analytically to
occur in vivo(Han et al. 2004Weinbaum et al. 1994rou et al. 2001pZeng et al.
1994, and are similar to values (~5 Pa) suggested by tracer st{Rlies et al.
2011). Highly variable fluid velocities and shedresses are predicted within the
canaliculi, with inhomogeneous flow patterns occurring similar to those recently
observed using detailed fluid mechanics models of individual canglicamioka et

al. 2013. However, in the current study both the maximum velocities and highest

shear stress levels were predicted to occur within the canaliculi, and such stimuli
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were not predicted surrounding the cell body. Furthermore, it was found that the
inclusion of ECM projections along the wall of the canaliculi in idealised models
resulted m an increase of 152% in shear stress stimulus to the cell. These stimuli
were further amplified around these localised projections in representative
osteocytes, with increases of 2880% experienced. This is in agreement with
previous finite element arftlid mechanics studies which found that the geometry of
the canaliculi can greatly affect the stimulus experienced by the osteocyte cell
process(Anderson et al. 20Q5Anderson and Knothe Tate 2Q08amioka et al.
2012 Verbrugge et al. 2012 The current study corroborates this evidence
showing that under physiological loading conditions, representative of the in vivo
multi-physics environment, interstitial fluid velocities and shear stresaeartboth
significantly greater in the canaliculi than around the osteocyte cell body.
Furthermore, this is the first computational study to explore the effects of both the
complex interplay between fluid and solid mechanics and the intricate arctatettur

the lacunaicanalicular network on osteocyte mechanobiology.

The mechanical stimulation within canaliculi is particularly interesting as focal
adhesion complexes are localised in osteocytic procé&senioka et al. 2006
McNamara et al2009 Vatsa et al. 2008and have been predicted to cause strain
concentration on osteocyte processes by analytical and fluid mechanics modelling
approache¢Verbruggen et al. 2012Vang et al. 2007 Previous cell culture studies
have shown that the cglirocess contains more concentrated and highly organised
actin filamentgTanakaKamioka et al. 1998 and for these reasons the cell process

is believed to be the most mechanosensitive area of the ostéécigehi et al.
2009h Burra et al. 2010Klein-Nulend et al. 1995BNu et al. 201} The findings of

this chapter show that the canaliculus is a more mechanically active region of the
lacunarcanalicular network than the lacuna, with the cell processes exposed to the
greatest velocities and shear stimuli. Thereftivese findings support the hypothesis
that osteocyte cell processes in the canaliculi play an important role in osteocyte
mechanbiology (Adachi et al. 2009b
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5.5 Conclusions

In this chapter it was reported that €itstructure interaction models of the osteocyte
mechanical environment under global loading conditions representative of vigorous
activity predict maximum shear stress (~11 Pa) stimulus and average fluid velocities
(~60.5 um/s) at the level of the individluosteocytelnterestingly, these values were
found to be within the range known to stimulate bone cells in vitro, and thus validate
t he hypot he s-induced ihtergtitialffldofland signifggantly contributes

to the mechanical stimulation ofto® o ¢ y t e sFurthermoxej itwas observed
that the highest stimuli occur in the canaliculi about the osteocytic process,
reinforcing the theory that this is the most mechanically active and mechanosensitive
region of the osteocyte. These are thet fammputational models to simulate the
complex multiphysics mechanical environment of the osteocyte in vivo and to
incorporate the complex 3D lacur@analicular architecture, providing a deeper
understanding of osteocyte mechanobiology. Although thisaree demonstrates

the stimulation of osteocytes by loadimgluced fluid flow, the absence of a
pericellular matrix will affect the mechanical stimulation of the osteocyte. This
matrix is included in an idealised form in Chapter 7, as part of an invistigz

osteocyte stimulation durg the disease of osteoporosis.
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Temporal Changes in the
Micromechanical Environment of
Osteoblasts and Osteocytes in an Animal

Model of Osteoporosis

6.1 Introduction

Osteoporosis is a debilitating bone diseagach is characterised by an imbalance

in normal bone cell remodellin@raidman et al. 200)band results in severe bone
loss (Compston et al. 1989Lane et al. 1998 significantly reduced strength
(Brennan et al. 2011lBrennan et al. 201 Parfitt 1987, micro-damaggBurr 2003

Dai et al. 2004 Mashiba et al. 20Q1Schaffler 2003 and altered tissue porosity
(Knothe Tate et al. 200&KnotheTate et al. 200ZSharma et al. 20)2 Previous
studies have shownaltered mechanical properties dfabecular bone in
ovariectomigd rats compared to shawperated control§McNamara et al. 2006
McNamara and Prendergast 2D0OBurthermore, tissukevel mineral distribution is
altered inboth trabecular and cortical bone @ sheep model of osteoporosis
(Brennan et al. 2011&Kennedy et al. 2009 and changes in mineralized crystal
maturity, minerato-matrix ratio, and collagen cro$isking also occur(Brennan et

al. 2013. Such changes might occur as a compensatory mechanism triggered by
bone loss during osteoporosis. Alternativelymay be thatoestrogen deficiency
itself leads directly to changes in tissue composition, which consequently alters the
mechanical environment of osteoblasts and osteocytes. This change in wechani

stimuli sensed by these cellmay then initiate a mechanoregulatory response
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resulting in bone loss. Computational simulatioh®one adaptation have predicted
osteoporotidike trabecular architectur@/an Der Linden et al. 200Q,Las well as
altered bone resorption rates and osteocyte strain I@Vellsihill et al. 2008 in
response to changes in tissue stiffness. Howavegmains that the mechanical
stimulation experienced bgsteoblasts and osteocytegthin osteoporotic bone in
vivo has never been characterisadd as such these theories remain conjecture.

As osteocytes are embedded in a mineralized matrix, direct experimental
investigation of their mechanical environment is challenging. High resolution
microscopy of exposed twdimensional bone sections under mechanical loading
(Nicolella et al. 200Lhave predicted perilacunar strains in the range of 7350000
O (Nicolella et al. 2005Nicolella et al. 2006 AFM techniques have measured
osteobl ast strains as high as 40,000 OU
(Charras and Horton 20pZXCharras et al. 2001 However, the experimental
approaches of Nicolella et al. involved milled sections of bone tissue and surface
polishing to expose embedded osteocytes and can introduce micro@daakslla
et al. 2005 Nicolella et al. 2005 and such methods might alter the mechanical
environment of the ce(Reilly 200Q Zioupos and Currey 19%94Furthermore, point
loading through AFM techniques is not representative of the substrate strain that
osteoblasts on bone surfaces are exposed to in vivo. In Chapters 4 and 5
computaibnal modelling of the in vivo mechanical environment of individual
osteocytes predicted maximum strains and shear stresse208230 00 OU and
respectively(Verbruggen et al. 2013/erbruggen et al. 20)2whereas osteoblasts
were shown to experience maximum strains
| oadi ng o(Eharths dhd Bortod BOPZharras et al. 2001 While these
models provide an insight into bone cell mechanical behaviour, an experimental
approach that does not necessitate destruction of or interference witbcéhe
mechanicaknvironment igequired to investigate the in situ strain environment of
cells in healthy and osteoporotic bone.

Therefore, in this chapter two hypotheses were proposed:Raa pi d bone | 0s ¢
onset of osteoporosis increases mechanical stimulation of osteoblasts and
osteoagtes$bd) AA compensatory mechanobi ol
increased loading results in subsequatdrations in local tissueineralisation and
stiffnressinlates t a g e 0 s tTeembjartiveo of this researetes to develop a

combined micromechanical loading and confocal microscopy technique to
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characterise the local mechanical environment of osteocytes and osteditdasts
healthy and osteoporotic bgnm a rat model of osteoporosig purposebuilt
loading rigwas designeda characterise the mechanical environment of osteoblasts
and osteocytes in situ under physiological loading conditions. Thus, the effects of
both short and longterm osteoporosis on the local mechanical environments of

osteocytes and osteoblastare investigated.

6.2 Materials and Methods

6.2.1 Customdesigned loading device

In order to visualise the local mechanical environment of the cells, a custom loading
device was designed that is compatible with a confocal microscope (Zeiss LSM 51)
and comprised of a speliseed loading stage and sample grips to ensure that samples
could be held flush with the microscope objective (Figure 6.1). A-tugjue
stepper motor §T2818L1006,Nanotec)and gearing provided transmission to a
precision bidirectional ball power screWSD0401, ABSSAC), and thuapplied
microscale displacements to cortical bone samples (of length 10 mm) during
imaging.The applied loading is displacememuntrolled, with displacements applied

to the whole bone in specified increments, with speeds anditudgs controlled
using commercial software (NanoPro 1.6, Nanotdd)e device is capable of

applying bidirectional uniaxial tensile or compressive loadaigncrements as small

as 50 OU, all ows controll ed apapdiveofat i on

vigorous physiological loadin@urr et al. 199%
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Confocal microscope A ;‘ Moulded grips

| Stepper motor \ Bone sample

/

Worm gear

(B)

Powerscrew Microscope objective

Figure 6.1: Diagram of custordesigned micrdoading device in position under the
confocal microscope (A) and clos@ (B). Relationship between bone sample,

loading platens and microscope objective shown in (C) and (D)

6.2.2 Validation of loading device and digital imageorrelation (DIC)
analysis

The custombuilt loading device was validated for the application elibectional,

uniaxial compression loadingn a poly(methyl methacrylate) (PMMA) sample

(length 12 mm and radius 3.2 mm) with embedded fluorescent microspBeedly,

a PMMA resin (8510, Akasel) was combined with a curing agent (8562, Akasel) and

fluorescent microspheres (10 um diameter) at a dilution of 1 pL/mL (Fluoresbrite

181402, Polysciences Inc.). A sonicator (2510H, Bransonic Ultrasonics) and

rotaor (SB3, Stuart) were used to ensure dispersion of the microspheres throughout

the sample. The samples were formed by filling 12 mm lengths of 3.2 mm diameter

silicone tubing (HV9641016, Masterflex) with the PMMA resin and allowing it to

set overnightThe samples were then inserted into the grips for the experimental

loading.
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A compressive di spl acement | oad equi val ent
PMMA/microsphere construct and a series of confocal images were captured for
DIC analysis (see Figuré.2A). The maximum principalstrain distribution within

each sphere was determined from a series of images of each loaded sphere using
Digital Image Correlation (DIC) analysis with a previously developed software
package (MOIRE)Luu et al. 2011Pan et al. 2010a&Pan etal. 2010B, which is

capale of tracking displacements gfixels in the images (see Figué2B). A
correlation coefficient is calculated for each pixel by comparing the deformed image
with the eference image. A zemmean normalised cros®rrelation (ZNCC)
coefficient is then determined for each image piketh at the edges and within the
microsphere Once the correlation coefficient extremes (maximum and minimum)
have been detected, the fti#ld deformation can be determines described in
equations 3.7-3.75 in Chapter 3The loading and DIC analysis was repeated for ten
different microspheres and was compared to the results of an analytical solution for a
homogenous material with sphetigaclusions under loadingBilgen and Insana

1998.

Briefly, the analytical solution allows for calculation of the strain within a spHerica
object embedded in a homogenous material of different material properties (see
Figure 6.2C). Theinclusion of the microspheres will likely reduce the effective
stiffness of the PMMA, and theelationship between the material properties,

geometry and didgacement is summarised in the following equation:

Yo¢ o op
@ cp X U g ph

where the shear modul us amd,alo,i $astbends r ati o
matrix and microsphere respectively, displacement is denoted by U and specimen

length by 2Z(Bilgen and Insana 1998PMMA was assuled to have a shear

modul us of 1.7 GPa .ahegolyftyenemicgosphéresemaimt i o of 0.
spherical after embedding armde radially isotropicwith a shear modulusf 2.1

MPaanda Poi sso@®s ratio of
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Figure 6.2: Confocal image of PMMAembedded fluorescent microsphere (A), with
the contour plot of strain within it wund
solution for spherical inclusion in an homogenous material (C), atlfnot®
(Bilgen and Insana 1998Comparison of experimental and analytical results over a
range of applied loads is shown in (D)

Analysis d the experimental results was compared to the analytical solution at load
steps of 500 OU, 1,000 60, 1,500 OU, 2,0
observed experimentally displayed close correlation to the analytical solution over
multiple appied loads, see Figu@2 D. The percentage error
1,000 OU, 1,500 OU, 2nd6ad StepOHias 9.42%,3.878%, OU a
4.13%, 1.14%, 6.81% and 1.88% respectively. At 3@08n average strain within

the microspheres of 486 ({ 486 N 32. 1 OU) was ohserved

while the analytical solution predicts a
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6.2.3 Animal model and sample preparation

Ovariectomised rat bone is employed in this study as it has been deemed an
appropriate model for pestengausal osteoporosis in humafid/orld-Health
Organization 1998 with many shared characteristics with human diseased bone
(Kalu 199). Four groups of 8nonth old Emale Wistar (Charles River) rats were
used in this study; (1) a group in which rats were ovariectomised five weeks prior to
the experiment (n=2) to induce oestrogen deficiency, (2) a control-spharated

group (n=2), and a 3#eek postoperative (3) ovadtomised (n=2) and (4) control
sham group (n=2). Animals were anaesthetised using isoflurane gas and then
sacrificed by CQ@inhalation.Upon sacrifice of the animals, checks were performed

to confirm the presence or absence of the ovaries for SHAM and @\itXals
respectively. Immediately prior to sacrifice, rats were injected with FITC
(Fluorescein Isothiocyanate Isomer 1, 30 puL at 10 mg/mL, Sigldach F7250) to

stain the lacunacanalicular network, similar to previous metho@iani et al.

2009. All procedures were carried out following institutional ethigpproval and

under an animal license granted by the Irish Department of Health B100/4424.

One femur from each ani maklminimarsessentidl r act ed
me d i u-MEM] dlipplemented with 10% foetal bovine serum (FBS), 2 mM L

glutamine, 100 U/ penicillin and 100 pg/mL streptomycin (all Sigadddrich) at

37 °C, in order to maintain cell viability within the samples. Additionally, the current

study was performed in less than five hours to minimise-gxsaction time.

Femoraextracted from rat were cut proximally and distally using a diamond blade
saw (Isomet, Buehler) to produce 10 mm femoral shaft specimens. These were
further cut to produce longitudinal, seoylindrical samples that could be loaded
and imaged simultaneously in the custbuilt device (see Figure 6.3(&)). The

live samples were kept in media during cutting and preparation, and rinsed with
phosphatébuffer solution (PBS) immediately prior to loading to prevent -auto
fluorescence of the media. After cutting and prior to logdsamples were incubated

for 30 minutes in FITC to enhance staining and a plasma membrane stain (CellMask
Orange Plasma Membrane, 20 pL at 5 mg/mL, Invitrogen C10045) in order to
visualise the osteoblast and osteocyte cell membranes. All preparatiooadnt|

occurred within 3 hours after extraction, with samples covered in aluminium foil to
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prevent photobleaching. Phosphate buffered saline (PBS) was regularly applied to
samples during loading and imaging to prevent dehydration. Custom designed epoxy
resn grips were made for each sample using a mould to prevent bone fracture and

edge effects during loading.

6.2.4 Confocal imaging and mechanical loading conditions

Using the custorbuilt loading device, bdirectional, uniaxial compression loading

of 3, Geprésen@ive of vigorous physiological actiiBurr et al. 1995 was
applied longitudinally to the bone sampl€glls were imaged in the midiaphysis

of the femur in order to avoid characterising cells that might experience large
displacements occurrirgt the proximal and distal surfacesar the gripsConfocal

scans Zeiss LSM 5) were taken with a 63x oil immeas lens, with 0.08 mm thick

glass coverslips (CBOO070RA1l, Menfglaser) separating the moisture in the
sample from immersion oil and allowing imaging through the depth of the sample.
Wavelength excitations of 488 nm and 543 nm were applied to scanribellpkar

space and the cell membrane respectively (see F6RID, at a resolution of 1024 x

1024 pixels, pixel size of 0.1 um and optical slice thickness of 0.6 um. -Multi
tracking was also performed to illuminate both the lacwaaalicular network rad

the osteocyte cell membrane contained within (see FiguBE and 6.3F
respectively). Confocal scans of the osteocytes and osteoblasts can be seen in Figure
6.3F and 6.3G respectively. Photobleaching or leaching of the stains was not
observed during thexperimentsimaging was performed at a depth of at least 50
um, to prevent imaging of damaged regions from the cutting progéskis depth
osteocytes and osteoblasts are easily discriminated in confocal microscopy due to the
location of osteocytes wiin the bone matrix compared with the presence of

osteoblasts on the bone surfaces.
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mid-
(A) : diaphysis I

pericellular
space

osteoblast

osteocyte

(E) (F) (G)

Figure 6.3: Diagram of removal of proximal and distal ends of femur, followed by
longitudinal sectioning of the sample-@&). Imaging was performed at the mid
diaphysis, approximately 50 um below the cut surface, indicated by the dotted line in
(A) and the box in (C). Confocal scans performed from cut face through depth of
bone (D), allowing visualisation of the lacur@naicular network in green (E) and

osteocytes (F) and the osteoblasts (G) in red

Scans were taken of the cells every 3 seconi
to build a series of images to represent cell deformation during lgadsgting in a

strain r at Eoraadh feBu® salpledahadede number of cells images

was limited toten osteoblasts and ten ostgtes, due to the amount of cells present

at the middiaphysis This resulted in a total of 160 cells, with 80 of each cell type

for both OVX and SHAM animals, at-%and 34weeks posbperation. Sample

i mages of both an osteocyte andbAandt eobl ast

6.5B respectively.
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6.2.5 Cell Viability

In order to investigate whether celimaged away from the cut surlaowere
detrimentally affected by the cutting process, a cell viability study was performed. A
femur was harvested from ardonth old female Wistar rat, sectioned and processed
as described above. Instead of a cell membrane stain, the sample was incubated i
Live/Dead Viability/Cytotoxicity assay @3224, Invitrogen) for three hours.
Confocal scans of the sample were taken five hours-esiction at 10x
magnification with excitation wavelengths of 488 nm, at depths of 0 and 50 um
below the cut surfacelhe resulting images are shown in Figéé, with green
indicating viability and red indicating cytotoxicity. Additionally, the percentage of
live and dead cells at each depth has been guantified using ImageJ: 34.7% live vs.
65.2% dead at 0 um; 89% livesv11% dead at 50 um. These results show that
although cell death occurs at the cut surface, at a distanoem56om the surface

(the location at which where the strain analyses were conducted) there is a
substatial population of live cellsAs damage tahe surrounding matrix would
likely have a detrimental effect on cell viability, it can be inferred that the local

mechanical environment of the osteocyte is not damaged during cutting.
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Figure 6.4. Confocal scans of the same location in a femur sample at (A) O um and

(D) 50 um from the cut surface. Cell viability is indicated by green staining (B and

E), while cytotoxicity is denoted by red (C and F) (scale bar: 100 pm)

6.2.6 Digital Image Correlation(DIC) analysis

The DIC methods described above were applied to analyse a series of images of the
loaded osteoblasts and osteocytes. This allowednthemum principalstrain field

in the cells to be calculated, providing contour plots of strain distribaitiothin the

cells, shown in Figuré.5C and6.5D. The percentage area of a cell stimulated within

a specific range of strain is determined by dividing the number of pixels at strain
values within this range by the total number of pixels that represemethAs this

is a 2D DIC analysis, the contour plots provide details of a section through the cell

and is therefore denoted as the percentage area of this section of the cell strained.

6.2.7 Statistical Analysis

Ten of each bone cell type were analysed frathebone sample, giving n=20 per

group (SHAM, OVX, etc.). Data are expressed as a mean * standard deviation.
Statistical differences between groups were determined using an AN@éaed

factor model, defined using the general linear model ANOVA funclion.k e y 6 s t es't
method for comparison between groups was used to determine statistical significance
defined agp < 0.05 (MINITAB v. 16).
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6.3 Results

6.3.1 Mechanical environments of osteoblasts and osteocytes in

healthy bone
The maximum principalstrain distribution eperienced by a sample osteoblast and
osteocyte as a result of the applied orfgarel loading is shown in Figu&5. These
strains experienced lmsteoblasts and osteocytas a proportion of the cell area, are
shown in Figure5.6 and Figures.7 respectiely. Strains experienced by osteoblasts
from healthy bone x ceeded the osteogenic strain t
proportion of the cel(14.99 + 3.59%) than osteocytes (7.76 + 4.59%). Maximum
strains experienced by osteoblasts in healthy bomeeve 24, 449 OU (24, 4
OU), with healthy osteocytes experiencin

©
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Figure65:Conf oc al i mages of (A) a sample ost
Digital image correlation (DIC) is applied to characteriseniagimum principal
strain inthe (C) osteocyteand (B)st eo bl ast at 3, 000 OU (:
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A significant drop in theproportion of the cellexceeding the osteogenic strain

t hr eshol d odcutsOin dstéoblast® ()16 + 4.39% vs. 14.99 + 3.59%,
0.039) at 34 weeks after the SHAM operation. However, there was no significant
change in this value for osteocytes (572.60% vs. 7.76 + 4.59%,= 1.000).

100 -
90 - HSHAM-5
80 - ODOVX-3
70 | % SHAM-34
60 - BOVX-34
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40 - 2
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20 - f‘ a,b
7 ;
17 i v > 0L
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Figure 6.6: Average strain distributions observed after 5 and 34 weeks in
osteoporotic (OVX) and healthy (SHAM) osteoblasts as a percentage of cell area.
n=20 sampleper group of 2 animal§p<0.05 versus SHANS at corresponding

strain level’p<0.05 versus OV»6 at corresponding strain level

Contour plots showed greater variability in strain at the cell membranes than within
the cell body for all cell types. This fe€t was exacerbated in the osteocyte
environment, with a more heterogeneous distribution and the highest and lowest

strains occurring within the cell processes.
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Figure 6.7: Average strain distributions observed after 5 and 34 weeks in
osteoporotic (OVX) and healthy (SHAM) osteocytes as a percentage of cell area.
n=20 samples per group of 2 anim&s;0.05 versus SHAM at corresponding

strain level °p<0.05 versus OV»6 atcorresponding strain level

6.3.2 Mechanical environment of osteoblasts and osteocytes during

osteoporosis
The effect of osteoporosis on strain witlisteoblasts and osteocytgas examined,
with the strain distribution for OVX and SHAM samples compared in Fi§uéor
osteoblasts and Figui®7 for osteocytes. Strainsxceeding the osteogenic strain
threshol d (dstBobl@st On bdhes) exposad to 5 weeks of oestrogen
deficiency occur in a similar proportion of the cell to healthy bone at 5 weeks (16.77
+ 4.78% vs. 14.99 + 3.59%). However, stragsceeding the osteogenic strain
threshold occur in a significantly larger proportion of osteocytes at 5 weeks of

oestrogendeficiency compared to healthy osteocy{@3.77 + 3.33% vs. 7.76 *

459%,p0 0.027) . I n addition, osteoporotic
of 32,082 OU (32,082 N 4,014 OU) while

7,081 OU0).
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