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Sum marv

This work conccnis tlic rchitionship between bone and its environm ent and how 

changes in this environment affect its mechanical behaviour. More particularly, it 

concerns how the alteration of this environment following menopause or ovariec

tomy induced decline in ovarian activity affects bone. The effect in question is 

tha t on the mechanical characteristics of the bone over time.

An experiment was designed using the ovariectomised ra t model of post-menoi)ausal 

osteoporosis. Three treatm ent groups were devised consisting of sham operated, 

ovariectomised and ovariectomised, drug treated animals. At five time-points. 

spanning 54 weeks, ra ts from eacli group were killed, trabecular l:>one from the tib- 

ial metaphysis (extracted and the m aterial properties tested. Nanoindentation and 

(Quantitative Backscatter Scanning Electron Microscopy were used to measure the 

"Vbung’s modulus, hardness, creep index and %Ca, by weight. The results from 

these tests were analysed using a hierarchical model im plem ented by Bayesian 

statistical m ethods.

The findings of this investigation are th a t while ovariectomy induced osteoi^oro- 

sis does not degrade the mechanical and physiological properties of tiie m aterial 

it docs affect the rate  of change. Young’s modulus was found to  be the most 

sensitive measure of mechanical change in bone m aterial and correlated positively 

with hardness and negatively with the creep param eter. Q-BSEM measurements 

of %Ca correlated positively with Young’s modulus and hardness and negatively 

with the creep param eter. The %Ca showed a gradient of properties witliin in- 

di\'idual trabeculae, with the material near the surface iiaving a lower %Ca in 

the sham oi)erated and ovariectomised cases. The drug treated  groups did not 

show the same gradient. The drug treatm ent used has a significant offect on the 

behaviour of the m aterial in the long term  and tends towards preserving the m a

terial a t point when the sham operated and ovariectomised show a degradation in

xvi



the niechanical properties.

xvii



“Did you never hear how the life of man is divided? Twenty year a- 

growing, twcnt,y year in blossom, twenty years a-stooping and t,went.}' 

j^ears declining.”

— Maurice O ’Sullivan
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Chapter 1 

Introduction

Tliis work conccrns the relationship between bone and its environment and how 

ehangcs in this environment affect its mechanical behaviour. More particularly, it 

concerns how the alteration of this environment following menopause or ovariec

tomy induced decline in ovarian activity affects bone. The effect in cjuestion is 

th a t on the mechanical characteristics of the bone over time.

Bone is a vague word tha t refers to mineralized collagenous m atrix, the struc

tures found within distinct units of the skeletal system and the distinct units of 

the skeletal organ, ‘‘bones" themselves. As in any interdisciplinar}’ study there 

is the danger of terms being understood in more than  one way. W hen discussing 

bone three such term s are: structure, m aterial and tissue. For the piu'poses of this 

work structure includes the overall geometry of a discrete bone, the Ha,versian sys

tems of the cortical bone, the architecture of the cancellous bone and the lanunar 

arrangem ents within both  cortical bone and trabecular stru ts. M aterial refers to 

coherent volumes of mineralized collagen fibres, with coherent being as discussed 

in section 2.1.2. Tissue is understood as encompassing the m aterial and structures 

as defined, but. also including, and emphasising, the cellular components that. form, 

m aintain and alter these. Structures and m aterials are products designed to fulhl 

a function, whereas tissues are these products along with the processes th a t form
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and sustain them, something th a t is seen to be living or vital.

Bono has both mechanical and metabolic roles. The skeleton, as part of the 

musculo-skeletal system, enables movement through, and m anipulation of, the 

world around us. The bones of the skeleton provide protection for the more delicate 

organs and form the main m ineral reservoir of the body.

Bone tissue is dynam ic in its responses to both  mechanical and metabolic 

stinm li and exists in a perm anent sta te  of flux. The overall architecture and 

arrangem ent of m aterial w ithin are altered to deal w ith altered loading conditions. 

Bone has the ability to repair itself, from healing whole bone fractures to replacing 

damaged m aterial. As the main reservoir, it plays an im portan t role in maintaining 

mineral, and especially calcium, homeostasis throughout the body.

While it is an extraordinary m aterial, bone is, as the other systems of the body, 

subject to disease and degeneration with age. Osteoporosis is a term  which de

scribes a decrease in the mechanical integrity of bones owing to a decrease in bone 

mass, or hone m ineral density (BMD) as it is defined by the World flea lth  O rgan

isation (WHO Study Group on Assessment of Fracture Risk and its Applications 

(o Screening for Postm enopausal Osteoporosis, 1994). A condition of osteoporosis 

can arise following m any diseases, because of m alnutrition, after pregnancy, as a 

part of the natura l ageing process and following the mcnoj^ause or ovariectomy. 

Osteoporosis has been term ed an epidemic of the 21st century. As lifespan is in

creased by improvements in hygiene, diet and disease treatm ent, the extent of the 

natural degradation of the skeleton with age and menopause becomes ever more 

apparent.

The menopause is somewhat unique in the causes listed above. It is an accepted 

as natural process th a t a woman’s ability to reproduce should end before the 

natural end of life. B ut evolution has not seen fit to avoid the devastating side- 

efects on the rest of the body of the decline in ovarian activity and, specificall^v,

2



oestrogpn production.

In Ireland, according to the Irish Osteoporosis Society, 33,000 older women 

have suffered from a t least one bone fracture since their 50th birthday and more 

women die as a consequence of an osteoporotic fracture than  from cancer of the 

cervix, ovaries and uterus. Hospital in-patient da ta  have shown th a t in 1990 there 

were 1,509 hip fractures in people over 60. In 2002 this figure had increased to 

3,202.

W orldwide half of all women, and a quarter of men, over fifty years will suffer 

an osteoporotic fracture. In 2001, according to the National Osteoporosis Foun

dation, the hospital and nursing costs associated with osteoporotic fractures was 

$17 billion.

Clinically, diagnosis is made in term s of BMD, which correlates well with in

cidence of fracture (WHO Study Group on Assessment of Fracture Risk and its 

Applications to Screening for Postm enopausal Osteoporosis. 1994). Simple x-ray 

and dual energy x-ray al)Sorptiometry (DEXA) allow convenient quantification of 

BMD, but says nothing about the cause or mechanism of the condition. In y)ost- 

menopausal osteoporosis there is now a consensus th a t the root cause is the fall in 

a'strogcn levels (Albright et al., 1941; Riggs et al., 1998) and th a t the mechanism 

is the subsequent disruption in the balance of bone remodelling. The ultim ate 

actuators of bone formation and resorption, the osteoblasts, osteocytes and os

teoclasts are both  directly influenced by oestrogen levels through receptors (Gray 

et al., 1987; Noble and Reeve, 2000; Oursler et al., 1991). W hen a^strogen levels 

fall the activity of both  cell types increases, bu t the balance in their activity is bro

ken with the osteoclasts removing more than the osteoblasts form. The effects of 

this can be seen most clearly in the trabecular cavities of the main weight bearing 

bones, the vertebrae, femora and tibiae. The epiphyseal marrow cavity is enlarged 

as m aterial is removed and the densely meshed mass of cancellous bone is replaced
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by loosely connected, thicker s tru ts  (Bagi et al., 1997).

As oestrogen deficiency has been cited as the instigator of post-menopausal 

osteoporosis, treatm ent has focused on ways in which it can be replaced, mimicked 

or the ram pant bone remodelling directly suppressed. Examples include: hormone 

replacement therapy (HRT), synthetic drugs such as specific oestrogen receptor 

m odulators (SER jMs) or bisphosphonates. In this work the effect of a synthetic 

steroid, Tibolone (Organon N.V., Oss, The N etherlands), which is claimed to have 

a weak oestrogenic, androgenic and progesteronic action, was examined.

Bone exists in an altered environment after the menopaiise or ovariectomj'. 

The nature of bone’s relationship with the sex hormones means th a t the effects 

of a\strogen deficiency are felt immediately and severely. It is a t the m aterial 

scale, a t which the cells operate, th a t this will be initially manifest. Much bone is 

resorbed, leading to adverse mass and architectural change, contrary to the stimuli 

th a t m aintain the mechanical integrity of the structure. The bone investigated as 

part of this w’ork was th a t from regions where the increased remodelling did not 

cause complete resorption of the trabeculae. A lthough this Ijone was associated 

with trabeculae th a t survived, it is unlikely th a t any bone in regions subject to 

increased remodelling thrived in the post-m enopausal environment.

\Miile these adverse alterations in bone mass and architecture contribute to a 

weaker overall bone, there is also abundant evidence of long term  changes in the 

bone m aterial under conditions of osteoporosis. These include both  variation of t he 

level and d istribution of m ineralization (Roschger et al., 2001) and the biochemical 

make up of the organic and mineral constituents (K nott et al., 1995).

The prim ary focus of this work is on the relationship between the mechanism 

of post-m enopausal osteoporosis, its trea tm ent and bone m aterial, but there is 

also insight to  be gained into the more general workings of bone remodelling. The 

post-m enopausal s ta te  is a case of remodelling causing harm  to the very organ it
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was designed to m aintain. Drug treatm ent attem pts to suppress this over-activity 

of the m aintenance system, but it can also lead to over-suppression below normal 

levels, which has also been suggested as being detrim ental (Burr et al., 1997). 

I t  has often been the case th a t an exam ination of the extreme or aberrant case 

provides insight into the fundam ental workings of the system.

1.1 H ypothesis

As with any structure , the load bearing ability of a bone or its substructures de

pends on both  the form and arrangem ent of the components and the quality of 

the constituent m aterial. The alteration of trabecular architecture with osteo

porosis has been well docum ented, but investigations of the m aterial have been 

largely confined to  extrapolations from larger scales and l^iochemical analysis of 

the m aterial constituents.

It is hypothesised th a t there is a short term effect arising directly from the 

increased remodelling of the material. The rate  of remodelling determines the 

‘'age” of the mineralized m aterial, and so has a direct influence on mechanical 

proj)erties. In the case of post-menopausal osteoporosis and its treatm ent with 

drugs, the effect of both  unbalanced, aggressive and sup])ressetl remodelling can 

be com pared to  the norm al, healthy case.

From biochemical analyses it can be seen th a t the post-m enopausal environ

m ent introduces subtle changes in the physiological comi)osition of bone material 

and it is hypothesisetl th a t these changes will alter the m aterial behaviour in the 

long term and hence the behavioiu' of the entire structure.



1.2 Approach to  investigation and structure of 
thesis

The main th rust of approach undertaken was to iiarvest bone from an appropriate 

animal model w ithin three treatm ent groups over time. A m ethod of determ in

ing the mechanical i:>ropcrties of bone m aterial w'as found th a t characterised tlie 

complexity of its behaviour sufficiently and did so a t an appropriate scale. This 

inform ation was then placed in the context of the concurrent physiological and 

architectural changes.

The m ethod of testing the hypothesis was to conduct a longitudinal study, 

using three trea tm ent groups, normal ageing, osteoporotic (o^'ariectomised) and 

treated (ovariectomised and Tibolone treated), employing an appropriate animal 

model.

The anim al model chosen to simulate post-m enopausal conditions was tha t of 

the ovariectomised rat. The ra ts  used wore divided into three groups. Two of these 

were ovariectomised, one of which was put on a course of Tibolone, and those in 

the th ird  group underwent sham operations, and was used as the control group. 

Samples of trabecular bone from the proximal tibiae were prepared from animals 

killed a t several tim e points after the operations. Indentation testing was used 

to measure mechanical properties and quantitative backscatter scanning electron 

microscopy (Q-BSEM) to determ ine mineral density distrii^ution.

Structure o f thesis

C hapter 2 is a literature  review of bone, its environment, remodelling, its  relation

ship with a^strogen and the ciuality of the ovariectomised rat model. C hapter 3 

discusses the results of a pilot study and the fornnilation of the m ain study struc

ture. C hapter 4 describes how' instrum ented indentation techniques were applied 

to the m easurem ent of bone m aterials characteristics and chapter 5 outlines the



protocol followed for the measurement of m aterial density and trabecular architec

ture. In chapters 6 and 7 the results from both the mechanical testing, the mineral 

density analysis and the architectural assessment are presented. Finally, chapters 

8 and 9 discuss the results and how they contribute to the understanding of bone 

m aterial, post-meuopaiisal osteoporosis and bone remodelling.

1.3 The M IAB project

P art of the work described in this thesis contributed to the European Union 4*̂  

framework MIAB project, its full title being ‘The Mechanical Integrity and Archi

tecture of Bone with respect to Age, Osteoporosis and Drug Treatm ent'.

The wide range of investigations undertaken as part of this project, including 

characterisation of the 3-dimensional architectural changes, were seen to be highly 

complementary and as providing an overall context in which the full meaning of 

each individiuil j^iece of work could l.)e examined.
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Chapter 2 

Bone, oestrogen and osteoporosis

This chaptor is prim arily a review of the accumulated knowledge relating to bone 

and osteoporosis. Several divisions of this knowledge arc introduced: the distinc

tion between structure, m aterial and tissue; mechanical properties arising from 

structures as opposed to m aterial and mechanical and biological functions. While 

these distinctions are somewhat artificial and made a t the au thor's  discretion, it 

is felt th a t they clarify the problem and the iipproach taken in tackling it.

The uses, structu re and m aterial make-up of l)one as well as the dynamic nature 

of bone are reviewed. This covers the formation of bone by osteoblasts, resorption 

by osteoclasts and the action of remodelling, where the activ ity  of Ijotli types of cell 

are closelj^ co-ordinated in order to renew damaged bone or alter the geometry of 

bones. The diverse natu ra l apj^lication of bones and bone m aterial is also explored.

The relationship between bone and the hormone oestrogen, a complex relation

ship th a t is a.s yet not fully understood, is reviewed. Following this, research into 

the effects of conditions following the menopause or ovariectomy on l)one is exam

ined. This includes both the underlying physiological processes and the effects on 

the mechanical behaviour. This section also examines the various measurements 

of these effects and schemes th a t have been devised to countcr the debilitating 

effects of post-m enopausal osteoporosis.



2.1 B one form

The skeleton consists of bones, cartilage and connective tissues. It protects the 

more delicate elements of the body, such as the brain, heart and lungs. As part of 

the musculo-skeletal system it bears the body’s weight, facilitates locomotion and 

the distinct bones act as levers and allow' m anipulation of the environment. The 

skeleton is also the m ain mineral reservoir in the body and, as such, plays a m ajor 

role in the m aintenance of mineral, especially calcium, hom eostasis throughout. 

The yellow and red marrow th a t fills the cavities of bones provide lii)id storage 

and red blood cell production. The skeleton is also home to a host of cells and 

proteins th a t actuate , and m aintain it in a fit sta te  to  perform, its functions.

I'he following description of bone follows the definitions of tissue, m aterial and 

structure given in the introduction.

2.1.1 Bone tissue

As outlined in C hapter 1 the term  bone tissue will l^e used to  describe both the 

structural, load-l)earing m aterial and the associated cellular components, and in

frastructure th a t supports their actions and tha t m anipulate the m aterial and its 

forms.

O steoprogenitor cells give rise to osteoblasts, the cells th a t control l)one for

mation. During form ation osteoblasts get trapped in the newly laid collagenous 

matrix, forming lacunae and differentiating further to form osteocytes. Osteo- 

cytes have cytoplasmic tendrils th a t extend through caniculi in the l.)one to link 

with neighbouring osteocytes. It is thought th a t osteocytes form a sensory net

work in the bone, th a t is a stinudus for some of the processes th a t infiuence bone 

remodelling.

O steoclasts are the bone resorbing cells. They are derived from monocytes 

circulating in the blood and have fifty or more nuclei.
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Bones have two celhilar linings known as the periosteum and the endosteum. 

The periosteum covers the outer surfacc and is the bone’s interface with the rest 

of the body while the endosteum covers the surfaces of internal voids, separating 

the bone material from the marrow that it protects. Both of these have roles in 

the overall growth and remodelling of bones, especially where gross changes in the 

lateral dimensions of bones are concerned.

The mechanisms that regulate bone, of which these cells cire the primary agents, 

are discussed further in Section 2.2.

2.1.2 B one m aterial

The term bone material refers to the cross-linked bundles of collagen fibres im

pregnated with cr}’stals of calcium phosphate that is used in various structural 

arrangements. This is the ultimate source of bone’s exceptional combination of 

strength and toughness. Bone material is composed of 70 wt.% crystalline min

eral, 22 wt.% organic components and 8 wt.% water. Of the organic phase, unlike 

other bodily tissues other than tendon, approximately 90% is collagenous with the 

remainder being made up of proteins, glycoproteins and proteoglycans.

The bond between the phases of bone is highly complementary, largely owing 

to the manner in which it forms and matures (Section 2.1.3). In mature bone both 

phases are independenth’ continuous and coherent (only 5-10% of the mineral is 

washed out when the organic phase is removed (Tancred, 1996)). The mineral 

crystals form and grow in the gaps in the molecular structure and around the 

fibrils, although the exact positioning of the mineral crystals within the collagenous 

matrix is still an uncertain issue (Lowenstam and Weiner, 1989). As mineralization 

proceeds, water is displaced by the mineral ions precipitated into the osteoid matrix 

(Dallemange and Richelle, 1973).
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C ollagenous phase

T he collagenous m atr ix  consists of bundles of ad jacent and highly cross-connected 

hl)res. O n cursory  inspection the  fibres can be seen to  have a definite longitudinal 

d irection . A closer look reveals th a t  no individual fibres runs for any great d istance 

before the p ropensity  to  branch has d istribu ted  it com pletely in to  surrounding  

fibres. O f course, th e  surrounding  fibres are them selves the  p ro d u ct of coalescing 

branches and in th is  way a three-dim ensional fram ew ork is bu ilt up.

T he  fibres are  m ade up of bundles of fibrils, which arc m ade up of parallel 

m icrofibrils. T he  m icrofibrils consist of collagen m olecules laid down end to  end 

and in parallel, w ith  gaps betw een co-linear molecules. The m olecules are  held 

together as a  g roup by cross-linking. The condition of these cross-links has been 

shown to  corre la te  w ith  bo th  s treng th  and m ineral density  (K n o tt et al.. 1995; 

O xlund e t al., 1995). Banse e t al. (2002) have found th a t  the  concentrations of 

the m atu re  cross-links hydroxylysylpyridinoline (H P) and pyrrole correlate  w ith 

the  a rch itec tu ra l p roperties  of the cancellous bone.

M ineral phase

T he prim e co n stitu en t of the m ineral phase is calcium  phosphate  [C a3(P0,|j;]- 

As th e  m ateria l m atu res  the  calcium  phosphate  reacts w ith  calcium  hydroxide 

[CaO H 2] to  form  hydroxyapatite  [C aio(P0 4 )6 (O H )2]. T he la ttice  also incorpo

ra tes  trace  am oun ts of o ther salts  and  ions, such as calcium  carljonate. sodium , 

m agnesium  and  fluorine.

C rysta ls  of m ineral form  in a  plate-like geom etry, becom ing m ore crystalline 

w ith  age (Burnell e t al., 1980). T he individual crystals have a  length  of 50nm, 

w id th  of 20nni and  a  thickness of 2“ 3nm  (Landis, 1995). The m ineral forms 

a  continuous, se lf-supporting  phase and shows strong  heterogeneous alignm ent 

(O 'K elly  et al., 1996).
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2.1.3 S tructures in bone

The chosen break between m aterial and structure occurs when coherent volumes 

of m aterial are arranged into parallel layers, known as lamellae.

To the eye individual lamellae would seem to constitu te discrete volumes of 

bone. It has long been proposed th a t collagenous m atrices of adjacent lamellae 

differ in the relative angle of their prim ary direction, forming a plywood-like struc

ture (G iraud-Gaulle, 1988). IMcasurements of this change in angle of the collagen 

fibres have suggested th a t there can be a 90° shift when crossing the borders be

tween adjacent lamellae. M arotti (1993) disagrees, proposing th a t the differences 

seen are the result of variation in m ineralization between lamellae, resulting from 

continuing mineralization of surfaces between the completion of one lam ina and 

the subsequent formation of a new lam ina over it.

This leads to the next division of bone, th a t of cortical and cancellous. The 

distinction between cortical bone and cancellous is not always clear, especially 

near where they meet. At the level of apparent properties cortical is described as 

compact and cancellous as spongy, cortical being seen as “solid’' bone, whereas 

cancellous is a netw'ork of plates and rods surrounded by marro^^'.

The real differences are seen in the underlying structura l arrangem ent. Cor

tical bone is organised into circumferential lamellae, ju s t under the periosteum , 

prim ary and secondary (Haversian) osteons and in terstitial bone. Cortical bone 

is formed when woven bone is laid down on free surfaces during modelling. This 

bone can be laid quite quickly (over 4//,?7i per day), but, mechanically, is not the 

most desirable arrangem ent. Prim ary osteons then form in spaces left in the wo

ven bone around blood vessels. The m aterial in the lamellae of i)rimary osteons 

is more highly organised and mechanicall}' superior than  woven bone. Secondary 

osteons or Haversian systems are formed by the remodelling of prim ary osteons. 

O steoclasts of a basic multicellular unit cut through pre-existing bone leaving a
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cylindrical void. The osteoblasts of the unit then lay down osteoid on the free 

surface created, forming concentric lamellae around one or more blood vessels. 

Cortical bone is prim arily ostconal bone, consisting of prim ary and secondary os

teons. The spaces left between osteons are filled with in terstitial bone m aterial.

Trabecular bone fills the cavities inside the cortical shells of bones, near artic

ular joints. It is a mesh of rods and plates filled with red marrow. Owing to this 

structure trabecular bone is, by volume, much lighter than  cortical bone. Tra

beculae in the end cavities follow the lines of stress (Figure 2.1(a)), so th a t the 

loads are transferred to the cortical bone along its strongest orientation, despite 

the changing direction of the load at the articular joint. Trabeculae are made 

up of concentric lamellae but are, unlike osteons, avascular with the embedded 

osteocytes receiving nutrients by diffusion through canaliculi in the m aterial.

(a) Lines of force (b) Trabecular alignment

Figure 2.1; Schematic of femoral head with lines of force and section displaying trabec
ular alignment

The highest structu ra l level of the discrete bone is its overall geometry, deter-
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mined initially by genetic blueprints. These geometries can be classified as follows:

Long bones such as those of the appendicular skeleton including the radius, ulna, 

femur, metacarpals, metatarsals and phalanges.

S h o rt bones such as the carpals and tarsals found in the wrists and ankles.

F la t bones are often used as protection for the more delicate organs, such as the 

cranial bones, the ribs and the sternum.

Irre g u la r  bo n es, so called by reason of their complex shape, such as the verte

brae.

S esam oid  bon es  are generally small and form in tendons and near joints (such 

as the patellae).

S u tu ra l bones are small bones found at the joints of the cranial bones.

The shape, at least of load bearing bones, is generally viewed in the light of 

Wolff’s Law (Wolff, 1892), where the geometry reflects the direction of the stressc's 

experienced by the bone. In long bones, such as the femur, the shaft is hollow, with 

material located away from the neutral axis to more efficiently bear bending loads 

and its cross-section somewhat circidar and triangular to resist torsional loads. 

Near articular joints, where the direction of the stresses changes with the angle of 

the joint, the bone is wider and internal cavities are filled with cancellous bone to 

aid in the channelling of stress to the shaft.

Bone Formation

The primary agent of bone formation is the osteoblast, which differentiates from 

osteoprogenitor cells in the bone marrow. Osteoblasts produce the proteins that
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form the collagenous m atrix  and, in smaller amounts, proteins, such as osteocalcin 

and osteonectin, th a t rcgidate mineralization of the matrix.

Once a collagenous m atrix  has been formed, crystals of bone mineral begin to 

nucleate and grow w ithin it. Cuisinier (1996) has described this as a four stage 

process: ions are absorbed onto the substrate, these nucleate and form nariopar- 

ticles, which coalesce to form crystal grains. These fuse as they grow forming the 

the crystals visible in SEM images of de-natured bone (Fig. 2.2). Eventually these 

crystals grow together, forming a coherent whole as interconnected as the organic 

m atrix w ithin and around which they are constructed.

25KU X12000 0012 UCD35
Figure 2.2: Denatured bovine bone showing structure and alignment of mineral phase, 
after O’Kelly (1999)

The nucleation and initial growth of the crystals is controlled by the structure 

and orientation of the collagenous m atrix  and m any proteins w ithin it. Latterly.
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the waj' in which the crystals bond together is governed by the space restrictions. 

There is still contention over how exactly the mineral phase fits within and around 

the collagenous substrate (Lowenstam and Weiner, 1989; Wu et al., 1994).

If an osteoblast becomes trapped between two layers of osteoid during bone 

formation, it differentiates further to become an osteocyte. Osteocytes exist in 

ellipsoidal lacunae in the bone. Canaliculi radiating from the lacunae to surround

ing lacunae facilitate communication through processes, the delivery of nutrients, 

hormones and other small molecules. Osteocytes can perform osteolysis on the 

adjacent bone and it has been widely suggested that the network of osteocytes in 

bone acts as mechanical sensors controlling strain-based remodelling (Dempster, 

2002).

Bone Resorption

Osteoclasts are large multi-nuclear cells responsible for bone resorption. They are 

derived from hematopoietic stem cells (Scheven et al., 1986; Kurihara et al., 1989) 

and are related to macrophages. Osteoclasts perform osteolysis by attaching to 

the bone surface and creating a low pH micro-environment bordered by the cell's 

ruffled membrane. The acidic environment causes dissolution of the mineral l>efore 

the collagenous m atrix is broken up i)y enzymes, collectively known a.s collagenase 

(Blair et al., 1986).

2.1.4 The natural variation in the com position of bone ma
terial

The mechanical behaviour of bone is a m atter of both structure and material. 

While the variation in bone geometry is obvious to the naked eye and tha t of its 

structural arrangements discernible Avith a little effort, the diversity of the basic 

material is less obvious. The scope allowed by the combination of the fibrous 

organic collagen and the crj'stalline mineral can only really be appreciated by
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using very powerful microscopic techniques, chemical analysis and very small scale 

mechanical testing.

Like the determ inants of bone struct,ure the make-up of the m aterial, and 

therefore its mechanical properties, is affected by genetic factors, determined by 

evolution, and adap tation  over the individuals lifetime to the imposed conditions. 

Currey (2003) reviews and discusses this very aspect of bone’s nature, including 

the synergy of m aterial and architecture Avhereby the i)roperties of the m aterial 

and the s tructu re are altered conciu'rently to achieve the end l^ehaviour of the 

whole bone.

An evolutionary example of a difference in bone m aterial owing to mechanical 

necessity is the leg bones of the Axis deer Axis axis, which m ust be fit to support 

am bulatory loads very quickly after birth  and, to this end, is born with bones whose 

mirieralization and strength  are comparable to those of a ten-year-old hiunan child 

(Currey and Pond, 1989). Another case of the m aterial being affected by function 

is tha t of ossicles of the ear, which are stiff and highly mineralized. These bones 

do not undergo external loading in the way tha t the larger bone of the skeleton 

do. but are used to  transm it sound vibrations from the t}'mpanic membrane to 

the oval window. The gross loads on the ossicles are low, bu t they m ust be stiff 

to transm it loads as less stiff bone would introduce a tim c-dcpendent aspect to 

the deform ation of the bones. The long Ijones of the Ijody are generally seen to 

have interm ediate properties (Currey, 2003), stiff enough to  sup]:)ort the day-to- 

day loads, bu t yet not so stiff th a t large but infrequent im pacts will cause whole 

fracture.

As the collagenous m atrix  is the initial frame onto which mineral is deposited, 

the equivalent volumes of bone m aterial may vary greatly in mineral density and 

hence the mechanical properties may swing between the properties of bot h the 

collagenous and mineral constituents.
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From these examples it can be seen ju st how versatile a m aterial bone is and 

how' well the body can make use of its versatility to deal with many and varied 

tasks. And it is this versatility and how it is alfc^cted, alljeit under the altered in- 

vivo conditions following ageing, ovariectomy and treatm ent following OA^ariectomy, 

which was central to the investigation.

2.2 The dynamic nature of bone

As outlined in section 2.1.4 the geometry of bone follows from its load bearing 

function. It follows th a t bones must change to meet altered loading conditions. 

Thus, the bones of weight lifters become thicker with training in order to bear 

the increased loads. Conversely the bones of astronauts become thinner when not 

reacting against the body’s mass under gravity. This kind of change is referrt^d to 

as modelling, involving gross apposition or resorption of bone resulting in a net 

change in bone mass.

A nother dynam ic aspect of l>one, known as remodelling, involves no net change 

in bone mass. Bone is removed and replaced Ijy newer m aterial. Remodelling 

has many pur])oses: to renew regions of dam aged bone, to replace one structural 

arrangem ent with another and to redress tem porary imbalances in physiological 

mineral levels.

Both modelling and remodelling are useful descriptions of how the mechanisms 

of formation and resorption are controlled to achieve the desired effect. Between 

the instigation of a modelling or remodelling action and the end result of removed, 

formed or replaced bone are processes th a t can take bone from soft collagenous 

m aterial to a stiff mineralized composite and then dism antle it again.
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2.2.1 M odelling  and remodelling

Modelling involves changes in bones due to apposition onto and absorption from 

the periosteal and endosteal surfaces. It is usually concerned w ith gross changes in 

the shape of bones in order to optimise the bone's ability to bear the imposed load

ing regime. Bone is deposited a t a location to improve th a t volume's load bearing 

capacity and removed from locations where it is under-strained and constitutes a 

waste of the energy nccessary to m aintain it. An example is tha t of whole bone 

fracture repair, where ex tra bone is deposited in the form of a fracture callus in 

order to stabilise the fracture site while it is repaired. \M ien repairs are complete 

and the callus no longer bearing load, it is resorbed.

Remodelling can occur on any surface of the bone and is more often concerned 

with replacing bone m aterial already present. It is a balance between the action 

of the osteoclasts removing l)one and the osteoblasts laying down new osteoid for 

m ineralization. The cells involved in remodelling are arranged into coherent groups 

known as basic nndticellular units (BMUs). The osteoclasts of the unit resorb the 

Iwne in the remodelling space and the osteoblasts lay down new bone, with the 

net am ount of bone being unchanged. Remodelling implies co-ordination of the 

cells involved and there is evidence of communication between the cells of a BMU. 

BMUs can remodel surfaces in contact with the periosteum and endosteum, or 

can tunnel into the bone mass, although this is a feature of cortical rather than 

trabecular bone remodelling, when Haversian systems are being produced.

R ep a ir

As bone is strained during everyday use, cracks develop. Individually, these cracks 

are too small to constitu te a th reat to the integrity of the bone. B ut as they become 

more numerous and dense the risk of fracture increases. It has been proposetl tha t 

bone remodelling is the mechanism by which the body removes these cracks; the
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osteoclasts of the BMU remove a volume of bone th a t contains the crack, before 

the succeeding osteoblasts replace the removed bone with fresh osteoid.

Mineral hom eostasis

Concentrations of mineral ions, especiall}^ calcium, in the extracellular fluid are 

very tightly  regulated by a hormonal feedback system. Parathyroid  hormone 

(PTH ), parathyroid horm one-related peptide (PT H rP), vitam in D, in its hormonal 

form of l,25-dihydrox3"vitamin D3 or calcitriol, and calcitonin control the levels of 

calcium through influence on intestinal absorption, renal excretion and the activity 

of osteoclasts (Feldman et al., 1996).

The skeleton is the main calcium reservoir, holding 99% of the body's mineral 

content. Three distinct mechanisms for how bone contributes to  mineral home

ostasis ha^'e been described. The most well know’n is th a t of bone tm ’iio\'er where 

mineral is deposited in l.)one under the influence of osteoblasts or released from 

]>ones through the action of osteoclasts and transferred into the extracellular fluid. 

There is also evidence to support osteocytic osteolysis, where the osteocytes buried 

in the bone relea.se m ineral from the bone adjacent to the lacunae (Ramussen and 

Bordior. 1974). The th ird  mechanism involves a transfer of calcium ions between 

the fluid pervading the bone, enclosed by the endosteum and periosteum  and the 

extracellular fluid.

Heaney (2003) discusses the evidence supporting each mechanism and con

cludes th a t while all three are in operation, only th a t of bone remodelling has the 

potential to affect or counteract changes in the extracellular calcium levels to any 

significant extent.
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2.3 The m echanical properties of bone

A great number of the engineering techniques used for the investigation and ciuan- 

tification of mechanical characteristics have been employed in investigating the 

nature of bone’s behaviour. These have prim arily focused on quantifying the be

haviour a t one of the particular structural levels and making assum ptions about 

how this reflects the behaviour of the lower or higher scales and the interaction of 

the substructures.

2.3.1 M easuring bone mechanical properties

The methods reviewed here include both those th a t can be regarded as direct in 

th a t they measure at the same order of m agnitude as th a t which is being measured 

and those th a t measure the properties of one or more structural levels above tha t 

and infer the properties of the m aterial based on assum ptions about the structure.

Many researchers have inferred the properties of the underlying nu\terial from 

larger scale tests. Assumptions are made to deal with the affect of structural 

arrangem ents below tha t at which the test is conducted. These are considerations 

of both geometry and m aterial behaviour. A prime example of this is the case 

of trabecular bone, which has been treated  as both  a highly porous m aterial and 

structure of interconnected rods and plates. The apparent properties of blocks of 

trabecular bone are measured and, by considering the geometrical arrangem ent of 

the trabecular stru ts , the proi>erties of the trabeulae can be estim ated.

The term  '‘direct nrethod” is taken to denote m easurement m ethods th a t can 

investigate or differentiate between sufficiently small volumes of m aterial to bypass 

the effects of any struct ural arrangements. In the case of bone, as discussed in 2.1.2, 

this means the continuous bone m aterial inside a lamella. Two such techniques 

are ultrasonic backscatter and nano- or instrum ented indentation.

Ultrasonic backscatter measures the attenuation  of sound wa\'es after the>' are
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Reference Cortical (GPa) Trabecular (GPa)
Tensile
Rlio et al. (1993) wet 18.6 10.4
3-point bending
Ultrasound
Turner et al. (1999) embedded (PMMA) 17.7 17.5 1
Ashman and Rho bovine 10.9
(1988)
Rho et al. (1993) wet 20.7 17.5
Finite element
van Reitbergen et al. wet 6
(1995)

Table 2.1; Values of Young’s modulus of bone calculated by various techniciues

reflected by a material's surface. This can be related to the stiffness of the material. 

In this way, maps of the mechanical stiffness of the surface can be generated.

Nano-indentation is a development of the traditional hardness test. When a 

sharp indenter is driven into a surface, causings both plastic and elastic deforma

tion takes place. However, the recovery is, in general, I'nirely elastic and using the 

relations outlined in section 4.4.5, mechanical i)roperties can be derived. The most 

frequently investigated properties are the hardness, a measure of the material's re

sistance to plastic deformation and the stiffness or Young’s modulus. Indentation 

can also be used to characterise the time and loading-rate dependent properties.

2.3.2 The properties of bones

Values of stiffness for bone from various measurement methods are compiled in 

table 2.1. These have been divided into those that are considered to reflect the 

characteristics of the material as it has been defined and those that may be con

founded by the substructure.
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Reference Cortical (GPa) Trabecular (GPa)
N anoindentation 
Rho et al. (1997)
Rho et al. (1999)

Zysset et al. (1999)

Turner et al. (1999)
I loftier et al. (2000) 
llengsberger et al. 
(2001)
Rlio et al. (2002) 
Bushby et al. (2004)

embedded (epoxy) 
embedded (epoxy), 
inner osteonal lamel
lae
embedded (epoxy), 
outer osteonal lamel
lae
embedded (liquid 
plastic)
embedded (PMMA) 
embedded (epoxy) 
embedded (PMMA)

embedded (epoxy) 
Wet (SCL), max. 
load 5mN 
100% ethanol 
embedded (PMMA)

25.8
20.8 (1.3)

18.8 (1.0)

20.0

18 (1.7)

23.03 (0.65) 
11.2 (2.8)

12.5 (3.4)
19.5 (2.7)

13.4 (2.0)

11.4 (5.6)

18.1 (1.12)
10.5 (1.5)
22.5 (3.1)

Tal)le 2.2; Bone properties by indentation
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2.3.3 The properties of bone material

The contrast of the mechanical characteristics of the organic and mineral phases 

of bone and the way in which their relationship changes over time means tha t the 

properties of the end product vary over time and can be adjusted for specific roles 

(Section 2.1.4). Here the properties of both phases and their contril)ution to the 

end composite are described.

2.3.4 The contribution of collagen

The collagenous osteoid laid down by osteoblasts is the starting point for new 

bone in adults and therefore its properties constitute the properties of bone before 

mineralization. It is the framework into and onto which minerals are absorbed and 

crystallize. Collagen contrit:>utes to bone mechanical properties in two ways: its 

own inherent mechanical properties and its organisation within the material.

The contribution of Tyj^e I collagen to bone strength has been demonstrated 

through extensive study of osteogenisis imperfecta (Dalgleisli, n.d.), but Wang 

et al. (2001) suggest from experiments involving denatured bone that collagen 

plays a role in determining the toughness of bone, but has little effect on the 

stiffness.

The orientation of collagen fibres has been shown to correlate strongly with 

mechanical properties (Riggs et al., 1993) and Cantanese III et al. (1999) found 

the tensile properties to vary significantly between human and bovine species. 

The cross-links that bind the collagen fibres together have been found to affect 

the organisation of mineral within the matrix and the biochemical nature of the 

cross-links correlates w'ith the structural organisation of trabeculae (Banse et al., 

2002).

Collagen is also exceptionally hydrophilic and it has been found th a t the vis

coelastic properties on bone are a function of water content (Sasaki and Enyo,

24



1995).

The contribution  of m ineral

Many studies, of which Cuirey (1969), Currey (1988). Landis (1995) and Wachter 

et al. (2002) are bu t a few, have found correlations between the m ineralization, the 

organisation of mineral and the mechanical properties of lione. The mineral phase 

is strong in compression and is very stiff, but has an unreliable fracture toughness 

in tension.

2.4 (Estrogen and bone

Over a lifetiT iie the skeletoji will be greatly affected by gross changes in the level 

of (Kstrogen in the l)ody. In wonu'n, these include' 1)oth a rise in avstrogen levels 

at the onset of puberty  and a fall a t the menoimuse. The rise in (Xistrogen causcs 

sexual dim orphism  of the skeleton, rapid bone growth and closure of the epiphyseal 

growth plates. The fall in levels a t the menopause, or following ovariectomy, causes 

severe weakening of the bones, especially noticeable in the m ajor weight bearers 

where fractures occur, such as the sjnne and hips. This weakening, once it has 

l)rogressed to a point where there is a good chance of whole l:>oue failure, is known 

as osteoporosis.

\Miile the actions, on bone, of hormonal vitam in D, PTH , PT H rP  and cal

citonin are seen in term s of m aintaining the extracellular serum calcium le\'els, 

the action of a ’Strogen is more concerned with the m aturation and maintenance 

of the skeleton. The actions, both direct and indirect, of oestrogen in relation to 

bone are, as j’et, inadequately understood. Evidence of a direct influence on bone 

formation and resorption was found relatively recently, with the identification of 

oestrogen rcceptors in both  osteoblasts and osteocla-sts. A nother type of rcceptor, 

known as Estrogen Receptor-/? (ER,/?) has been isolated in bone cclls (the previ-
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ously discovered receptor being named ERo). The presence of oestrogen receptors 

in these cells means that changes in oestrogen levels will affect cells already present 

in the bone as well as those that have yet to be differentiated from their parent 

cells.

Sims et al. (2002) have shown that the presence of the ER a receptors affects 

bone turnover m vivo in women and men, but that ER/? only affects turnover in 

women. They further showed that under conditions, where the oestrogen receptors 

were deleted, profound bone loss owing to a decrease in bone turnover occiuTed, 

underlining the importance of oestrogen in maintaining bone.

There is evidence suggesting that, through its influence on osteocytes and os

teoblasts, oistrogen deficiency has a detrimental affect on strain based remodelling. 

CEstrogen deficiency has been shown to increase osteocyte apotosis, removing their 

potential role in instigating remodelling activities (Mullender et al., 1996). Damien 

et al. (1998) found that the proliferation of osteoblasts in response to strain was 

reduced and/or eliminated in the presence of oestrogen receptor modulators.

2.5 O steoporosis 

2.5.1 A clinical definition

The accepted definition of the osteoporosis is that put forward by the World Health 

Organisation based on bone mineral density (BMD). Bone is said to be osteoporotic 

if a person’ss BMD is 2.5 standard deviations below the healthy, young normal. 

This definition is independent of the causes of osteoporosis but in populations has 

been correlated with incidence of bone fracture. In this way the term osteoporosis 

describes the end result of a condition rather than a si)ecifi,c mechanism.

Bone loss, leading to osteoporosis, is symptomatic of many conditions such as 

disease, disuse and pregnancy and can be local as well as systemic.

There are many methods, not all of which give compatible results, including
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X-Ray, D ual Emission X-Ray Absorbiomitry (DEXA), Dual Photon Absori)iome- 

try (DPA) which all calculate a BMD based on a projected image of the 1:)onc in 

units g/cin'^. Com puted Tomography (CT) scanning analyses the 3-dimensional 

structure of the bone, producing a true density of bone m aterial in g/cni^. All 

of these m ethods are, essentially, attem pting to express the affect of a medical 

condition on net bone mass. The measurement of BMD is then linked to a risk 

of whole bone fracture (WHO Study Group on Assessment of Fracture Risk and 

its Ap])lications to  Screening for Postmenopausal Osteoporosis, 1994). While the 

change in BMD following the menopause or o\'ariectomy, does correlate over pop- 

idations w ith fracture, it provides little insight into the underlying mechanism of 

the condition.

2.5.2 M enopause, ovariectom y and osteoporosis

Following ovariectomy or a t the menopause, when production of oestorgen by the 

ovaries falls, oestrogen levels in the body plummet. This has far reaching conse

quences for the whole body: hot flashes, urinary incontinence, urinary trac t infec

tion. vaginal atrophy, reduced sexual function and dei>ression (Greendale et al., 

1999). There is also a link between menopause and increased incidence of coro

nary heart disease (M atthews et al., 1989) and osteoporotic bone fracturc (WHO 

Study G roup on Assessment of Fracture Risk and its Applications to Screening for 

Postm enopausal Osteoporosis, 1994).

The fall in oestrogen levels after the menopause and ovariectomy has long been 

singled out as the predom inant cause of post-menopausal osteoporosis (All)right 

et al., 1941). Because of the intim ate relationship between oestrogen and the cells 

of the bone remodelling system the consequences of the menopause for bone are 

far reaching and severe. The fall in oestrogen le\’els is followed by a 90% increase 

in bone resorption markers and a 45% increase in bone formation markers (Riggs



and Melton, I, 1995). The areas most affected are those of the trabecular cavities 

in the vertebrae and at the ends of the long bones.

This unbalancing of the remodelling mechanism causes large quantities of min

eral ions to be dumped into the extracellular fluid. In order to maintain mineral 

homeostasis, renal excretion of inineral is increased and intestinal absorption is 

decreased causing a net loss of calcium from the body (Riggs and Melton, I, 1995).

Several models descril)ing the nature and pattern of post-menopausal bone 

loss have been proposed over the years. The most widespread is that which dis

tinguishes between the rapid phase of bone loss following the menopause and the 

slower degradation associated with ageing (Riggs and Melton, 1983, 1986, 1990). 

Type I. primarily, involves a greater percentage loss of cancellous bone whereas 

Type II involves ec^ual losses of cancellous and cortical. The same authors (Riggs 

et al., 1998) have more recently presented a case for a “unitary modeF’ for in

volutional osteoporosis where oestrogen, more properly a lack of oestrogen, is the 

ultimate cause of both Type I and Type II osteoporoses. Frost (1999) proi>oses a 

model for post-menopausal bone loss, that is the loss seen in Type I osteoporosis, 

where it is likened to disuse remodelling. This is where the remodelling mechanism 

causes more bone to be resorbed than is laid down for bone near the marrow. It is 

concluded that understanding the control mechanisms of remodelling will provide 

insight into the progression of osteoporosis.

2.5.3 Describing osteoporotic bone

At the simplest level osteoporosis is a loss of bone mass, a decreased BMD. Less 

material means weaker bones, that have a greater propensity for gross fracture.

The change in mass can be made more precise by an analysis of the changes in 

architecture that accompan}' it. Here it is the dimensions and shape that express 

the degradation of the bone. In this context the decrease in bone mass is seen as
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the perforation and loss of trabeculae and the widening of the trabecular cavity as 

bone is lost from the cortical endosteal surface.

While there ai'o fewer trabeculae, and therefore a lower BMD, the remaining 

trabeculae are predom inantly aligned in the direction of normal loading and this 

arrangem ent has been shown to be optimised for bearing the most regular loads 

experienced (van Reitbergen et al., 1995) indicating th a t strain  based remodelling 

is still in operation despite the unbalancing of the mechanism. This ties in with 

the observation of Riggs et al. (1998) th a t bone loss does not result in the complete 

removal of bone in any particrdar area.

(.liang et al., 1997), in an investigation of the effects on bone of ovariectomy, 

(I'strogen replacem ent and low calcium diet, found th a t geometrical param eters 

were a be tte r predictor of long bone strength, though both BMD and geometry 

were ecjually powerful predictors in the vertebral body.

M aterial changes

Concurrent w ith the changes in architecture, alteration of the phj’siology of the 

bone m aterial has also been observed following menoi>ause and ovariectomy. The 

biochemistry of l)Oth phases of the m aterial has been found to be altered in osteo

porotic bone and in the distribution of properties of bone m aterial by location.

It has been found th a t ovariectomy decreases the calcium content of the mineral 

phase of the entire rat fennn- w ithout affecting the to tal ash weight (Miller, 1991). 

The collagen m atrix  is also affected, namely in th a t the cross-links connecting the 

fibres are compromised and the biochemistry of the collagen molecule is altered 

with the introduction of hydroxyl groups (Bailey et al., 1993). Up to 30% of 

the main cross-links can be lost, which would most likely contriljute to tlie loss 

of strength and increase in brittleness as the mechanical properties of the mineral 

become more prevalent. This is despite the fact th a t the over all density of collagen
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does not decrease in the way the local mineral density does (Oxlund et al., 1996). 

Osteoporosis has also been observed to reduce the tensile strength of the collagen 

fibres (Danielson et al., 1993).

2.5.4 Treatm ent o f osteoporosis

As it is the slowing of the function of the ovaries and especially the fall in cestrogen 

secretion that is recognised as the main cause behind post-menopausal osteoporosis 

and the post-menopausal rise in incidence in coronary heart disease, it is reasonable 

to attem pt to replace the oestrogen no longer present or simulate its function, and 

thereby treat all the symptoms. The approach of treating specific symptoms, in 

this case the affect on bone, can also be taken.

Hormone replacement therapy (HRT) uses oestrogen from another source, gen

erally ecjuine, as a substitute. While this prevents all the sjnnptoms associated 

with menopause (Greendale et al., 1999), there have been cjuestions about in

creased incidences of carcinoma (Millon women study collaborators, 2003).

Bisphosphonates are a group of driigs that tackle the problem l)y inhibiting 

osteoclastic resorption. They have a very strong affinity for calcium and will attach 

to the bone wherever calcium is exposed. If an osteoclast attem pts to destroy an 

area of bone tha t has biphosphonates attached, the bisphosphonates are absorbed 

into the osteoclast and impair its function.

Specific estrogen receptor modulators (SERMs) are synthetic steroids that have 

oestrogenic properties.

Tibolone, the drug investigated as part of the experiments conducted during 

this work, is also synthetic. It can be said to be related to SERMs in that it ha.s 

tissue specific effects. Tibolone is metabolised by the body to three steroids that 

have a'strogenic, progesteronic and androgenic actions, respectively. This brings 

it closer to being a synthetic hormone treatment rather than a SERM.
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Tiljolone has l)een shown to be effective in treating the non-sl-celetal aspects of 

menopause such as hot flushes, headache, insomnia, backache, dizziness, depres

sion. liljido and the vaginal environment (Albertazzi et al., 1998; Rhymer, 2002). 

Tibolone has been shown to prevent and halt post-m enopausal bone loss through 

its stinm lation of the oestrogen receptor (Ederveen and Kloosterboer, 2001).

2.5.5 The ovariectomised rat as a m odel for human post
m enopausal osteoporosis

The ovariectomised rat, in particular various strains of m ttus albirius, has been 

used extensively in studies of human post-m enopausal osteoporosis. These in

clude investigations of the changes in genetic exi>ression, endocrinology (Kalu and 

.A.UTHOR, 1989), cell activity(Arnold and Jees, 1957), effects of anti-resorl)ative 

treatment, and mechanical consequences (Edervecn and Kloosterboer, 2001).

The ra t has a similar skeletal make-up to  most mammals. Cortical bone differs 

in tha t it shows little evidence of secondary (Haversian) remodelling although it can 

be induced. Periosteal modelling continues throughout the rats life. Trabecular 

bone undergoes significant remodelling. In older rats there is a twenty-fold time 

compression .

The ra t is considered to achieve peak bone mass a t ten m onths (Kalu and 

AUTHOR, 1989), by which time the epiphyseal plates have closed and periosteal 

expansion has ceased. R ats also have a regular estrus cycle with oestrogen levels 

spiking every four days (Riggs and Klelton, I, 1995). These spikes cease in a fraction 

of rats during their second year and although this is not a true menopause, bone 

loss does occur (Kalu and AUTHOR, 1989). While the ra t experiences similar 

increases in bone remodelling following ovariectomy, this does not lead to fracture 

of the bone in the same m anner a,s it does in humans.
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2.6 Sum m ary

It has been shown that oestrogen levels are connected with the development and loss 

of bone. Through its direct affect on osteoclasts and osteoblasts, this connections 

shows up at the level of the material.

Post-menopausal osteoporosis involves both structural and material changes, 

but the vast majority of work focuses on the architecture and whole-bone mechan

ical properties and does not attem pt to distinguish between bone structure and 

material.
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Chapter 3 

Structure o f study and m ethods 
of analysis

This chapter describes the design of the experiments carried out to investigate bone 

m aterial using nanoindentation and cpiantitative Backscatter Scanning Electron 

Microscopy (Q-BSEM). The description of experimental m ethods and the reasons 

why these mea.surement m ethods were chosen are discussed in detail in chapters 

4 and 5, l)ut their prim ary advantages for the i)urposes of this study lay in llu'ir 

ability to discern the properties of very small A-olumes of material; approximately 

3//m'^ under a surface area of 2/nn^.

The descri[)tion of the experimental design is split into three main sections: 

the pilot study used to  assess tlie natural variation occuring in the properties of 

the anim al model and how sensitive nanoindentation was to changes in the the 

properties of bone, the structure of the main study and how this structure was 

informed 1)}̂  the results from the pilot study and the m ethods of analysis applied 

to the results gleaned from both  the nanoindentation and Q-BSEM work.

The m ain m ethod of analysis employed was th a t of a hierarchical model im

plemented using Bayesian statistical techniques. The hierarchical model allowed 

for the quan tita tive exam ination of the differences in bone m aterial at each of the 

statistical levels included in the main stud3̂  The Bayesian statistical techniques
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perm itted the exam ination of these differences in term s of true probabilities, rather 

than the inferred probabilities of p-values.

While the prim ary goal was to  investigate the mechanical properties, the results 

from the mechanical testing and the density analysis by Q-BSEM both  conformed 

to  the same structu ra l hierarchy referred to above, and so could be correlated.

3.1 Pilot Study

The pilot study was undertaken to assess the natura l variation in ra t bone material, 

to determine the relationship between number of samples necessary for detection 

of a particular change in m aterial properties, the variation in various preparation 

methods and to investigate the likely \^ariation due to ovariectomy.

Samples of trabecular and cortical bone from the proximal tibiae of six month 

old female W istar ra ts  were prepared with either natural or polished internal sur

faces revealed to investigate the effect of freezing for extended periods, test siuface 

and ovariectomy. These tibiae were taken from previous studies perform ed by X.V. 

Organon, th a t had been kept frozen at —20°C.

3.1.1 Materials and M ethods

Four of the ra ts  were ovariectomised at three m onths old and the remaining eight 

were killed a t six months. To test the variation in properties of in tact ra ts the 

same tests were performed on a group of tibiae from eight ra ts  unconnected with 

the main test group. Samples from the bones were prepared in five (.lifferent ways: 

polished cortical bone embedded longitudinally and transversely, polished trabec

ular bone, cortical bone and trabeculae mounted with the natura l surface exjiosed. 

The bones were sectioned longitudinally, first scoring the outer cortical shell with 

a hacksaw and then slicing through with a scalpel. This approach is intended to 

minimise the dam age to trabecular bone. The marrow surrounding the trabeculae
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was removed using a w ater jet. The trabeculae were excised under magnification 

with a fine Ijladed scalpel and mounted longitudinall}' on epoxy resin so tha t they 

arc supported from beneath, while leaving access to their natural surfacc. Samples 

of cortical shaft are mounted in the same m anner and cleaned to remove any cling

ing endosteiim or marrow. Cortical fragments were then embedded in transverse 

position. The rem aining un-excised trabeculae were then embedded in epoxj^, with 

any voids in the trabecular structure being filled.

The em bedded samples were then polished with abrasive paper (grades 400, 800 

and 1200) anfl diam ond suspension (6//-m,l//m and 0.5//,m). All samples are doused 

continually w ith saline solution during processing and are submerged conipletely 

afterwards.

The samples were examined under x5 and xlOO magnification microscopes a t

tached to the nanoindenter to  find a suitable surface for indentation. The depth of 

indent was then set to test as much m aterial as pfjssible, taking into account the 

width of the lamellae. Afterwards the indent was examined to assess its (luality; 

for exam])le w hether crushing occurred due to the surface being too cur\-ed, etc.

3.1.2 D iscussion of Results

Tables 3.1 and 3.2 contain the results for the Young’s modulus and hardness twelve 

weeks from a tweh'c week old baseline.

Table 3.1: Hardness (in MPa) and modulus (in GPa), along with the standcird error, 
results at baseline and 12 weeks OVX

Polished cortical N atiiral cortical Polished trabecular
II E II E II E

(S.E.) (S.E.) (S.E.) (S.E.) (S.E.) (S.E.)
Normal 444.49 10.97 594.38 17.27 356.16 7.49

(46.57) (1.64) (73.83) (1.04) (84.65) (1.42)
0 \ 'X 552.54 12.81 440.86 14.85 425.49 9.76

(165.39) (2.18) (128.06) (2.89) (163.93) (4.11)



Tabic 3.2; Comparing results from varying preparation mctlio(.ls

Cortical Trabecular
H E H E

(S.E.) (S.E.) (S.E.) (S.E.)
Polished 552.54 15.88 423.72 9.50

(165.39) (1.39) (133.89) (3.39)
N atural 440.86 14.85 222.79 7.81

(128.06) (2.89) (144.12) (2.45)
Transverse 416.776 14.09
(polished) (172.21) (2.73)

The pilot study showed th a t changes in bone m aterial of the trabeculae do 

occur after ovariectomy, in both the cortical and trabecular bone. For the pilot 

study, the assum ption was made th a t the treatm ent and the individual ra t were 

the factors th a t would be the source of variation in mechanical properties. For 

the main study the assum ptions of the pilot study were revised and refined to 

investigate sources of variation and difference within an individual trabecula and 

a t several levels between trabecula and treatm ent. The main study  also expanded 

the tim e range over which changes were assessed from three to twelve m onths and 

increased the num ber of tim e jioints from two to five. The (listril)ution of the 

assessment tim e-points was varied to cover early, rajiid and later, slower changes.

From the analysis of the variation in properties of the two separate ra t groups 

it was found th a t no healthy, un-ovariectomised group was distinguishable from 

another [p >  0.95). This also served as a base against which the significance of 

any changes due to  ovariectomy could be measured.

During preparation  distinct differences were observed in the  trabecular ar

chitecture of the in tact anti osteoporotic bones. In the in tact bones the sub- 

metapltyseal trabeculae were relatively short ( 1mm), highly interconnected and 

filling the cavity. Those of the osteoporotic bones were considerably longer (of the 

order of several millim etres), but were far fewer in num ber and located exclusively
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heside the  inner cav ity  wall.

Tlio m ost s tr ik in g  resu lt is the  cliflerence Ijetween the m easured values from 

the n a tu ra l surfacc of the  cortical bone. Here there  was a drop  of 2 .4G Pa is the 

Y oung’s m odu lus an d  153iMPa in the hardness {p >  0.95). T he s tan d a rd  error also 

increases in b o th  cases.

T he average stiffness of the trabecu la r bone rises by ai>proximately 2G P a in 

the osteoporo tic  s])ecim ens bu t, as w ith  cortical, the  large increase in the variance 

obscures any possiljle significant difference in the m eans.

In all cases th ere  is an increase in the  spread of values from  the osteoporotic 

sam ples com pared  to  th e  healthy  suggesting th a t changes are tak ing  place in the 

bone tissue, b u t are n o t uniform  th rough  ou t the m ateria l. O n foot of th is  hy

pothesis, th a t  changcs occur a t d istinc t areas in the  l)one, m easurem ents should be 

m ade across th e  th ickness of the  trabecu lae, th a t  is, th e  core and  surface m aterial.

3.2 M ain study

3.2.1 Care of the animals used

T he an im als used in  th is  s tudy  were 126 fem ale W is ta r ra ts  purchased from  H arlan 

(H orst. T he  X etherlands). T hey were six m onths old a t  the tim e of purchase and 

10 m onths old w hen the  s tudy  com m enced. T he ra ts  were housed separa te ly  until 

the  beginning of the  study. T he anim als had free access to  w ater and were pair 

fed w ith R,j\fB-B d ie t (Hope Farm s, Linschoten, T he N etherlands), ICg per day.

T he an im als used in these investigations were bought, trea ted  and cared for by 

N.V. O rganon, Oss, T he  N etherlands. All actions taken  in rela tion  to  the  anim als 

were in accordance w ith  tlie regulations and under the  apj)roval of the  Anim al 

E thics C om m ittee .
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3.2.2 Treatm ents

At the age of 10 months each of the rats was randomly assigned to one of three 

groups. Each of the treatm ent groups consisted of 42 animals. The animals in 

two groups underwent ovariectomy, while those in the tliirtl underwent sham op

erations. The animals in one of the ovariectomised groups were placed on a course 

of hormone replacement therapy, in the form of the drug Tibolone, as discussed in 

section 2.5.4. These groups were designated for the purposes of this investigation 

as sham operated, ovariectomised (0\^X) and ovaricctomised-treated (OVX-T).

Tibolone treatm ent of the OVX-T group began immediately after the opera

tions were performed. The dose was 2 mg ]:>er day, which is known to be sub- 

optimal for the prevention of ovariectomy induced bone loss in the rat Kasugai 

et al. (1998).

3.2.3 Bone m aterial used

The bone material used in this investigation came from the metaphysis of the 

proximal tibia. Sections of the trabecular bone in this portion of the bone have 

been shown to greatly affected by a;strogen deficiency (Yamaura et al., 1995). 

As discussed in section 2.5.5, it has also been shown for the ovariectomised-rat 

model of osteoporosis th a t while the trabecular bone in the hind limb experiences 

similar resorption patterns to those seen in the human leg but the lack of natural 

secondary remodelling in the ra t’s cortical bone makes it unsuitable for comparing 

to the human condition.

At each testing time-point, when rats were killed, the right-hand tibiae were 

wrapped in paper tissue, frozen in saline and transported on dry-ice to our labo

ratory. They were then stored at —20°C until prepared for testing.
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3.2.4 Longitudinal nature of study

The study was longitudinal in nature, spanning 54 weeks from the time of the 

operations until the last group of rats was killed. Immediately after the operations 

4 rats from each group were killed and designated to be the baseline control group 

for the study. Then at 4, 14, 34 and 54 weeks post operation, 9 rats from each 

group were killed.

This pattern of time points was chosen to cover the initial, rapid changes and 

the long-term slower changes. In rats the most dramatic changes in mass and 

architecture have been observed in the first 4 weeks (see section 2.5.5).

3.2.5 Hierarchy and levels

Initially, at least, the affect that was of most interest was that of the treatments, 

on bone, applied to the three distinct groups of rats over time. Between the level of 

treatment group and bone material there exists several levels at which differences 

may be found. For this study each measurement of material properties made was 

distinguished according the following hierarchy:

Time The time elapsed after the operations were carried out: 0, 4, 14, 34 and 

54 weeks..

Treatment The type of operation and follow-up treatment received (sham 

operated, OVX or OVX-T)

Rat number Each of the rats was given a number from 1 to 126 

Trabecula number To differentiate, within each rat, from which trabecula 

the measurement came

Line number Representing the position along the longitudinal length of the 

exposed trabecular surface of which the indent is part

Indent number The position in the line of the individual indent, spanning the 

cross-section of the trabecula. This is further labelled as being near the natural
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surface or near the core of the trabecula. Because both the mechanical and density 

testing techniques required a flat specimen surface, the trabecular bone from each 

animal was embedded in a suitable medium and polished (the specimen preparation 

is discussed in more detail in sections 4.4.2 and 5.2).

Figures 3.1(a) and 3.1(b) show samples for Q-BSEM and nanoindentation test

ing. The polishing resulted in the exposure of cross-sections of individual trabec

ulae so that material near the core and the natural surface were accessible for 

testing purposes.

(a) Q-BSEM sample (b) Indentation sample

Figure 3.1: A sample of bone embedded for Q-BSEM testing and sample of bone mounted 
for indentation testing with indent sites marked

3.2.6 Sample numbers and measurement sites

In deciding the number of samples to use at each level of the described hierarchy 

a number of factors, some competing, had to be reconciled. From the pilot stud}’ 

results it was calculated that at least six rats would be necessary in each treatment 

group at each time point. Within the bone excised from each rat for testing there
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had to be a trade off between the number of trabeculae tested and the number of 

indents made on each. This was because the method of preparation for indentation 

testing resulted in bone specimens whose properties would noticeably degrade 

after two hours of testing. It was also expected that the number of trabeculae 

suitable for testing would start to decrease greatly as the affects of post-menopausal 

osteoporosis continued. Because of this it was decided that three trabeculae from 

each of the six rats would be tested.

Follow îng the results of previous research into the affect of post-menopausal 

osteoporosis on the distribution of mineral density within individual trabeculae, 

and in an attempt to discover the source of the increase in the variability of the 

material owing to ovariectomy, the following scheme of testing was devised. Testing 

was performed in rows perpendicular to the length of the chosen trabecula (figure 

3.2.6). The rows were situated one at either end and one half way along the 

trabecula’s length. These rows each consisted of four separate measurements, two 

near the trabecula’s natural surface (that being the edge of the exposed surface) 

and two near the centre of the exposed surface (the material close to the core of 

the trabecula).

Figure 3.2: An example of a single line of the sites chosen for testing
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The assumptions made when placing the measurement sites ’near’ the natural 

surface and ’near’ the core of the trabecula is that the trabeculae are cylindrical 

in shape, that polishing the samples sections these cylindrical trabeculae along 

their longest axis and close to the axis of rotation of this assumed cylinder. While 

the fact that trabeculae are not cylindrical and that the the method of polishing 

employed did not allow for measurement of the depth of material removed from 

each trabeculae, the measurements near the edge of the exposed cross-section were 

always nearer the natural surface than those in the centre of the cross-section. In 

practice, alignment of the bone samples during embedding visual examination of 

trabeculae before testing ensured that there was sufficient depth of material present 

and that the orientation was aligned to the indenter in a consistent manner.

3.3 Statistical analysis techniques

Bayesian statistical methods were chosen over more traditional “frequentist” tech

niques for the comparative ease of applying a hierarchical model ajid ability to 

deal with result sets having an unequal number of values.

3.3.1 Bayes’ theorem and development.

The classical statistical framework deals with an unknown quantity, that has a 

true value but who’s measurement is subject to random ’noise’. In the Bayesian 

system, statistics are a measure of the certainty with which we can determine that 

quantity from the available data. Bayesian statistics deal with the probability of a 

hypothesis given data, whereas classical statistics deals with the probability of data 

given a hypothesis. So, a Bayesian analysis generates a probability distribution 

rather than the inferred probability of a p-value.

It has only been with the advent of sufficient computational power, required 

by the necessary numerical integrations, that Bayesian techniques have become
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feasible.

Bayes theorem  follows from the rule for the jo in t probability of the data, ;r, 

and the hypothesis, H:

P( i \  H)  =  P{ x \ H) P{ H)  =  P [ H \ x )P[ j:) (-3.1)

so th a t the probability  of the proposed hypothesis, given the collected data, is 

related to the the classical probability of the data, given the hypothesis, and the 

probability of of the hypothesis, known <is the prior probability, according to:

P{[I\x)  =  P{ x \ l I ) P{ H) / P{ x )  (3.2)

The right-hand denom inator is treated as a constant of proportionality  (insur

ing th a t all probabilities sum to 1, which leads to the form:

P[Il \x)  P [ x \ U) P{ H)  (3.3)

The i)rior, P{ H) ,  allows the inclusion of previous inform ation about the quan

tity  th a t is to  be determ ined, such as values from literature. This provides a 

system atic m ethod of including information th a t can otherwise be regarded as a 

subjective influence on the in terpretation of results.

3.3.2 A pplication of m odel to investigation

Owing to their complexity, Bayesian models arc generally applied numerically. 

The input inform ation is the da ta  sample, in this case the results from either 

the nanoindentation or Q-BSEM testing, and a prior value for the result. The 

prior is usually an estim ate of the quantity  of interest based on past experiments. 

It is the inclusion of this prior value th a t brings the notion of suljjectivity into 

Bayesian analysis. This is not true, human subjectivity but a quantity  th a t must
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be rigorously defined. The prior serves as a starting point from which the analj^sis 

will converge to the true value. In other cases where the quantity of interest is 

very well dehncd, the prior can be used to sec if new information is sufficient to 

force a reassessment of the quantity.

In the case of these tests, as no large amount of research has been published 

on indentation modulus of rat bone material, it was decided to use a prior value 

of zero, with a large variance so that it would have a negligil)le affect on the 

end result. Values that were deemed to be physically impossible for bone, that 

is, stiffness greater than that of pure CaP{0 H )2 and stiffness less than that of 

collagen matrix, were treated as outliers and not used in the final results set.

The data from the mechanical testing was found to conform to a log-normal 

distribution, a common occurrence with natural systems and quantities that arc 

constrained to having positive values (Limpert et al., 2001). This was dealt with 

by log transforming the data l.)efore application of the model and re-transforming 

the end results.

The statistical model was applied using the OpenBUGS software , with BUGS 

being an acronym for Bayesian inference Using Gibb’s Sampling. This is a method 

for estimating probability distributions using Markov Chain Monte Carlo (MCMC) 

methods. The input to the model was the test results organised by time point, 

treatment, rat, trabecula, line and position (near-surface or near-core). The output 

was a probability distribution for the mean for each treatment and time point. 

Figure 3.3 shows the probaljility densities for Young’s modulus of the bone material 

near the trabecular core and surface of the sham operated group at week 0. The 

probability of a difference between these two means is calculated by subtracting 

the samples of one distribution from the other and calculating the fraction of the 

resulting values that is greater than zero. In this case there is a probability of 

82% that the material near the core is stiffer than that near the surface. For these
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tests a probability of higher than 97.5% (or lower than 2.5%) was reffered to as 

“strong evidence” and a probability higher than 95% (or lower than 2.5%) “some 

evidence” or “evidence”.
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Figure 3.3: Probability densities for material near the natural surface and core of the 
trabeculae at week 0
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Chapter 4 

Measurement of material 
properties

As discussed in section 2.3.1 the material properties can be inferred from the 

macroscopic properties and a model of the substructures of the bone or by direct 

methods such as nanoindentation and ultrasonic backscatter.

In this chapter the reasons behind the choice of nanoindentation as the mea  ̂

surement method are discussed along with the algorithms used to extract the 

material properties from the test data. The manner in which these algorithms 

were adapted and applied and the assumptions made are also described.

The aim of the specimen preparation and testing protocols was to interfere with 

the mechanical properties and characteristics of the bone as little as possible and 

maintain them for the duration of the testing. This constrained both the materials 

used to mount the bone specimens and the time available for testing.

4.1 Why indentation was chosen

As outlined in cliapter 1 and elaborated on in chapter 2, the aim of the mechanical 

testing in this investigation was to measure the properties of the basic material of 

bone, and to avoid, as much as was possible, the confounding effects of structures 

of bone. This required the ability to measure the properties of very small volumes
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of m aterial. The m aterial chosen was th a t of the trabecular bone from the proximal 

tibia. W hen prepared, the width of the individual trabecular specimens was of the 

order of l()0//,m, w ith lamellar widths of 2 — -S/im,

It was felt th a t a direct measurement technique, as defined in section 2.3.1, 

w'ould reduce the num ber assuni])tions th a t it would be necessary to make about 

the mechanical characteristics of the material.

For the purposes of this investigation, indentation was seen to be the most 

suitable m easurem ent technique. It can assess the properties of very small volumes 

of m aterial and is tolerant of non-standard testing conditions, such as submersion 

in aqueous solution. Because the output from an indentation test is a displacement 

l)roduced by an applied load, many different characteristics can be extracted from 

a single test, relating to elastic, plastic and time dependent properties.

4.2 D evelopm ent of indentation

The technique of indentation has a long history and is widely recognised in the field 

of m aterial science. It is a precise and quantitative analog of the qualitative human 

imi)ulse to “poke” or push against an unfamiliar surface and from the reaction, 

gauge its properties. While this description shows the simi)licity of the idea, in 

{)ractice, owing to the nature of the contact, the stress fields generated under an 

indenter are highly complex and must be described precisely before the reaction 

of the m aterial to  indentation can be used to determ ine the m aterial's mechanical 

properties.

The first nu\jor foray into a description of the relevant stress fields was made 

by Boussinesq (1885) who formulated the solution for an indenter, th a t was a solid 

of revolution, penetrating  into a perfectly elastic half-space and solved it for the 

cases of a cylindrical punch and a finite curvature a t the tip. This was followed by 

Love (1939). H arding and Sneddon (1944) and Segedin (1957). to mention a few.
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who proposed more practically applicable solutions to the problem, including that 

of a cone.

In the same period, experimental investigations were conducted to extend the 

traditional hardness test beyond that of a measure of resistance to plastic deforma

tion to that of a more generalised method for measuring mechanical characteris

tics. Tabor (1948) conducted experiments to verify the purely elastic nature of the 

indentation recovery and Stilwell and Tabor (1961) used a modified Hounsfield ten- 

someter to record the load and displacement during indentation and contact area 

(by covering the specimen surfaces with an ash-oil mixture tha t was crushed on 

contact). The elastic recovery observed compared favourably with tha t predicted 

by the solution of Love (1939) for conical indenters.

These techniques did not come into their own until the development of much 

more sensitive indentation devices that could measure the properties of very small 

volumes of material. This was boosted by the desire to characterise the projierties 

of thin films indejjendent of their substrate. But these inachines could also be 

used to investigate microscopic material structure, such as the individual grains of 

metallic phases.

4.2.1 Indentation stress fields and elastic and plastic de
formation

Once the nature of the stress fields generated by the shape of the infienter ha\'c 

been accounted for its mechanical characteristics can be derived from materials 

reaction to an applied load or displacement.

4.2.2 N anoindentation

Hardness, a m aterial’s resistance to plastic deformation, is the traditional inden

tation measurement. Hardness, H,  is calculated from the following fornnila:
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p
H = -  (4.1)

where P  is the maximum force applied and .4 the projected area of the residual 

impression.

W ith the advent of instrumented indenters tha t could measure the depth of 

indentation continuously as the force was applied, it became possible to probe the 

elastic and time dependent properties of materials.

From the analyses of the penetration into a half-space by a conical indenter

performed l)v Sneddon (19G5) (Harding and Sneddon, 1944; Sneddon, 19C5) come

the relations;

h = - h ,  = (4.2)
2 2tan<^ ' ^

Contac t  d I ' ame ter , a

Rec e r e d  s u r f a c e

S u r f a c e  un der  load

Figure 4.1: A schematic of an indcnter and relevant characteristics

which relates the depth of indentation, /?,, to the contact dept h, h^, that is, the 

depth to which the indcnter is in physical contact with the material as opposed to 

the depth below the planar surface, and surface diameter of contact, a, between 

the indenter and material and the included angle of the indenter. 6, as shown in
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figure 4.1, and

which relates the applied load, P  to the m aterials mechanical characteristics; 

'^bung’s modulus, E,  and Poisson’s ratio, u,  assuming isotropic behaviour. Sub

stitu ting  4.2 into 4.3 yields

^ TV E  2 E  -2 2 £■ ci^
=   ^ t a n < p h = - - -----— - ,  (4.4)

2 (1  — 1/^) 7T (1 — v^) 7T (1 — tan  Q

But, the Young’s modulus in equation 4.3 is the result of deform ation of both 

the m aterial and the indenter, so it is replaced with a ’‘reducecr' or “effective” 

modulus, Eeff-

 ̂  ̂ ^  (4.5)
Eef f  E  Ei

As the Young’s m odulus and Poisson’s ratio of the indenter m aterial {Ei and 

are known, the characteristics of the m aterial can be calculated.

By differentiating equation 4.3 with resjject to h and using .4 to denote the 

projected contact area nn^ equation 4.6 is obtained.

A correction factor, p,  is generally applied to the right-hand side of this equa

tion. /9 was introduced by King (1987) to account for deviation of the shape of 

the projected contact area from th a t of a cone (e.g. ,8 — 1.012 and 1.034 for Vick

ers and Berkovitch geometries, respectively). This correction was further refined 

by Hay et al. (1999), who investigated deviation of the i)rojected sliape of the 

recovered indent in the context of Sneddon (1965)’s original analysis, accounting 

for circumferential deform ation a t the contact face of the indenter. The reaction 

of the m aterial causes the faces of the indenter to be pressed inward, assuming a 

convex shape, as it penetrates the m aterial, so th a t the relationship between the
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Figure 4.2; A schematic of a typical load displacement curve

depth of contact and the projected area is not th a t of a cone. The entire correc

tion is denoted by 7 , which has been determined to ha\'o a value of 1.0G3 (Hay 

et al., 1999; M artin  and Troyon, 2002). In a review on the understanding of the 

indentation progress, Oliver and P harr (2004) proposed th a t the correction factor 

3 l)e used to account for all deviations from tlie theoretical behaviour of a cone by 

related indenter shapes.

d r’ 2 E  /— .
~TT ~ ^~nT \ all \/'n' [1 —

This correction reflects a meeting between theoretical analysis and practical 

application: the theoretical descriptions of indentation and the extraction of me

chanical properties have focused prim arily on parabolae of revolution; in particular, 

spheres and cones. But, in application, and especially for the small depths implied 

by nanoindentation, pyram idal indenters have been used. Owing to microstruc-
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tiiral arrangement and mechanical properties of the preferred indcnter material, 

fliamond, precise fiat faces and sharp vertexes are easier to achieve comj:)ared to 

continuous, curved surfaces.

Many schemes have been proposed to extract the properties of the tested ma

terial from the load-displacement data. These approaches have been derived from 

theoretical, experimental and numerical studies. Some of these, along with a brief 

description, are listed below;

Stilw ell an d  T ab o r (1961) Compared changes in depth under and indenter with 

theoretical predictions and known properties

D o e rn e r an d  N ix  (1986) Fitting line to the upper portion of the unloading 

curve and measuring S  as the slope of this line

O liver an d  P h a r r  (1992) Extended the approach of Doerner and Nix (1986) by 

using a power law to describe the unloading

V lassak  an d  N ix  (1994) Extension from the isotropic case to that of a anisotropic 

material

C heng  a n d  C h en g  (1998) Investigated tip rounding and the derivation of yield 

strength using finite clement analysis

O liver (2001) Reduced the sensitivity to the calculation of the contact area by 

using fitting constants from both the loading and unloading curves

The most widely used is that of Oliver and Pharr (1992). It is this scheme 

that is the basis for the entry describing instrumented indentation in the ASM 

handbook (Hay and Pharr, 2000). In this scheme where a power laAv is fitted 

to the luiloading data and the contact stiffness, 5, measured as the tangent to 

the curve at the beginning of unload. The theoretical basis for this is known as
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the “effective indenter shape’’. When a surface is loaded for the first time, l)Oth 

elastic and plastic deformation takes place. Upon reloading, the deformation is 

purely elastic and, because of the plastic deformation, the pressure distribution 

during loading resembles that of a curved parabola of revolution impinging on a 

flat surface, its effective shape for purely elastic loading and unloading.

4.2.3 P ro je c te d  A rea

As can be seen from the list in the previous section, nuicli of the development of 

instrumented and nano- indentation has focused on the calculation of the projected

contact area under the indenter. An advantage of instrumented indentation is

that no independent measurement of the end indent area is reciuired, hence the 

great effort placcid into refining and extending methods by which the area can 

be calculated. There is ongoing debate regarding the best way to characterise 

the unloading curve and how the projected area should be calculated form this 

(VVoirgard and Dargenton, 1997; Oliver, 2001; Thurn and Cook, 2002).

4.2.4 T im e d ep en d en t p roperties

The treatment of creep under indentation follows from that used in tensile testing:

£ =  oa^^exp[-QJ RT)  (4.8)

where Q' is a material constant, a is stress, n is the stress exponent for creep, 

is the activation energy, B  the gas constant and T  the temperature. To adapt 

this expression to the conditions of indentation the strain rate is defined as the 

normalised rate of indentation displacement, ii — h/h  and the stress as the mean 

contact pressure, i.e. the hardness, which results in

5, =  a,H \ .xp{-Q c/RT)  (4.9)
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where o.,- is a variation on the tensile material constant. Then, from a log-log 

plot of the indentation strain rate versus hardness, under constant load, the stress 

exponent, n, can be calculated.

4.3 Extraction of Material Properties

4.3.1 D ata corrections and considerations 
Instrum ent Com pliance

This is a constant associated with the machine used. It accounts for the deforma

tion of the machine in response to the force it exerts during testing. For the CSM 

instrument used this correction had the value 2nm/mN.

Therm al drift

Thermal drift is a change in the displacement of the indenter arising from a lack 

of thermal equilibrium between the indenter apparatus and the test specimen. 

Thermal drift is generally held to be both constant in magnitude and direction 

throughout the course of the experiment. Therefore, if the rate of disijlacement 

owing to thermal effects can 1)e measured at a single point during a test, then its 

effect over the whole can be accounted for.

The thermal drift is accounted for at the end of the test, after unloading. A 

constant load is maintained on the indentcr at 10% of the maximum load and 

measures the rate of displacement. A low load after removing the greater part 

of the applied load is intended to remove any of the affects of creep tha t may be 

present after loading. The correction to the displacement is then simply the rate 

of thermal drift multiplied by the time elapsed.



P lastic  deform ation

It is regarded as good practice to  perform several loading-unloading cyclcs to 

ensure th a t all the tim e independent plastic deformation is removed prior to the 

unloading segment tha t will be used to calculate the m aterial properties (Oliver 

and Pharr, 1992).

4.4 Instrum ented indentation of bone

In this section the nature of the analysis applied to the force-deflection data  ob

tained from tlie Iwne specimens as outlined in section 4.4.2 is described and how 

this da ta  and param eters derived from it w'ere used to extract the properties of 

the measured specimens.

The properties of bone are measured a t many different scales. At these varying 

scales geometry, structure and material all i)Iay a role in determ ining the mechan

ical properties. As mentioned in section 2.3.1 measurements a t a particular scale 

can be extrapolated to higher and lower scales through knowledge of how me

chanical properties are related through structure. W ith instrum ented indentation 

all structural levels can be bypassed and the mechanical properties of the bone 

m aterial measured directly.

For this reason man}' investigators have used instrum ented indentation to in

vestigate the properties of bone. Table 2.2 in chapter 2 summarises some of these 

and their results.

4.4.1 C hosen in d en te r geom etry

A Berkovitch diamond was used to perform the indentations. It is the standard  for 

low load indentation as it has an equivalent depth to projected area to the \'ickers 

indentor, l)ut avoids the development of a wedged tip  during manufacture.



4.4.2 Specim en  preparation

While still frozen the proximal head of the tibiae was cut from the main bone with 

a hacksaw. The head was then scored with the hacksaw and split with a scalpel 

in the longitudinal plane. One half of the head was then split in what was the 

sagittal plane. The complete ‘half-head’, one of the ‘quarter-heads’ and shaft \vere 

returned to the freezer in a frozen state. The remaining quarter was then allowed 

to defrost until the marrow could be washed out using a water jet, then embedded 

and polished to produce a sample fit for indentation.

The theory under-lying the measurement of mechanical properties assumes an 

infinite half space of uniform properties. Hence, it was required that the discrete 

trabeculae form part of a half-space that was as contnmous as possible. But, it 

was also im portant that the mounting procedure affected the properties of the 

bone as little as possible. To this end, three mounting substances, representative 

of polymers and cements, were investigated. Two of these were epoxy resins, one 

that cured in under an hour and one with a longer drying time, and the third 

was a dental cement. All three were compared with respect to several criteria; 

curing time, curing temperature, observable affects on bone (cracking), similarity 

of mechanical properties to bone, effects of subsequent preparation procedures, 

ease with which polishing could be carried out and the amenability of the end 

specimen to indentation testing. Bushby et al. (2004) investigated the effects 

of different preparation and embedding methods on the mechanical properties of 

bone, as measured by instrumented indentation, the results of which are displayed 

in table 2.2. Table 4.1 summarises the comparison of the relevant properties of the 

epoxies and cement.

As table 4.1 shows, the dental cement is a superior mounting material relative 

to the requirements. The curing of both epoxies caused the bone to dry out, giving 

rise to cracking, but due to the hydrophilic nature of the cement it was possible
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Tabic 4.1: Comparison of tlic relevant properties of epoxies and cement

Categories Curing time Observations Composition Infdtration
Fast cure epoxy COmins 60 °G carbon chains some
Slow cure epoxj^ 12hrs 60 °C carl)on chains some
D ental cement 15rnins room CVi50, none

to keep the bone soaked in saline for the whole setting period. Also, rather than 

attem pting  to  infiltrate the m icrostructure of the bone the cemcnt was packed in 

to the voids between trabeculae, supporting the structure.

The granular structure of the cement proved to be more convenient for polish

ing. The surface of the epoxy in contact with the air tended not to set fully, re- 

fiuiriiig th a t approxim ately 1mm of the surface m aterial be removed before proper 

polishing could be carried out.

Surface preparation

The surface of the specdmens intended for indentation testing were polished us

ing abrasive pai)cr (grades 1200 and 2500), water based diam ond suspensions 

(6/iin, 1/im, 0.5//m, 0.25//m) and a w ater ba.sed alum ina suspension (0.05/ini). 

A micrometer screw-gauge was used to ensure th a t the upper and lower surface 

were parallel.

Specim en conditions during testing

It was found th a t the properties of the bone, when the svu-facc was continually 

soaked with saline, were stable for api^roximately .3 hours a t room tem perature.

4.4.3 Analysis of force-deflection curves from bone

The behaviour of l)one differs substantially from th a t of the near-ideal of fused 

silica, exhil.)iting tim e dependent deformation and, to a lesser extent, recovery.



Figures 4.3 shows the typical variation of the displacement of the indenter into tie  

the sample surface under the applied load. The load, hold and unload pattern of 

force is comparable to that discussed in section 4.4.5.
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Figure 4.3: A graph of the variation of depth with applied force over the coarsc of a 
typical test on bone

4.4.4 P lastic deform ation and therm al drift

The first two loading-hold-unloading curves of those depicted in figure 4.3 were 

used, after the recommendation of Oliver and Pharr (1992), to insure the removal 

of time independent plastic deformation. A short load-hold period was observed 

at both the peak and after unloading so that unexpected changes in behaviour 

could be noted.

Thermal drift was calculated from an extended hold period at 10% of the peak 

load {2mN)  after the final unloading segment. As can be seen in figure 4.3 and 

more clearly in figure 4.4 the displacement continues after unloading before thermal
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effects come to dominate. To avoid the influence of time dependent effects on the 

measurement of thermal drift, only the latter 50% of the final unload-hold segment 

was used. The validity of this procedure was confirmed by tests in which both the 

segment hold times and loading rates were varied. The drift rate determined was 

from the slope of a linear fit to this data and a correction applied as outlined in 

section 4.3.1. The effect of this aberrant displacement and its correction can be 

seen in figures 4.4 and 4.5.

4.4.5 Deformation mechanisms of bone cind assumptions

As described in section 2.1.2 bone material consists of two phases with highly 

disparate properties. The mineral phase is very stiff, but brittle. The collage

nous phase is strong in tension and highly elastic and viscoelastic, but weak in 

compression. Penetration by a sharp indenter, such as a Berkovitch, immediately 

causes both elastic and plastic deformation. Bone, in its natural state, varies quite 

significantly from the ideal, isotropic material used in the theoretical derivations 

of the relationship between the contact stiffness and the Young’s modulus. It has 

already been stated that below the level of mineralized collagen, we are no longer 

talking about bone and the manner in which its constituent phases are joined is as 

relevant to the mechanical properties as the properties of the phases themselves.

It is proposed that the plastic deformation in bone under indentation results 

from the mineral phase being crushed locally. The elastic behaviour is the recovery 

of the wider volume, both the mineral and the hydrophilic organic matrix, although 

the range of recovery is bounded by the mineral phase. The time-dependent aspects 

of the material behaviour are associated almost entirely with the organic matrix 

and its free water content. When pressure is exerted, this water will flow, providing 

a mechanism for stress relaxation.

From the process by which the material is formed, variations in the properties

59



De
pt

h 
(n

m
) 

De
pt

h 
(n

m
)

290 300 310 320 330 340

Time (s)

Figure 4.4: A graph of the variation of depthwith time

os
oo
(O

O<oir>

oc\j
I /)

290 300 310 320

Time (s)

330 340

Figure 4.5: A graph of the variation of depth with time

of bone will result from changes in the mineralization of the organic matrix and 

from changes in the underlying organic matrix. Changes in mineralization cause
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a transition between the dominance of the properties of either phase.

Area of indents in bone

Prom figure 4.8, though created under a load much greater than that used during 

testing, it can be seen that, as expected in the previous section, no pile-up occurs 

around an indent in bone. It also emphasises the dangers of associated with getting 

too near the edge of the test specimen, and how curvature owing to polishing can 

invalidate area calculations.

Figiu‘6 4.8: An image of a greatly exaggerated indent in a piece of bone

4.4.6 Young’s modulus

The Young’s modulus as derived from indentation measurements is the ability 

of the material to recover elastically following elastic and plastic deformation. In 

bone the relationship between Young’s modulus and the state of the mineral phase 

for whole bones has been long researched (Currey, 1969).

For the calculation of stiffness or Young’s modulus an accurate measurement 

of the unloading contact stiffness is paramount. This relies on a good fit of the
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chosen m athem atical description, tha t of Oliver and Pharr (1992) of the tmloading 

behaviour to the initial unloading data. The effect of the load-hold crccp flisplace- 

ment on the initial unloading curve must also be accounted for. In previous studies 

the preparation m ethods (including drying) reduced the tendency of the samples 

to creep or a long-hold period of sufficient length for the rate  of creep to fall below

10% of the unloading rate, following ISO 14755 has been observed. As, owing to

the preparation, creep was a m ajor factor and time was also a im portant factor 

the following correction, developed by Feng and Ngan (2002), w'as used to account 

for the affect of the creej) displacement a t the beginning of unload:

1  =  ^  +  - ^  (4.10)
5 |P| ^

where is the contact stiffness calculated from the unloading section, liy, is the 

rate of displacement during the load-hold phase and P  is the rate of unload.

losing this value for S  in equation 4.11 and assuming a value of 0.3 for Poisson's 

ratio, u. a value of E can be calculated.

f  = (4.11)all \ / 7 r ( l  — z/-)

Variation in the value of // from 0.25 to 0.35 causess only a 5% variation the 

value of E calculated (Oliver and Pharr, 1992).

4.4.7 H ardness

Hardness is generally defined as the resistance to plastic deformation. Bone m a

terial could not be said to undergo plastic flow. It is more likely th a t the unre

coverable deformation in this case is densification of the mineral phase directly 

l)elow the indenter. In this case the hardness is an indicator of the integrity of the 

mineral phase.

The contact area was calculated in the same m anner as for the Young's mod-
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ulus, and the force taken was the peak load. The hardness was then calculated 

accordmg to equation 4.1.

4.4.8 Creep parameter

Bone has been shown to creep and exhibit viscoelastic behaviour under loading 

(Gurrey, 2002). Under indentation bone exhibits primary and secondary stage 

time dependent deformation when the bone is loaded and the load is held at the 

maximum. Upon unloading to 10% of the maximum applied load time dependent 

recovery can be observed.

The relationship outlined in subsection 6.4 was found to describe the time- 

dependent behaviour of bone satisfactorily. Because the quantities Qj, Qc, R  

T  remained constant over the course of these tests, the relation was reduced to the 

proportional relation describing the relationship betw'een the change in hardness 

at constant load and the change in strain rate over the same period.

The relation was rearranged into what w’as considered a more intuiti\'e form 

(equation 4.12) where the creep index, n describes the apparent change in material 

hardness owdng to material relaxation (i.e. continuing increase in depth unrler 

constant load). From log-plots of the strain rate and hardness over the course of 

the load hold period, the stress exponent could be calculated for each indent.

H  (X €i^ (4.12)

4.4.9 A pplication of calculations

Because many alterations were made to the calculations of properties to accommo

date the deviation of bone from what is considered ideal, the calculations described 

here were implemented separately in C + + .  The raw load and deflection data was 

exported from the indenter control software. The code of this analysis program
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can be found on the accompanying D \’D, described in Appendix 9.
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Chapter 5 

Quantitative Backscatter 
Scanning Electron Microscopy

A Quantitative Backscatter Electron Microscopy analysis was performed on the 

samples as a physiological counterpoint to the mechanical nanoindentation investi

gation in order to assess a possible physiological source, namely the mineralization 

of the bone, of the mechanical changes found by nanoindentation. The method 

used is that of Gleeson (200C), which follows work described by Roschgor ct al. 

(1995), Boyde et al. (199.3) and Lloyd (1987).

5.1 Q-BSEM and bone

Q-BSEM has been used frequently to assess bone mineralization, the effects of 

disease and treatm ent (Bloebaum et al., 1997; Roschger et al., 2001, 200.3).

Q-BSEM is based on the principle that the number of electrons that strike 

a sample and are scattered back toward the detector increases in proportion to 

the atomic number of the the sample. Several ways of expressing the calculated 

have been forwarded, but the % weight mineral/weight total is to be preferred on 

theoretical grounds (Roschger et al., 1995).
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5.2 Sam ple preparation

Samples were cut and washed in the same manner as in sample pre]:>aration for 

nanoindentation (section 4.4.2. The CaSO.{ basoxl cement used for the nanoinden- 

tation whose composition and density were seen as an advantage during uanoin- 

dentation, were a disadvantage for Q-BSEM as it made it difficult to distinguish 

the Ca of the bone from the Ca of the cement. As there were no considerations re

garding the maintenance of mechanical integrity, an embedding solution was used. 

The solution used was the Osteo-Bed Bone Embedding Kit from Polysciences, Inc.

Before embedding the bone was fixed in a formalin 1:)ased fixative for 48hrs. 

The samples were then dehydrated in solutions of ethanol progressing from 70% 

to 100% over the coarse of six hours, before being inflitratcKl witli uncatalyzed 

embedding solution under vacuum and at SOdegC.

5.3 Testing procedure

All images were calibrated against a standard of carbon and aluminium at 25 

and 2-55 gray levels, respocti^'ely. A single image at low resolution (x.35) and an 

accelerating \'oltage of 20KeV was taken of each sample. On this image areas 

were marked to im itate the mechanical testing protocol. On each of throe chosen 

trabeculae twelve sciuares of 8 pixels x 8 pixels \\'erc placed in three rows along 

the exposed longitudinal length of the trabeculae, as shown in figures 5.1 and 5.2. 

From each of these sites a value of %Ca, by weight was obtained.

The statistical model described in chapter -3 was then applied to the gathered 

data and the results appear in chapter 7.
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Figure 5.1: Entire image of embedded sample under Q-BSEM

Figure 5.2: A single trabecula from a sample magnified to show the sites from which 
%Ca was calculatcd
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Chapter 6 

Indentation results

Tliis chaptcr presents the results of the indentation experiments conducted to 

determ ine the bone m aterial properties over time for cach trea tm ent group. Ini

tially, in section 6.1, the results for Young’s modulus, hardness and creep stress 

exiM)nent are plotted in a raw form, with no account being taken of the d a ta ’s 

hierarchical nature. In section 6.2 the residts for Young's modulus are examined 

more thoroughly following application of the hierarchical analysis. This analysis 

investigated the difference, between treatm ents and time-points. The analysis was 

then further refined to investigate the infiuence of the location of the m aterial 

w ithin a trabecula. As outlined in chaptcr 3, the prim ary interest of this was to 

distinguish between m aterial near the core or the trabecula and th a t nearer the 

natural surface.

The results for hardness and stress ex])onent of creep are presented in section 

6.2..3 in a. sim ilar form, bu t using a more concise form at than th a t used for the 

\b u n g ’s modulus. W here differences were observed, the relevant probability of 

a difference in the means of the calculated distributions is quoted, as defined in 

section 3.3.2.
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6.1 Sum m aries o f raw results

Here histograms of the measured mechanical properties are plotted. In subsection 

G.1.1 the overall relationship between the properties are explored with correlation 

plots and Pearson correlation coefficients. These plots are leased on the ‘‘raw” 

results, tha t is, no account has been taken of the location within or the age of 

animal from which the measiuements came.

Figures 6.1, 6.2 and 6.3 give a basic overview of the range of values for each 

of the mechanical properties investigated and the nature of the propertj^’s distri

bution. All three parameters were found to conform to a log-normal distriljution; 

this WcUJ shown by performing the Shapiro-Wilks test for normality on the log of 

the values. As shown in section 3.3.2, this type of distribution is common in the 

natural world, especially in instances where values are constrained to being greater 

than zero.

Oco
3
O '
d>

20 40 60

Young's Modulus (GPa)

Figure 6.1; The distribution of Young’s modulus values found

Table 6.1 summarises the raw results from figures 6.1-6.3 with the mean and
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and standard deviation. The sample number for this summary is the total num

ber of indentation tests from which data could be garnered, that is 1071. When 

compared with the results from the literature summarised in table 2.2, it can be 

seen tha t the mean value for Young’s modulus falls within the same range. As the 

distributions are not normal, comparisons of variance about the mean would be 

misleading. The ^"alues for standard deviation associated with each mean suggest 

that there can be A'ery little certainty about the true mean value for each propert}', 

but this sunmiary ignores the distinctions of treatm ent and time, and so sini})ly 

provides an indication of the range of values found for each property.

Table 6.1: Means and standard deviations (in brackets) of mechanical properties with E 
in GPa. H in MPa and stress exponent of creej) being non-diinensioiial.

E H Creep Index
14.4 ( 11.4 ) 343.9 ( 227.9 ) 0.1 ( 0.1 )

6.1.1 C orrelations am ong the m echanical properties

Figures 6.4, 6.5 and 6.6 display correlations between Young’s modulus, hardness 

and stress exponent of crccp and table 6.2 gives the values for the Pearson’s product 

moment correlation coefficients for each of the three.

There exists a positive correlation between all three mechanical properties, 

Young’s modulus, hardness and creep stress exponent, though none of the correla

tions are very strong. As was seen hi section 4.2.2 correlation of Young’s modulus 

and Hardness is a conmion feature of indentation experiments and it would reason

able to expect that a change that alters stiffness and hardness would also affect the 

time-dependent deformation properties. From table 6.2 it can be seen that there is 

a large correlation between Young’s modulus and hardness and a medium negtive 

correlation between hardness and creep index. There is only a small correlation
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Figiu-e 6.6: Correlation of hardness and stress exponent of creep

Table 6.2: Pearson correlations between mechanical properties

E vs. H E vs. Creep H vs. Creep
0.65 -0.29 -0.34
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6.2 Results from hierarchical analysis

While the results, as presented in the preceding section, give an overall view of 

the properties of bone gleaned, this is a distorted view that assumes that the me

chanical properties are independent of the treatment undergone, age and location 

within the bone. In order to take account of these factors the hierarchical model 

was used to analyse the data. The following figures, 6.7 to 6.14, present the re

sults of this analysis. The figures consist of probability distributions for the mean 

value for each treatment at each time point for the physical properties of interest. 

Section 6.2.1 contains a detailed look at these results for Young’s modulus and 

section 6.2.3 summarises the equivalent results for Hardness and stress exponent 

for creep.

6.2.1 Treatment results for Young’s modulus

The following figures and tables present the calculated distributions for the mean 

Young’s modulus of trabecular bone for each treatment at each time-point.

Figures 6.7, 6.8 and 6.9 are the distributions of the sham-operated, OVX and 

OVX-T treatments, respectively. Each is divided into six panels. The first (top, 

left) gives an average for that treatment independent of time and the proceeding 

panels each of the five time points. Figures 6.10-6.14 compare bone from the core 

of the trabeculae and that nearer the natural surface across and within treatments. 

Figure 6.10 makes the comparison at the baseline of 0 weeks and figures 6.11-6.14 

the subsequent time-points.

All of these results are also presented in the tables 6.3-6.5 along with the 95% 

credibility interval about the mean values. Table 6.3 displays the results for each 

treatment over the five time-points, associated with figures 6.7-6.9.

As can be seen in figures 6.7-6.9 and table 6.3, the Young’s modulus varies in 

both magnitude and deviation from the mean across treatment, time and location
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Figure 6.7: Probability densities for each time point for the sham-operated treatment 
group
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Figure 6.9: Probability densities for each time point for the OVX-T treatment group
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within individual trabeculae. Section 6.3.1 explores the trends in these values and 

quantifies the significance of differences found in the means.

From table 6.3 it can be seen that the mean material values for Young’s modulus 

compare well with those reported in the literature, as quoted in table 2.2. The 

credibility intervals are in the same range as the errors associated with the values 

from literature. The relationships between the treatment means, how the Young’s 

modulus varies with time and how the treatments compare to each other is explored 

in section 6.3.1.

Table 6.3: Mean (and the ±95% credibility interval) values for Yoimg’s modulus for each 
treatment over time, quoted in GPa

Week 0 4 14 34 54
Normal
OVX
OVX-T

9.6 (1.8) 
- ( - )  
- ( - )

10.3 (2.7) 
8.9 (2.7) 

10.6 (3.0)

10.6 (2.6) 
11.6 (2.9) 
13.4 (3.4)

19.2 (3.6)
20.0 (3.7)
16.1 (3.4)

14.5 (3.2) 
12.1 (2.6) 
20.4 (4.4)
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6.2.2 Comparing near-core and near-surface material

Tables 6.4 and 6.5 compare the near core-and near-surface material as in figures 

6.10-6.14. The figures have been arranged so that each represents a particular 

time point from week 0 (figure 6.10) to week 54 (figure 6.14). This was to give a 

view of how the relationship between the material near the core and that near the 

surface compares across treatments at each time point.
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Figure 6.10: Probability densities for material near the natural surface and core of the 
trabeculae at week 0

From tables 6.4 and 6.5 it can be seen that, except in the case of the OVX 

treatment at 4 weeks, in every case the material nearer the core of the trabecula is 

stiffer than that nearer the natural surface. There is also an apparrant tendency 

for this difference to increase with time. The magnitude and statistical significance 

of this disparity is further explored in section 6.3.2.
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Figvire 6.11: Probability densities for material near the natural surface and core of the 
trabeculae at week 4
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Figure 6.12: Probability densities for material near the natural surfeice and core of the 
trabeculae at week 14
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Figiire 6.13: Probability densities for material near the natural surface and core of the 
trabeculae at week 34
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Figure 6.14: Probability densities for material near the natural surface and core of the 
trabeculae at week 54
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Table G.4: Mean (and the ±95% credibility interval) values for Young’s modulus for the 
the material near the surface of the trabeculae, quoted in GPa

Week 0 4 14 34 54
Sham
OVX
0\^X -T

8.8 (1.6)
- ( - )
- ( - )

10.2 (.3.3) 
9.3 (3.1)

10.2 (3.6)

10.1 (3.2) 
9.9 (3.0) 

13.4 (4.2)

15.7 (3.2) 
18.5 (3.6) 
14.4 (2.8)

13.2 (3.2) 
10.5 (2.5)
17.2 (4.5)

Table 6.5: Mean (and the ±95% credibility interval) values for Young’s modulus for the 
the material near the core of the trabeculae, quoted in GPa

Week 0 4 14 34 54
Sham
OVX
0 \'X -T

10.2 (2.2)
- ( - )
- ( - )

12.0 (2.9) 
9.2 (2.2) 

10.7 (2.4)

11.4 (2.6)
14.5 (3.5)
13.6 (3.1)

21.7 (5.7)
20.8 (5.3)
17.8 (4.6)

16.6 (3.6)
14.7 (3.0)
22.8 (4.7)
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6.2.3 Hardness and creep

The results for hardness and stress exponent of creep have not been graphed in 

the same way as those for the ’̂ bung’s modulus, but have been tabulated in the 

same manner. From tables 6.4 and 6.5 it can be seen that, except in the case of 

the 0 \ 'X  treatm ent at 4 weeks, in everj' case the material nearer the core of the 

trabecula is harder than tha t nearer the natural surface.There is also a tendencj^ 

for this difference to increase with time. The magnitude and statistical significance 

of this disparit}^ is further explored in section 6.3.2. Tables 6.6-6.8 concern the 

values for hardness, examining the bone as a whole in table 6.6 and the effect of 

location in tables 6.7 and 6.8.

Tabic 6.6: Mean (and the ±95% credibility interval) values for Hcxrdness for each treat
ment over time, quoted in MPa

Week 0 4 14 34 54
Normal
0\^X
OVX-T

226.9 (53.9)
- ( - )
- ( - )

240.9 (66.8) 
258.4 (77.9) 
213.7 (70.4)

187.6 (79.5) 
240.9 (83.5) 
258.4 (87.8)

325.2 (77.0)
352.3 (80.3) 
315.6 (67.4)

300.2 (67.2) 
274.4 (63.2)
345.3 (85.9)

Table 6.7; Mean (and the ±95% credibility interval) values for Hardness for the material 
near the surface of the trabeculae, quoted in MPa

Week 0 4 14 34 54
Sham
OVX
OVX-T

224.6 (52.0)
- ( - )
- ( - )

231.5 (68.9) 
240.9 (75.1) 
207.4 (71.8)

185.8 (75.5) 
229.2 (74.7) 
238.5 (80.2)

263.6 (78.6) 
318.8 (91.6) 
266.3 (64.1)

255.8 (58..3) 
224.6 (52.3) 
309.4 (86.6)

Similarly, the mean values of stress exponent of creep, independent of location, 

are in table 6.9 and the results for bone material near the natural surface and near 

the core in tables 6.10 and 6.11, respectively.
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Table 6.8: Mean (and the ±95% credibility interval) values for Hardness for the material 
near the corc of the trabeculae, quoted in MPa

Week 0 4 14 34 54
Sham
0 \ 'X
OVX-T

233.8 (CC.3)
-  ( - )

294.3 (89.1) 
285.6 (91.0)
243.3 (75.1)

213.7 (80.8)
263.6 (91.4)
282.7 (94.1)

385.5 (87.9) 
355.8 (85.7) 
366.7 (84.5)

363 (85.7) 
338.5 (70.9) 

401.2 (105.5)

Tal)le G.9: Mean (and the ±95% credibility interval) values for stress exj^onent of creep 
for each treatment over time

Week 0 4 14 34 54
Normal
OVX
0 \ 'X -T

0.09 (0.03) 
-  ( - )  
- ( - )

0.09 (0.03) 
0.09 (0.02) 
0.09 (0.02)

0.09 (0.02) 
0.09 (0.02) 
0.09 (0.02)

0.08 (0.02) 
0.08 (0.02) 
0.08 (0.02)

0.08 (0.02) 
0.09 (0.02) 
0.07 (0.02)

Table 6.10: Mean (and the ±95% credibility interval) values for stress exponent of creep 
for the material near the surface of the trabeculae

Week 0 4 14 34 54
Sham
OVX
OVX-T

0.09 ( 0.02 )

“ ( - )

0.09 ( 0.03 ) 
0.1 ( 0.04 ) 

0.09 ( 0.03 )

0.09 ( 0.02 ) 
0.09 ( 0.03 ) 
0.09 ( 0.03 )

0.08 ( 0.02 ) 
0.08 ( 0.02 ) 
0.08 ( 0.02 )

0.08 ( 0.02 ) 
0.1 ( 0.03 ) 

0.08 ( 0.02 )

Table 6.11: Mean (and the ±95% credibility interval) values for stress exponent of creep 
for the material near the core of the trabeculae

Week 0 4 14 34 54
Sham
0\^X
0 \ 'X -T

0.08 (0.03)
- ( - )
- ( - )

0.08 (0.03) 
0.09 (0.03) 
0.08 (0.02)

0.09 (0.03) 
0.08 (0.02) 
0.08 (0.02)

0.08 (0.02) 
0.08 (0.02) 
0.08 (0.02)

0.07 (0.02) 
0,08 (0.02) 
0.07 (0.02)



6.3 R elationships betw een treatm ents

After application of the hierarchical model for each treatm ent at the five time 

points, the mean and ±95% credibility interval of each treatm ent was plotted for 

each property of interest. As with the preceding section a detailed examination 

of the results for the Young’s modulus is given, followed by a shorter summary of 

the results for hardness and stress exponent of creep in section 6.3.3.

In each case the analysis begins with how the mean material projierty varies 

with treatment over the time interval with the probabilities of a difference between 

each treatm ent at each time-point and between time-points within each treatment. 

In this way the behaviour of bone under each treatm ent can be evaluated in iso

lation before the treatm ents themselves are compared. This is then expanded to 

take account of the location of the material within the trabecula to examine the 

significance of the affect of location.

As outlined in section 3.3.2 the probabilities used to express difference are the 

likelihood that the mean of one is greater or less than the other. Therefore 1% 

anti 99% are the extremes, indicating that the former quantity is less or greater 

than the latter, respectively. A probability of 50% indicates that the quantities 

are very alike. As stated in section 3.3.2 prol)al)ilities greater than 95% (less than 

5%) were considered to Ije evidence of a change and greater than 97.5% (less than 

2.5%i) are regarded as being significant and are referred to as such or as ’very good 

evidence of' a difference.

6.3.1 Trends in Y oung’s m odulus with treatm ent over tim e

Figure 6.15 shows the variation in the treatment mean for Young’s modulus. The 

statistical likelihood of differences in the mean bung’s modulus within treatments 

over time are presented in table 6.12, and between treatm ents in table 6.13.

It can be seen th a t the bone material of the sham operated rats increases
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linearly with age post operation and there is very good evidence (99%) that it is 

higher than at the base line by week 34. By week 54, while the average is lower 

than at week 34, there is no evidence of a decrease (6%) and it remains greater than 

at the week 0 base line (99%). The material from the OVX animals shows a similar 

pattern to that of the sham operated and by week 34 there is very good evidence 

(99%) that it is stiffer than at week 0. There is very good evidence (99%) that 

between weeks 34 and 54 the stiffness has again decreased, and there no evidence 

(94%) that the stiffness is higher than the week 0 base point. The OVX-T samples 

show evidence (97%) of an increase in stiffness from the base point by week 14 and 

thereafter. There is also very good evidence (98%) of an increase between weeks 

14 and 54.

From figure 6.15 and table 6.13 the most striking aspect of the relationship 

between the three treatments is the similarity in overall behaviour between the 

material from sham operated and OVX animals, and the contrast, especially after 

week 34, with the material from OVX-T animals.

Table 6.12: Probabilities for a difference between the mean Young’s modulus within each 
treatment at each time-point

Comparison Sham OVX OVX-T
00 vs. 04 0.67 0.41 0.71
00 vs. 14 0.70 0.87 0.97
00 vs. 34 0,99 0.99 0.99
00 vs. 54 0.99 0.94 0.99
04 vs. 14 0.51 0.87 0.84
04 vs. 34 0.99 0.99 0.97
04 vs. 54 0.94 0.92 0.99
14 vs. 34 0.99 0.99 0.82
14 vs. 54 0.94 0.58 0.98
34 vs. 54 0.06 0.01 0.90
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Figure 6.15: Young’s modulus compared between treatments over tim e

Table 6.13: P robabilities for a difference between the mean Young’s modulus o f each 
treatment

Week 4 14 34 54
N orm al vs. O V X  
N orm a l vs. O V X -T  
O V X  vs. O V X -T

0.24
0.52
0.76

0.67
0.86
0.74

0.61
0.13
0.08

0.15
0 .96
0 .99

■ Normal
■ OVX
■ OVX-T
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6.3.2 The effect of material location on Young’s modulus

As discussed in section 2.5.2, the increased remodelling associated with post

menopausal osteoporosis would be thought to be primarily manifest as a surface 

phenomena, affecting the material at the surface while leaving the core material 

unchanged. Figures 6.16, 6.17 and 6.18 along with table 6.15 compare the differ

ences between material nearer the surface and that nearer the core in each of the 

individual treatments. Figures 6.19 and 6.20 and tables 6.15 and 6.16 compare the 

near-core and near-surface material between treatments.

The most striking observation that can be made from figures 6.16 to 6.18 is 

that the material properties of the near-surface and near-core material are not as 

independent as the assumption that the remodelling is purely superficial would 

suggest. While in almost each case the mean Young’s modulus is greater for the 

material nearer the core than that nearer the surface, it can be seen from table 

6.14 that only in the material of the OVX at weeks 14 and 54 this difference is 

significant (5%, 4%, respectively). While there is weaker evidence that there is a 

difference in both the sham operated and OVX-T material (6%, 8%), at no point 

is there a significant difference.

Table 6.14: Probabilities for a difference greater than OMPa between the mean modulus 
within each treatment between the material nearer the core and that nearer the edge

Week 0 4 14 34 54
Normal
OVX
OVX-T

0.82 0.77
0.49
0.58

0.72
0.95
0.52

0.94
0.75
0.87

0.89
0.96
0.92

Figures 6.19 and 6.20 and tables 6.15 and 6.16 compare the three treatments 

according to material location. For the most part, the results here match the 

pattern of the results where location was ignored. In the case of the core material, 

at week 4 there is some evidence that the material from the OVX rats has a lower
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Figure 6.16: Young’s modulus for sham operated rats after hierarchical analysis
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Figure 6.17: Young’s modulus for ovariectomised rats differentiating between material 
near the surface and that near the core
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Figure 6.18: Young’s modulus for ovariectoniised-treated rats differentiating between 
material near the surface and that near the core

Young’s modulus than that from the sham operated animals.

Although the same pattern in the means was observed, the probabilities asso

ciated with the differences are not significant.

Table 6.15: Probabilities for a difference between the mean Young’s modulus of each 
treatment for the material near the trabecular core

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.08
0.27
0.78

0.88
0.81
0.34

0.42
0.17
0.21

0.23
0.96
0.99
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Figure 6.19: Young’s modulus near the trabecular core for all treatments after hierar
chical analysis

Table 6.16: Probabilities for a diflference between the mean Young’s modulus of each 
treatment for the material near the trabecular surface

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.35
0.5

0.65

0.46
0.86
0.88

0.83
0.25
0.06

0.13
0.89

0.98
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6.3.3 Trends in hardness over tim e and with treatment

As might be expected from the correlations observed in section 6.1.1, both the 

hardness and stress exponent of creep results display the same overall pattern of 

change in properties over time that was seen with the Young’s modulus. Figures 

6.21, 6.22 and 6.23 and tables 6.17— 6.21 follow the results for hardness, both 

independent and dependent on location.
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Figure 6.21: Hardness compared between treatments over time

Overall, the hardness is seen to follow the same general trend as that followed 

by the Young’s modulus. By week 34 both the sham operated and the OVX are 

harder than at week 0 (98%,98%), though there is no evidence that the hardness 

in the OVX treatment is lower at week 54 than at week 34 (7%). The OVX-T 

shows evidence (97%) of an increase in hardness from week 0 to 54.

Table 6.18 shows that at no time is there evidence of a difference in hardness 

because of treatment.
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T^ble 6.17: Probabilities for a difference between the mean Hardness within each treat
ment at each time-point

Comparison Sham OVX OVX-T
00 vs. 04 0.61 0.70 0.37
00 vs. 14 0.24 0.57 0.70
00 vs. 34 0.98 0.98 0.95
00 vs. 54 0.94 0.85 0.97
04 vs. 14 0.18 0.39 0.76
04 vs. 34 0.93 0.93 0.95
04 vs. 54 0.86 0.61 0.97
14 vs. 34 0.98 0.94 0.81
14 vs. 54 0.96 0.71 0.88
34 vs. 54 0.30 0.07 0.67

Table 6.18: Probabilities for a difference between the mean Hardness of each treatment

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.60
0.31
0.22

0.80
0.86
0.60

0.68
0.42
0.25

0.31
0.76
0.86
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FYom table 6.19 it can be seen that there is evidence of a difference in hardness 

between the material near the core and that nearer the surface. This evidence 

occurs at one time point in each treament that do not directly match the time 

points in the Young’s modulus where similar evidence of a difference was found.

Table 6.19: Probabilities for a difference between the average Hardness of the near-core 
and near-surface material for each treament

Week 0 4 14 34 54
Normal
OVX
OVX-T

0.60 0.81
0.75
0.73

0.68
0.70
0.74

0.94
0.70

0.95

0.96
0.98
0.88
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Figure 6.22: Hardness near the trabecular core for all treatments after hierarchical anal
ysis
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Tat>le 6.20: Probabilities for a difference greater than OMPa between the mean Hardness 
of each treatment for the material near the trabecular core

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.46
0.23
0.26

0.76
0.83
0.60

0.34
0.40
0.58

0.33
0.67
0.80
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Figure 6.23: Hardness near the trabecular core for all treatments after hierarchical anal
ysis

Table 6.21: Probabilities for a difference between the meaii Hardness of each treatment 
for the material near the trabecular surface

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.57
0.32
0.25

0.78
0.82
0.56

0.78
0.50
0.20

0.25
0.83
0.91
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6.4 Trends in creep index over time and with 
treatment

Figures 6.24, 6.25 arid 6.26 and tables 6.22—6.24 have the results for the stress 

exponent of creep. Despite the medium and small correlations found with hard

ness and Young’s modulus in section 6.1.1, at no point was evidence found for a 

difference in creep index between treatments or within treatments over time.

■  Norma!
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■I OVX-T
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Figure 6.24: Creep exponent compared between treatments over time
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Table 6.22: Probabilities for a difference between the mean creep exponent within each 
treatment at each time-point

Comparison Sham OVX OVX-T
GO vs. 04 0.52 0.62 0.57
00 vs. 14 0.58 0.47 0.63
00 vs. 34 0.26 0.38 0.46
00 vs. 54 0.29 0.59 0.26
04 vs. 14 0.56 0.33 0.57
04 vs. 34 0.22 0.24 0.36
04 vs. 54 0.25 0.45 0.15
14 vs. 34 0.17 0.40 0.29
14 vs. 54 0.19 0.64 0.13
34 vs. 54 0.55 0.76 0.22

O
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■  OVX-T

c
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Figure 6.25: Creep exponent near the trabecular core for all treatments after hierarchical 
analysis
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Table 6.23: Probabilities for a difference between the mean creep exponent of each 
treatment for the material near the trabecular core

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.58
0.51
0.36

0.28
0.41
0.62

0.64
0.54
0.41

0.73
0.36
0.18
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Figiire 6.26: Creep exponent near the trabecular core for all treatments after hierarchical 
analysis

Table 6.24: Probabilities for a difference between the mean creep exponent of each 
treatment for the material near the trabecular surface

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.67
0.47
0.30

0.61
0.60
0.47

0.46
0.55
0.57

0.85
0.31
0.08
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Chapter 7 

Q-BSEM density results

This chaptcr presents the results of the Q uantitative-B ackscatter Scanning Elec

tron Microscopy analysis of the bone m aterial samples following the techniciue of 

Roschger et al. (1995) with t he refinements of Gleeson (2()06) as outlined in chap

ter 5. The result of this analysis was a quantification of the %Ca, by weight, of the 

bone m aterial, l)Oth near the core and near the surface of individual tral)eculae. 

O ther investigators by making assumptions on the level of stochiometery of the 

bone m ineral liaA'c used the calculation of %Ga to find a value for the total min

eralization, but it was not felt tha t this would be aj^propriate in this case in light, 

of the increased remodelling the OV'X treatm ent was cxpccted to be undergoing.

The mechanical properties, a t k'ci«t in part, arise from the mineralization of the 

material (see Section 2.3.3). Following from this, the object of the analysis was to 

investigate to w hat extent the changes in m aterial mechanical properties might be 

caused by changes in the mineralization of the material.

The chapter is divided into two main sections. The first outlines the Q-BSEM 

results in a m anner th a t reflects tha t used for the indentation experiments. The 

second examines the relationship betw^een the mechanical properties and this phys

iological property.

The m ineralization displayed similar trends to those found in the mechanical
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properties, although the statistical strength of the differences within treatm ents 

and over time were not so strong. Each of the mechanical properties was found to 

correlate positively with the %Ca, with the Yoimg’s modulus having the strongest 

relationship. The relationship between the mechanical properties and the %Ca 

was described using both linear and power-law approaches.

7.1 R esults from hierarchical analysis of % Ca 
by weight

This section presents the results from the %Ca, by weight, analysis in a manner 

which reflects the form of the results of the mechanical properties in sections 6.2.1 

and 6.2.3. The means of both the sham and OVX treatm ents peak at week 34, while 

the OV’X-T peaks at week 54. The mean %Ca of the sham and OVX treatments, 

having risen from the baseline at week 0 until week 34, drops below the peak 

value by week 54. Therefore, from an initial analysis of the results there would 

seem to be evidence to support that hypothesis that the trends in the material 

mechanical properties seen in Chapter 6 arise, in part at least, from changes in 

the mineralization of the material.

From table 7.1 it can be seen the the values for %Ca, by weight, are within the 

ranges found by other investigators, as discussed in section 5.1.

Table 7.1: Values of mineral density for each treatm ent over time, quoted as % Ca, by 
weight, with the 95% credibility limit quoted in brackets

Week 0 4 14 34 54
Normal
0\^X
OVX-T

19.7 (1.3)
- ( - )
- ( - )

19.9 (1.1)
19.9 (0.9) 
20.3 (1.0)

20.0 (1.2) 
19.9 (0.9) 
20.2 (1.0)

20.3 (1.1)
20.0 (0.9)
20.1 (1.0)

20.1 (1.1) 
19.9 (0.8) 
20.4 (1.1)

While, as was suggested in the previous paragraph, there is a similarity between
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Figure 7.1: Trends in the mineral density /  %Ca by weight

the trends found in the in mechanical properties over time and the %Ca, it can 

be seen from table 7.2 that at no point was there a significant probability of 

a difference in the %Ca within treatments over time. However, the strongest 

probabilities of difference between the treatments occur at the same points as 

the mechanical properties. At week 34 both the sham and OVX show a strong 

probability (92%, 79%) of having a higher %Ca than at the baseline, week 0. For 

the OVX-T samples the highest probability (94%) of a difference from the week 0 

baseline occurs at week 54.

Looking at the probabilities of differences between treatments, as shown in 

Table 7.3, the strongest differences occur between th OVX and OVX-T treatments. 

There is evidence that the mean %Ca of the OVX-T samples is higher than those 

of the OVX at weeks 14, 34 and 54 (82%, 83% and 92%).

Reflecting the analysis of the mechanical properties, the relationship, within
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Table 7.2: Likelihoods of a difference in the mean mineral density for each treatment 
over time

Comparison Sham OVX OVX-T
00 vs. 04 0.62 0.42 0.50
00 vs. 14 0.63 0.39 0.49
00 vs. 34 0.70 0.46 0.39
00 vs. 54 0.66 0.41 0.57
04 vs. 14 0.50 0.39 0.43
04 vs. 34 0.61 0.48 0.33
04 vs. 54 0.54 0.42 0.52
14 vs. 34 0.56 0.51 0.35
14 vs. 54 0.48 0.46 0.55
34 vs. 54 0.38 0.38 0.63

T^ble 7.3: Likelihoods of a difference in the mean mineral density between treatments 
over time

Week 4 14 34 54
Normal vs. OVX 
Normal vs. OVX-T 
OVX vs. OVX-T

0.47
0.66
0.68

0.38
0.58
0.69

0.32
0.35
0.50

0.36
0.64
0.75
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treatments, between the %Ca of the material near the core of the trabeculae and 

that near the surface is presented in figures 7.2, 7.3 and 7.4. For all treatments 

and at all time-points, the mean near core %Ca is greater than that for the near 

surface material. And, as with the measured mechanical properties, the magnitude 

of the diiference between the %Ca between the near core and near surface material 

is similar at all time-points and across all treatments.

S I
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■  Near core
■  Near surface
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0 10 20 30 40 50 60
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Figure 7.2: Trends in the % Ca by weight in the sham operated rats, comparing the 
%Ca near the core and surface of the trabeculae

From Tables 7.4 and 7.5, which give the %Ca values for the near core and near 

surface, respectively, it was calculated that the average difference in %Ca between 

the near core and near surface is 0.58 %Ca.

The calculated probabilities for differences between the near core and near 

surface bone material in table 7.6 show very strong evidence that the material 

near the surface has a lower %Ca than that of the material near the core in both 

the sham operated and OVX treatments.
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Ikble 7.4: Values of mineral density for each treatment over time, quoted as %Ca, by 
weight, of the near core region over time

Week 0 4 14 34 54
Sham
OVX
OVX-T

20.1 (1.2)
- ( - )
- ( - )

20.3 (1.1)
20.3 (0.8) 
20.5 (0.9)

20.5 (1.2) 
20.2 (0.9)
20.5 (0.8)

20.7 (1.1)
20.3 (0.8)
20.4 (0.9)

20.5 (0.9) 
20.3 (0.8)
20.6 (0.8)

seen

Table 7.5; Values of mineral density for ea«h treatment over time, quoted as %Ca, by 
weight, of the near surface region over time

Week 0 4 14 34 54
Sham
OVX
OVX-T

19 (1.1)
- { - )
- ( - )

19.7 (1.1)
19.7 (0.9) 
20.1 (0.9)

19.9 (1.3) 
19.7 (0.9) 
20.1 (1.0)

20.1 (1.1) 
19.8 (0.9) 
20.0 (0.9)

19.9 (1.1) 
19.7 (0.9) 
20.2 (1.1)

Table 7.6: LikeUhoods of a difference in the mean mineral density between the near core 
and near surface region within treatments over time

Week 0 4 14 34 54
Normal
OVX
OVX-T

0.94 0.97
0.99
0.94

0.96
0.99
0.94

0.95
0.97
0.93

0.97
0.99
0.84
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Figure 7.3: Trends in the % Ca by weight in the OVX rats, comparing the %Ca near 
the core and surface of the trabeculae

7.2 Relationship between mechanical and phys
iological properties

The examination of the %Ca values in the last section made allusions to the 

similarity of the trends to those of the measured mechajiical properties. Here 

the relationship between the physiological property, the bone mineralization, as 

represented by the %Ca, and each of the mechanical properties, Young’s modulus, 

Hardness and the creep index, is qiiantified. Three methods were employed for 

this purpose: Pearson’s correlation coefficient, to gauge the strength and sense of 

the relationship, line fitting and power-law fitting, to examine the nature of the 

relationship.

Figures 7.5, 7.6 and 7.7 plot each of the mechanical properties against the %Ca. 

Each point on the plots represents the mean mechanical property for a treatment
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Figure 7.4; Trends in the %Ca by weight in the OVX-T rats, comparing the %Ca near 
the core and surface of the trabeculae

at a particular time-point and the corresponding mean %Ca value.
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Figxire 7.7: Trends in the mineral density /  %Ca by weight

From the Pearson correlation coefficients in Table 7.7 it can be seen that all 

three mechanical properties correlate positively with the %Ca, with both the 

Young’s modulus and the creep index showing stronger relationships than the 

Hardness. Both Young’s modulus and hardness show a medium level of corre

lation with %Ca. The creep index shows a large negative correlation with the 

%Ca.

Table 7.7: Pearson correlations between mechanical properties and the % Ca, by weight

Young’s modulus Hardness Creep Index
0.49 0.32 -0.62

In general, a power-law is used to describe the relationship between Young’s 

modulus (Currey, 1969). Table 7.8 presents the R-squared values associated with 

the fitting of lines and power-laws to the data plotted in figures 7.2, 7.2 and 7.2.
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As might be expected, given tlie naiTow range over which the vahies for each of 

the properties fall, there is little difference in the cinality of the lit achieved. Based 

simply on the fits to this da ta  t.he power-law descrii^tion is to be preferred as an 

extrapolation of the linear fit shows the niechanical properties decreasing to zero 

before the %Ca reaches zero, as found in previous studies.

Table 7.8: R.-squared values for line and power-law fits between mechanical properties 
and the %Ca, l>y weight

^bung’s modulus Hardness Creep Index
Line 0.24 0.10 0.38
Power-law 0.24 0.09 0.39

Tabic 7.9; Slopes and intercepts (in brackets) for linear fits between mechanical proper
ties and the %Ca, by weight

\b u n g 's  modulus Hardness Creep Index
Line 9.569 (-180.83) 58.594 (-921.08) -0.02 (0.50)
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Chapter 8 

Discussion

This discussion is divided into three main sections. The first discusses the methods 

employed during testing and analysis, their advantages and shortcomings, and the 

nature of the results obtained. Section 8.2 is a discussion of what the results 

say about how the mechanical characteristics of bone can change with time, the 

mechanisms that affect these changes and the nature of these mechanisms. The 

final section relates the findings on bone material to the conditions involved, that 

is. ovariectomy-induced osteoporosis and its treatment using a synthetic oestrogen 

agonist and how the findings relate to the human condition.

8.1 M easurem ent m ethods and nature of results

8.1.1 Indentation

The steps taken in the preparation of mechanical test samples were carried out 

with the intention of interfering as little as possible with the magnitude and char

acter of the bone material properties. It is believed that this gave a truer account 

of mechanical properties including those that are time dependent, which would 

be greatly affected by drying or embedding. The disadvantage of the preparation 

techniques used is tha t there was a time constraint on how quickly the measure

ments must be made. The properties of the bone material were found to be stable
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for approxim ately 3 liours. This left little room for error when performing the 

measurements.

The nanoinclenter used was found to have some trouI)le ascertaining the surface 

level of the bone samples. This could not alwa}^s be corrected for, which, given the 

already tliscussed preparation methods, led to a number of wasted ind i\idual tests. 

However, despite the discussed short-coming it was felt th a t it Avas re([uired if the 

characteristics of bone and not ju st the relative properties were to be ex|)lored.

In section 4.4.5 deformation mechanisms of bone under indentation were hy

pothesised from w hat is known of the structure of bone m aterial in an a ttem p t to 

describe how the quantities measured by nano-indentation reflect the properties 

on bone. The theories developed for nanoindentation a^isume ideal behaviour from 

the testing m aterial. \\"ith this in mind the force /  displacement response from 

bone was judged as a “black box'’ and then interpreted afterward in term s of what 

is known about bone's m aterial structure (section 2.1.2).

8.1.2 Q-BSEM

An apparent contradiction surfaced when the results of the mechanical testing and 

the %Ca analyses are compared. In the Young’s modulus results we see strong 

evidence of difference in the treatm ent average within treatm ents over time and 

some evidence of a difference in the aA’eragc values for the m aterial near the corc 

of the trabeculae and th a t near the surface (tables 6.14 and G.19). However, when 

the Q-BSEM results are examined there is no evidence of a change in average %Ca 

over time within individual treatm ents, but both the sham operated and 0 \ ’X, in 

all but one time-])oint, show strong evidence tha t the near-core bone m aterial has 

a higher average %Ca than  the m aterial near the surface (table?.6).

From the correlations between the mechanical properties and %Ca, it was seen 

tha t there is a medium correlation (Pearson correlation coefhcient=0.49 (table



7.7)) and line fit within the range of the data showed that (keeping in mind the 

strength of the correlation and an assumption of causality) a 1% rise in %Ca 

corresponded to a 9GPa increase in Young’s modulus.

However the most likely explanation lies with the difference in testing protocol. 

The two measuring methodologies were intended to be equivalent at the material 

level, but while each mechanical measurement value came from a distinct test run, 

while the Q-BSEM measurements for each rat came from a single test run, thus 

providing for a greater coherence. Also, as the correlation only purports to explain 

49% of the variation in Young’s modulus and 32% of the hardness there may l)e 

other factors that distinguish bone material within an individual trabecula that 

do not have so strong an effect o\'er time.

8.1.3 Structure of study and m ethod of analysis

The positioning of the indentation and Q-BSEM sites relative to the centre and 

edge of the exposed cross-sections of trabeculae meant is likely to give a conser

vative picture any divergence in material properties tha t might occur between the 

core and free surface material.

The hierarchical model applied to the data was conservative in that it made no 

assumptions about bone at any particular statistical level being the same through

out the experiment i.e. all trabeculae within a treatment were not considered to 

be part of the same population.

The Gibbs sampling method used to calculated the posterior probability distri- 

l)utions for the quantities of interest is a numerical method, and as such contains a 

degree of error. For each quantity calculated the error was two orders of magnitude 

less than the variation about the calculated quantity.

The use of Bayesian statistical methods greatly simplified the application of 

the hierarchical model and was able to deal with unbalanced sample sets, such as
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whon an inden ta tion  run  was unsuccessful and could no t be repeated . Furtlierniore 

it is considered th a t  the Bayesian approach, dealing w ith  p robabilities ra th e r than  

the  inferred probab ilities of classical s ta tis tics , such as the S tu d e n t’s T -tcs t, gives 

a  m ore in tu itive  understand ing  of the  answers to questions regard ing  difference in 

cjuantities.

8.2 Trabecular bone and rem odelling

W hile the p rim ary  objective of th is work was to  gain insight in to  hum an post

m enopausal osteoporosis, m ore general observations can be m ade regarding the 

m echanical characteristics of trab ecu la r bone and  the natm-e of trab ecu la r bone 

rem odelling. T h is p a rt  of the  discussion will s ta rt w ith  w hat th is investigation 

has uncovc'red of th e  general characteristics of bone and  then  proceed to  exam ine 

how these characteris tics  change w ith tim e and w hat th is  in tu rn  says al^out the 

m echanism s by which these changes are affected. For th is purpose th e  prim ary 

focus will l^e on the  resu lts from the  sham -operated  ra ts , b u t will use the 0 \ 'X  

and 0 \"X -T  sam] )les as m odels of bone under increased rem odelling and suppressed 

rem odelling behaviour, respectively, as described in section 2J).2.

8.2.1 Range and tem poral change in material properties

O f the proi)erties exam ined. Y oung’s m odulus and  hardness Ijy inden ta tion  and 

% Ca by Q-BSEM  have been used extensively to  investigate bone and as seen in 

chap ter 2 the A^alues found were all w ithin the range found by o ther investigators. 

The creep p a ram ete r could not be com pared in th is way, b u t behaved as would be 

generall}- expected (Ashby and  Jones, 198G), having an  inverse rela tionship  w ith 

the  Y oung’s m odidus, hardness and  %Ca.

As s ta ted  previously (chap ter 5), the Q-BSEM  m easurem ents were perform ed 

to investigate a  possible source of the  changes in m ate ria l p roperties. T he changes
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in %Ca were seen to account for 49%, 32% and 62%> of the changes seen in Yoimg’s 

moduhis, hardness and creep index. While correlation in no way implies causation 

in itself, in bone it is from the arrangement of the material constituents that the 

mechanical properties arise. These correlations suggest how the material arrange

ment affects different mechanical aspects of the material. Hardness is shown to 

depend only in a small way on the gross quantity of mineral present, implying 

that the hardness of bone depends more on the interconnectivity or crystallinity 

of the mineral. Conversely a lack of mineral, or strictly speaking Ca, shows a 

large correlation with the creep index. This fits well with the idea of mineral dis

placing water as it crystallises within and about the organic matrix reducing the 

stress relaxation potential of the material. The correlation of Young’s modulus 

and %Ca reflects previous work showing the effect of changing mineral content on 

bone (Currey, 1988).

Change v̂ îth tim e

The sham operated ra t group was intended as a base-line against which the OYX 

and 0\"X -T groups could be compared. The 0 \ 'X  and OVX-T were used as 

models of altered remodelling rates, with the 0 \ ’X having a sustained, increased 

level of remodelling and the OV'X-T suppressed remodelling, although by design 

the the dosage used was “sub-optimal” to prevent OV'X induced bone loss. The 

sham operated base-line showed considerable change in both Young's modulus and 

hartluess over the course of the test period, showing strong evidence (99%) of a 

difference been the lowest and highest mean treatment values, shown in table 8.1.

There is a drop in the average Young’s modulus from week 34 to 54 in the 

sham operated group. While there is no statistical evidence for a drop (94%), 

it was considered, in light of strong evidence in the OVX group for the same 

alteration, that it should not be completely ignored. The possibility of a reversal
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Tabic 8.1; Higlicst and lowest values for cacli property for the sham operated treatment 
over the test period

E (GPa) H (MPa) Creep Index %iCa, by weight

Highest value 
Lowest value 
Difference a t 95%

19.2 (3.6) 
9.6 (1.8) 

3.2

325.2 (77.0) 
187.6 (79.5)

0.09 (0.03) 
0.08 (0.02)

- ( - )

20.3 (1.1) 
19.7 (1.3)

- ( - )

in the alteration of a mechanical or physiological property did not feature in the 

initial assum ptions of how the ra t model would behave, although the rats used in 

this experim ent were older than those generally used in osteoporotic trials (section 

2.5.5). The natural ageing process of the ra t has been suggested as a possible cause 

(Ederveen, 2003).

From 0 to 34 weeks there is no evidence to distinguish the m aterial from any 

of the three treatm ents, l)Ut fronr 34 to 54 a divergence can be observed between 

the l)eha\-iour of the sliam operated and 0 \ 'X  nraterial and the OVX-T m aterial.

W'hen the trend in the properties of the 0 \"X  m aterial is tli('n examinc'd, it 

is seen to follow th a t of the sham operated treatm ent; the Young’s modulus rises 

from week 0 to week 34, bu t by week 54 decreases. B ut in this case there is very 

strong evidence (99%) th a t the m aterial had a higher modulus at week 34 than 54. 

Instead of com paring the treatm ents a t individual tim e points their behaviour over 

the same tim e period is compared. Here the OVX groups, representing increased 

remodelling, show very strong evidence of a decrease in Young’s modulus over the 

twent)" week period, while over the same period the the sham operated l:)one shows 

(as referred to in the last paragraph) no evidence of the same decrease. This is 

evidence th a t, while increased remodelling does not significantly alter the bone 

m aterial properties relative to tha t of a sham operated equivalent, the changes 

affected under the same circumstances are more extreme.
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The beliaviour of the 0 \ 'X -T  treatment contrasts, in the latter stages, with 

that of both the sham operated and the OVX. There is strong evidence (99%,97%) 

that Young’s modulus increases linearly from week 0 til week 54. At week 54 the 

material from the OVX-T treatment has a higher Young’s modulus (99%) than 

that of the OVX treatm ent there is evidence (96%) that is is greater than tha t of 

the sham operated treatment. It is only at week 54 that the OV'X-T, suppressed 

remodelling shows strong evidence of a difference from another treatment. There 

is strong evidence (99%) tha t the OVX-T treatment has a higher Young’s modulus 

than that of the OVX treatment, but this is due to their divergent behaviour after 

week 34.

Because of the decrease, though not statistically strong, in the sham operated 

material it is not thought that the increased remodelling associated with OVX is 

the cause of this change, but an exacerbating factor. It has been shown that there 

is a significant and marked contrast in the long-term properties and behaviour of 

trabecular bone material owing to changes in l.)one remodelling activity. It can 

be seen that the increased remodelling shows no sign of degrading the material 

j)roperties and follows the behavioural trends of the sham operated treatment. It 

has also been shown that suppression of remodelling activity causes both long term 

behax’iour and properties to vary from that which is considered a normal, healthy 

baseline, and especially from the condition of increased remodelling.

8.2.2 Distribution of properties

An initial assumption was that the increased remodelling associated with oestro

gen deficiency would be manifest as a surface phenomenon. The conseciuences of 

this would be that as number of trabeculae was reduced and the few remaining 

trabeculae were made thicker to to support the load a distinction would emerge 

between the older, more m ature bone in the core and the newer less mineralised
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hone near the surface.

In each case it was found, on average, th a t the m aterial near the core was 

stiffcr, harder and crcpt less than the m aterial near the surface. Howe\'cr, onlj' at 

two points was there evidence for this ( 95%, 96%; table 7.C). The measurements 

of %Ca give a more em phatic picture, showing very strong evidence of a difference 

between the core and near surface m aterial a t all tim e points for the 0 \ 'X  material, 

a t weeks 1, 14 and 54. There is also some evidence of a greater %Ca near the core 

in both the sham and OV'X-T treatm ents (table 7.6). Again it has been shown that 

while the 0 \ ’X shows no great deviation in m agnitude from the sham -operated 

baseline, w ithin the treatm ent over time the difference is more extreme.

The disparity in the %Ca near-core and near-surface of the 0 \ 'X  m aterial would 

seem to lend credcnce to the initial assum ption of a m ature central core unaffected 

by the oestrogen deficient environment and a partially  resorbed or less m ature 

surface layer. However, if the changes in the Young’s modulus, which were seen to 

be significant over time, of the near-core and near-surface m aterial are examined 

the assum ption is undermined. The overall trend in the ^bung 's modulus for the 

0 \ ’X m aterial was an increase (99%) followed by a decrease (99%). The near- 

surface m aterial shows similarly strong evidence of the same increase (99%)) and 

decrease (99%). The near-core m aterial also shows strong evidence of an increase 

from week 0 to 54, l)ut only shows some evidence of a subsetiuent decrease by 

week 54. While from this it can be seen th a t the very strong evidence for the 

overall decrease in the Young’s modulus in the OVX m aterial from week 34 to 54 

is influenced by the m aterial near the smface, it cannot be reasonably said tha t 

the m aterial in the core of the trabecula is completely imaffected.

The strong differences seen in %Ga between the near-core and near-surface 

m aterial and the lack of sim ilar evidence in the OVX-T group indicates th a t it is 

the action of remodelling th a t m aintains a gradient of mineralization w ithin the
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trabeculae. Even if the possible differences have not been widely discerned by tlie 

mechanical testing used it is apparent th a t suppressing remodelling will change 

the nature of the trabeculae’s structural properties. It is more likely to have an 

effect on the stiflhess in bending which would affect the structura l stiffness of the 

cancellous mass.

As the overall properties of the trabecular m aterial are altered, the m aterial 

near the core and th a t near the surface are seen to alter in tandem . For increases 

in a property such as Young’s modulus or hardness this would seem to indicate 

the m aturity  of the core m aterial increasing ahead of the less m ature m aterial 

near the surface. B ut for the fall in Young's modulus in the OVX m aterial both 

the core and surface m aterial show evidence of a fall, though the evidence for a 

fall in the Young’s modulus of the m aterial near the surface is stronger. If it is 

assumed th a t the action of BMUs is confined to removal from and deposition onto 

surfaces (section 2.2.1), then the changes witnessed here would require th a t the 

entire m aterial content of trabeculae are removed and redeposited or th a t new 

trabeculae arise. This is not borne out by studies tracking the structural changes 

in trabecular bone bone over time (section 2.5.3). Work carried out by VVaarsing 

(200G) on the same anim al groups as used here showed th a t the rapid structural 

remodelling experienced by the OVX groups had slowed by week 34 and begun to 

level out. From this it can be inferred th a t, if resorption and deposition activities 

of the BMUs are not directly responsible for the change in m aterial properties, the 

changes in m aterial properties are induced by other mechanisms such as osteoc}’tic 

osteolysis and ion transfer, as described in section 2.2.1. However as there is 

stronger evidence for the change in the m aterial near the surface it could be that 

the change is in itia ted  on the outer surface and then pervades the m aterial.
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8.3 P o s t-m en o p au sa l osteoporosis an d  its  t r e a t 
m en t using  tibo lone

111 section 8.2.2 the changes in trabecular l)one m aterial were discussed in terms 

of normal, increased and suppressed remodelling. The increased and suppressed 

or slowed remodelling w'ere stated  to arise from ovariectomy induced oestrogen 

deficiency (section 2.-5.2) and its treatm ent using ti1>olone, a synthetic compound 

with tissue specific effects including an ocstrogenic, androgenic and progesteronic 

effects (section 2.5.4). In this section the meaning of the changes in the context of 

ovariectomy or menopause induced osteoporosis and its treatm ent is discussed.

From figure 6.1-5 and table 6.1-3 the most striking aspect of the relationship 

between tlie three treatm ents is the similarity in overall behaviour between tlu' 

m aterial from sham oi)erated and OVX animals, and the contrast, especially after 

week 34, w ith the mat erial from 0 \ 'X -T  animals.

It has been shown in section 8.2.1 tha t over the long term  there is little ev

idence th a t the conditions following ovariectomy lead to l>one m aterial tha t is 

mechanically inferior to th a t of sham operated. It does, however, show signs of 

more extrem e behaviour. This is evident from weeks 34 to 54 where the OVX 

treatm ent shows strong evidence of a fall in the mean Young’s modulus while in 

the sham -operated trea tm ent group the change in the mean is not as great and 

is supported by only some statistical evidence. This indicates th a t the significant 

phenomenon a t the level of bone m aterial in an oestrogen deficient osteoporotic 

environment is the rate  of change rather than the magnitude.

In the previous section the OVX-T treatm ent was used as a mod('l of rem od

elling suppression because of the way in which Tibolone exerts its influence on tlu' 

osteoclasts and osteoblasts (section 2.5.4). The trea ted  bone m aterial shows no 

sign of the decrease in Young’s modulus seen in the OVX m aterial. If the evidence 

of a decrease in the sham operated treatm ent from week 34 to 54 is a sign of ageing



then Tibolone could also be seen as an antidote to the natural degradation that 

bone experiences over the lifetime. But it has also been suggested that remodelling 

acts as a repair mechanism (section 2.2.1). In this case suppression or slowing of 

the bone’s normal tendency to remodel could lead to damage accumulation and 

be detrimental to the long term mechanical integrity of the bone.

Until this point bone has been discussed while ignoring the differences l:)etween 

the human post-menopausal condition and that of the ovariectomised rat. There is 

a difference in scale between human and rat trabecidae and owing to the avascular 

nature of trabecular bone material changes initiated from the siu'face may not 

pervade so deeply. The more extreme nature of changes in 0\^X material will still 

be present, although this may be reduced by the difference in metabolic rate.
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Chapter 9 

Conclusions and Future work

The findings of this work conccrncd the effect of ovariectomy, the ensuing increase 

in remodelling activity and the suppression of this activity on trabecular bone 

m aterial. However, the findings a t this basic level of bone organisation have con

sequences th a t reach to the higher levels of structure and how bone changes with 

time.

• Of the three mechanical properties measured ’Vbung’s modulus is the most 

sensiti^-e to changes in bone material. The mechanical properties showed the 

expected correlations: Young’s modulus and hardness correlating positively 

with each other and both  correlating negatively with the creep param eter.

•  Q-BSEM m easurements of %Ca, by weight, did not capture changes over 

time, regardless of treatm ent group, but did capture large differences within 

individual trabeculae a t each tim e-point and sham operated and 0^'"X trea t

ment grou])s.

•  Trabecular m aterial mechanical properties change significantly over time un

der normal, healthy circumstances. In this study, given the age of the rats, 

those changes can be attribu ted  to normal ageing.

• There is no evidence tha t ovariectomy induced oestrogen deficiency causes



significant changes in the mechanical properties of trabecular bone material 

with respect to normal ageing. There is evidence that oestrogen deficiency 

afiects the rate of changc in the mechanical properties of trabecular bone 

material.

•  Trabeculae maintain a gradient of properties, with the core having greater 

mechanical integrity than the material near the surface, even as the overall 

material properties change. The gradient is significant in the sham operated 

and OVX groups, but not in the OVX-T, This indicates that the gradient is 

affected by the rate of remodelling present and is reduced when remodelling 

is suppressed.

•  The gradient of properties seen from the core material to the surface is main

tained as the overall, average Young’s modulus increases or decreases indi

cating tha t whatever the mechanism of the change, it pervades the material.

•  The anti-resorbative treatm ent used, Tibolone, has an efi’ect on the prop

erties of l^one material through its suppression of both natural and OVX 

remodelling behaviour, leading to increased Young’s modulus and hardness 

in the long term.

Results and conclusions in the context of the wider MIAB  
project

Of the wider work of the MIAB project, that which this work compliments most is 

that carried out be .J. H. Waarsing in the Erasmus Orthopaedic Research Lab, Rot

terdam and Loaise McNamara of the Mechanical and Manufacturing Engineering 

Department of Trinity College, Dublin.

The work in Rotterdam concerned the tracking of structural changes in 3 di

mensions over time (4 dimensions, if you will) using an m  vivo micro-CT scanner.
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Comparison of scans over several tim e-points allowed changes with-in individual 

rats to be t,racked (Waarsing, 2()()G). Overall mass and architecture comparisons 

were also made between the three test groups (W aarsing ct al., 2005).

The work of Laoise M cNamara concerned the testing of individual trabecular 

s tru ts (M cNamara et al., 2004) and then the development algorithm s to exjilore 

the possible relationship between strain- and microdamage-based bone remodelling 

and the mass changes observed in cases of osteoporosis (M cNamara and Prender- 

gast, 2007).

In the context of the work of these two researchers it can be seen th a t the \\'ork 

presented here continues to the final ’s truc tu ra l’ level, the m aterial and explores 

how age, osteoporosis and treatm ent affect this m aterial over time. While the work 

in these three cases displays a similar pattern  of examining how a particular aspect 

of the osteoporotic condition changes w ith time, it is expected (bj  ̂ this individual) 

tliat more work will be necessary to reconcile the three aspects before they can be 

viewed as a coherent whole.
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Directories 5038-5211 have the results from the animals used in the pilot study. 

Directory 5227 contains the results of the main study along with the software 

and scripts used in the analysis of the results (Results/5227/5227_trpte/Cpp and 

Results /5227 /5227_trpte/R_analysis).

The Results/Sern directory contains the test results from the Q-BSEM %Ca 

analysis.

The other directories contain support data, such as repeatability testing on 

various machines.


