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

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

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

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

Liability statement

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

Access Agreement

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

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



Microcracks and the Fatigue Behaviour
of Compact Bone

Fergal Joseph O’Brien

BA, BAI

A dissertation submitted to the University of Dublin
for the degree of Doctor in Philosophy

October, 2000

Department of Mechanical and Manufacturing Engineering
Trinity College
&
Department of Anatomy

Royal College of Surgeons in Ireland



INDEX of CONTENTS

Preface
Acknowledgements
Declaration
Summary
Abbreviations

1 INTRODUCTION
1.1 Bone
1.1.1 Bone formation and growth
1.1.2 Modeling and remodelling
1.1.3 The role of microcracks role in remodeling
1.2 Mechanical properties of bone
1.2.1 Static Properties
1.2.2 Fatigue Properties
1.3 Clinical relevance of microdamage in bone
1.3.1 Stress fractures
1.3.2 Fragility fractures
1.3.3 Osteoporosis
1.3.4 The role of bone quality in osteoporosis
1.4 Objectives of this research

2 THE FATIGUE BEHAVIOUR OF BONE
2.1 Introduction
2.1.1 Fatigue in bone
2.1.2 Theoretical Model
2.1.3 Objectives
2.2 Materials and Methods
2.2.1 Fatigue testing protocol
2.2.2 Manufacture of specimen
2.2.3 Mechanical testing
2.2.4 Labelling of microcracks
2.2.5 Preparation of ground sections
2.2.6 Histological examination of ground sections
2.3 Results
2.3.1 Mechanical data
2.3.2 Comparison with theoretical model
2.3.3 Histological examination
2.4 Discussion
2.5 Conclusions

Page
iii

vi
Vil

00 00 ~J LI

10
11
12
15
15
16
16
18
21

23
23
73
25
28
30
30
30
32
34
35
36
37
30
38
39
41

43



3 MICROCRACK DETECTION 44

3.1 Introduction 44
3.1.1 Agents used in microcrack detection 44

3.1.2 Fluorescent chelating agents 49

3.1.3 Sequential labelling of microcracks 53

3.1.4 Objectives 53

3.2 Materials and Methods 54
3.2.1 Refinement of detection method 54

3.2.2 Ion Chromatography 54

3.2.3 Validation of results 56

3.2.4 Chelation times 31

3.2.5 Labelling of scratches using chelating agents 58

3.2.6 Measurement of most efficient concentrations 59

3.3 Results 61
3.3.1 Ion chromatography results 61

3.3.2 Chelation time results 64

3.3.3 Labelling of scratches using chelating agents 65

3.3.3a Two stain tests 65

3.3.3b Three stain tests 68

3.3.3¢ Four stain tests 70

3.3.4 Measurement of most efficient concentrations 72

3.4 Discussion 13
3.5 Conclusions 74
4 MICROCRACK GROWTH IN COMPACT BONE 75
4.1 Introduction 75
4.1.1 Bone as a composite material 75

4.1.2 Failure in composite materials 76

4.1.3 Effect of bone microstructure on microcrack growth 77

4.1.4 Loss of stiffness with microcrack accumulation 79

4.1.5 The process of microcrack growth in bone 80

4.1.6 Microcrack barrier concept 81

4.1.7 Objectives 84

4.2 Materials and Methods 85
4.2.1 Specimen manufacture 85

4.2.2 Mechanical testing 85

4.2.3 Histological examination 86

4.2.4 In vivo microcracks 90

4.2.5 Statistical analysis 91

4.3 Results 92

4.3.1 Three Agent Tests: Microcrack Densities 95

4.3.2 Three Agent Tests: Microcrack Locations 98

4.3.3 Three Agent Tests: Microcrack Lengths 98
4.3.4 Four agent tests 100

4.3.5 Invivo v preexisting damage 102



5

6

7

8

4.4 Discussion

44.1

Microcrack accumulation during fatigue tests

4.4.2 Microcrack propagation during fatigue tests

443

Preexisting microcracks

4.5 Conclusions

MICROCRACKS IN THREE DIMENSIONS
5.1 Introduction

8:1.1
&.1:2
9.1.3

The true shape of microcracks
Prediction of microcrack shape and size
Objectives

5.2 Materials and methods

321
5.2.2
523
524
3.2:5
5.2.6
82,7
52.8
5.3 Results
5131
5.3:2
5.3.3

Preparation of samples

Staining

Preparation of blocks for serial sectioning
Embedding of bone specimens in MMA
Sectioning of specimens using a sledge macrotome
Identification and reconstruction of microcracks
Preparation of ground sections for LSCM analysis
Examination of ground sections using LSCM

Serial Sectioning Technique
Confocal microscopy technique
Data obtained using epifluorescence microscopy

5.4 Discussion
5.5 Conclusions

DISCUSSION

6.1 The fatigue behaviour of bone

6.2 Refinement of detection technique

6.3 The formation and growth of microcracks
6.4 Microcracks in three dimensions

6.5 Future work

6.6 Conclusions

REFERENCES

APPENDICES

104
105
106
110
111

112
112
112
115
115
117
117
117
118
118
119
121
122
123
125
125
126
129
131

133

134
134
136
138
142
144
146

147

167



Table 1.1
Table 1.2
Table 1.3

Table 2.1
Table 2.2
Table 2.3

Table 3.1
Table 3.2
Table 3.3

Table 3.4
Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 3.10
Table 3.11
Table 3.12
Table 3.13
Table 3.14

Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 4.7
Table 4.8
Table 4.9
Table 4.10
Table 4.11
Table 4.12
Table 4.13

LIST of TABLES

Strength of human femoral cortical bone

Moduli of femoral cortical bone

Relationship between material strength, fibre size and
spacing to crack initiation and growth

Experimental data on fatigue of compact bone
Summary of factors deduced from analysis
Criteria for identifying microcracks in bone

Criteria for identifying microcracks

Refined criteria for identifying microcracks

Excitation and emission maxima of chelating fluorochromes
and their recommended sequence and dosages for in vivo
administration

Protocol for generating scratches

Protocol used to generate scratches to determine optimal
chelating agent sequence and test the validity of the ion
chromatography results

In vivo dosage concentrations and new concentrations used
in ion chromatography tests

Protocol used to generate scratches to determine optimal
chelating agent concentrations

The average height of the calcium peak for each of the
chelating agents investigated along with the calcium standard
Summary of results from penetration time test

Two stain sequence results

Three stain sequence results

Four stain sequence results

Revised four stain sequence results

Results of four stain sequence using in vivo concentrations

Preparation of ground sections of compact bone

Criteria for the classification of microcrack location
Microcrack classification with three chelatings applied
Microcrack classification with four chelating agents applied
Data obtained from transverse sections

Data obtained from longitudinal sections

Mean crack length data obtained from transverse sections
Mean crack length data obtained from longitudinal sections
Crack data obtained from transverse sections

Crack data obtained from longitudinal sections

Data obtained from transverse sections

Data obtained from longitudinal sections

Crack Data

10
11
13

24
28
36

45
46
52

57
58

60

60

63

64
66
68
70
71
72

87
88
89
90
93
95
98
99
100
100
103
103
106



RO

A t}}‘i {

Bl

i v E




Fig

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig

Fig.

1.1
1.2

1.3

a1
2.2
2.3
2.4
¢
2.6

3.9
3.6
2.7

3.8
3.9

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

4.9

LIST of FIGURES

Structure of bone

(a) The distribution of compact and trabecular bone in an
adult long bone (b) bone cells

Ultimate tensile strength and modulus versus age for human
femoral cortical bone

Fatigue strength as a function of stressed volume

Dimensions of final specimen obtained

Schematic of rig used in experiments

Direction of failure of specimen

S/N Curve obtained from results of compressive fatigue tests
Section through fatigue- tested specimen viewed using UV
epifluorescence

Specimen viewed using UV epifluorescence

Example of crack growth between adjacent Haversian systems

Molecular structures of rosanilin and pararosanilin
Molecular structures of chelating fluorochromes
Chromatogram obtained on injection of Alizarin with

a calcium chloride concentration of 1 x 10°M
Chromatogram obtained on injection of Xylenol Orange with
a calcium chloride concentration of 1 x 10°M
Chromatogram obtained on injection of Calcein Blue with

a calcium chloride concentration of 1 x 10°M
Chromatogram obtained on injection of Calcein (5 x 10™*M) with
a calcium chloride concentration of 1 x 10°M

Examples of substitution occurring

Examples of scratches labelled with chelating agents

Most efficient 4 agent sequence

The process of failure in composite materials

Microstructural barrier, simplified geometry and loading scheme
Predicted variation of growth rate, da/dN with crack length for
different stress ranges in compact bone

Crack growth rate as a function of crack length

Schematic diagram of specimen analysis

Microcrack from surface labelled with alizarin, showing that it
was formed prior to testing

Examples of microcracks labelled with xylenol, showing that
they was formed during the first 50,000 cycles of the test
Microcrack labelled with calcein showing that it was formed
between 50,000 cycles and failure

Example of longitudinal microcracks

27
32
32
37
38
40

40
43

48
50-51
61

61

62

67
69
71

77
81
82

83
86
93



Fig
Fig
Fig
Fig
Fig
Fig

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

.4.10
.4.11
.4.12
.4.13
.4.14
.4.15
4.16
4.17

4.18
4.19
94
3.2

8.3
5.4

8.3

5.6

il
5.8

o

6.1

6.2

Numerical crack densities for all four crack types
Surface crack densities for all four crack types
Microcrack distribution

Location of transverse microcracks

Data obtained on microcrack lengths

Numerical crack densities against number of cycles
Surface crack density against number of cycles

96
96
97
98
99
101

102

Calcein labelled microcrack viewed using (a)green epifluorescence 104

(b) UV epifluorescence

Propagating microcrack stained with xylenol orange and calcein

Schematic of microcrack growth in 2 dimensions from mean
data for both stage 2 and propagating microcracks

Typical variation of fatigue crack growth rate with crack length
for constant stress range

Elliptical crack shape

Sledge macrotome

Lateral view of a microcrack reconstructed from serial sections,
in 'skeletal' and ‘covered’ forms, rotated through 0, 45 and 90
degrees

Fuchsin-stained microcrack (white arrow) viewed using LSCM
Dataset of images of microcrack visualised in Fig. 5.5 at 8um
intervals through the section

Reconstructed microcrack obtained from dataset of images

A reconstructed microcrack obtained using a gallery of

LSCM images

Microcrack viewed using (a) green (b) UV epifluorescence

Example of propagating microcrack, initially stained with
xylenol and then stained with calcein
A comparison between the two reconstructive techniques

107
108
113
115

120
125

127

127

128
128

130

141

141






PREFACE

The work presented in this thesis has been published as follows:

Lee, T.C., O'Brien, F.J., Pellegrini, F. and Taylor, D. (1998) Microcrack morphology in
fatigued compact bone. Journal of Rehabilitation Research and Development 35: 38-39.

O'Brien, F.J., Pellegrini, F., Dickson, G., Lee, T.C. and Taylor, D. (1998) Morphology of
fatigue microcracks in compact bone. Irish Journal of Medical Science 167: 276.

Taylor, D., Prina Mello, A., Ryan, C., O'Brien, F.J., O'Reilly, P. and Lee, T.C. (1999)
The fatigue strength of compact bone in compression. Journal of Bone and Joint
Surgery 81-B (Suppl.1): 94.

O'Brien, F.J. Grady, T., Diamond, D., Taylor, D. and Lee, T.C. (1999) The use of
fluorescent chelating agents in the detection of microdamage in compact bone. Journal of
Bone and Joint Surgery 81-B (Suppl. III): 321.

Taylor, D., O'Brien, F.J., Prina Mello, A., Ryan, C., O'Reilly, P. and Lee, T.C. (1999)
Compression data on bovine bone confirms that 'stressed volume' principle explains the
variability of fatigue strength results. Journal of Biomechanics 32: 1199-1203.

O'Brien, F.J., Taylor, D and Lee, T.C. (1999) Visualisation of microdamage in compact
bone. Irish Journal of Medical Science 168: 216.

O'Brien, F.J., Taylor, D, Dickson, G.R. and Lee, T.C. (2000) Microcracks in human
bone: the third dimension /rish Journal of Medical Science. 167 (Supp 1): 8.

O'Brien, F.J., Taylor, D, Dickson, G.R. and Lee, T.C. (2000) Three dimensional
behaviour of microcracks in compact bone. Journal of Anatomy 197: 319.

O'Brien, F.J., Taylor, D, Dickson, G.R. and Lee, T.C. (2000) Visualisation of three-
dimensional microcracks in compact bone. Journal of Anatomy 197: 413-420.

Lee, T.C.; O'Brien, F.J. and Taylor, D. (2000) The nature of fatigue damage in bone.
International Journal of Fatigue 22: 847-853.

O'Brien, F.J., Taylor, D and Lee, T.C. (2000) Detection of microdamage in compact
bone, In: Prendergast, P.J., Lee, T.C. and Carr, A.J. (Eds.) Proceedings of the 12"

Conference of the European Society of Biomechanics, Dublin: Royal Academy of
Medicine in Ireland: 41.

Taylor, D., O'Brien, F.J., Falsetti, F. and Lee, T.C. (2000) Fatigue properties of the
chicken tibia, In: Prendergast, P.J., Lee, T.C. and Carr, A.J. (Eds.) Proceedings of the
12 Conference of the European Society of Biomechanics, Dublin: Royal Academy of
Medicine in Ireland: 48.



Lee, T.C., O'Brien, F.J., Hardiman, D., Ryan, C., Prina Mello, A and Taylor, D. (1999)
Microcrack labelling and fatigue strength of compact bone. Journal of Rehabilitation
Research and Development (In press) (abstract).

O'Brien, F.J., Taylor, D, Dickson, G.R. and Lee, T.C. (2000) Microdamage in bone: a
three-dimensional approach, In: Computer Methods in Biomechanics and Biomedical
Engineering — 3, Middleton, J., Pande, G. and Williams, K.R. (Eds.) Gordon & Breach:
Amsterdam (In press) (book chapter).

Lee, T.C., O'Brien, F.J. and Taylor, D. (2000) Microcrack labelling in three dimensions.
Journal of Rehabilitation Research and Development (In press) (abstract).

Taylor, D., Lee, T.C. and O'Brien, F.J. (2000) Understanding fatigue in bone. Journal of
Rehabilitation Research and Development (In press) (abstract).



ACKNOWLEDGEMENTS

It has been my extreme good fortune to have, had the privilege to work for the last three
years as a Trinity College postgraduate student based in the Royal College of Surgeons in
Ireland. Having spent so much time in two institutions, and having sought advice from
so many people in different disciplines, it is very difficult to even begin to acknowledge
all the people who have contributed to this project.

First and foremost, to my supervisors, Prof. Clive Lee in whose debt I will always
remain, for his unequivocal support and guidance, I am very grateful. His patience in
teaching an engineer about the biological aspects of skeletal research was incredible,
Perhaps, the greatest tribute I can pay Clive, is that I now consider him a good friend.
Prof. David Taylor to whom I owe so much, his encouragement and perseverance over
the course of this project have been fantastic. I am honoured to continue working with
both men for another year.

My Head of Department in RCSI, Professor Stanley Monkhouse has been supportive
both academically and financially throughout the course of this project. My thanks are
also due to Mr. Alec Elliot and Peter Stafford in the Biology Division of RCSI and to
Margaret McCarthy and the Anatomy Technicians, Terry Byrne, John O’Brien and Peter
Kelleghan. My thanks to all the staff who have worked in the Anatomy Dept. at different
stages over the past three years, especially Paul Ridgway, Peter and Jonathan
McCullough, Alice McGarvey, and Skantha Kandiah.

To everyone in Trinity College, I am especially grateful, Dr. Patrick Prendergast and Mr.
Garry Lyons for their advice and support at various stages during my undergraduate and
postgraduate years and thanks to my Head of Department, Prof. John Monaghan and to
both Joan Gillen and Virginia Coulter for all their help. I am especially grateful to all the
postgrads for all their support and friendship, with and without the influence of alcohol.

My thanks are also due to Professor Kevin Nolan in the Dept. of Chemistry and Physics
in RCSI for all his help and advice in chemical analysis. Terry Murphy was invaluable
win helping prepare chemical solutions for analysis and Dr. Dermot Diamond and Dr.
Teresa Grady in the Dept. of Analytical Sciences in Dublin City University helped
greatly with the ion chromatography work.

Peter O’Reilly and Colm Ryan in Trinity helped with specimen preparation and
mechanical testing and Adriele Prina Mello’s help with the first set of fatigue tests and
his friendship in general is greatly appreciated. Thanks too, to David Hardiman and
Ciaran Connolly who assisted with the tedious process of embedding and serial
sectioning of calcified bone.

Special thanks are due to Dr Glenn Dickson in the Queen’s University of Belfast for
making available a confocal microscope for our use and for his help, support and indeed

iii



provision of accommodation during my time in Belfast. Dr. Stephen McQuaid was
magnificant in providing his time and expertise with the confocal microscopy process.

Thanks are also due to Professor Lorna Gibson for her invitation and for her help and
guidance in my brief stay in MIT, to her assistant Diego Gonzalez, and to everyone in the
Harvard Medical School, Orthopaedic Biomechanics Lab at Beth Israel Hospital in
Boston, I am very grateful. Special thanks to Tara Arthur who probably understands
more than most, the pitfalls of being an engineer studying microcracks in bone using
chelating agents.

To the best group of friends, without whom this project would never have reached
fruition, it is too difficult to name everyone, but special thanks to Conor O’Gorman, Joe
Jolley, Liam Glennon, Siobhan Kehoe, Declan Gaynor, Sarah Bothwell, Jedd Comiskey,
and my colleague, friend and flatmate Maeve Flynn. Claire Fahy and the Murphys,
Bruce, Linda and Helen have always been there, and have put up with me through good
times and bad over the past seven years.

Finally to my brother Cian and to my parents, to whom everything I have ever achieved
is a tribute. They have stood behind me throughout all my endeavours, and to them I am
eternally grateful.

Financial support for the Health Research Board, the Research Committee of the
Royal College of Surgeons in Ireland, the Trinity Trust and Cappagh Hospital Trust
is gratefully acknowledged.



DECLARATION

I declare that the present work has not previously been submitted as an exercise for a

degree at this or any other University.

The thesis consists entirely of my own work except where references indicate otherwise.

The library of the University of Dublin, Trinity College, may lend or copy this thesis

upon request.

October, 2000.




SUMMARY

Microcracking in bone acts as a stimulus for bone remodelling, contributes to the loss of
bone quality in osteoporosis and is thought to play a major role in both fragility and stress
fractures. This study seeks to refine a method of crack detection using fluorescent
chelating agents and to label microcrack initiation, growth and coalescence during fatigue
testing in compression. The three dimensional shape of microcracks and their interaction
with the microstructure of bone will also be investigated.

Five fluorescent stains have been identified which chelate calcium ions lining crack
walls. However, when applied in sequence, agents displaced each other by chemical
substitution, preventing accurate measurement of crack growth. The calcium affinity of
each agent was measured using ion chromatography and the agents ranked in descending
order: alizarin (A), xylenol orange (X), calcein blue (CB), calcein (C) and oxytetracycline
(O). This sequence was then tested on polished bovine bone specimens on which surface
scratches had been made to mimic microcracks. The quality, clarity and degree of
substitution of each agent were measured and concentration and tissue penetration time
were varied. The optimal sequence was A — X — C— CB, with a penetration time of 30
minutes and the A, X and C at 0.0005M concentration and CB at 0.0001M. The chemical
behaviour of O was variable and so it was excluded from the study.

Specimens from fresh bovine tibiae were machined into typical, waisted type of circular
cross section and fatigue tested in cyclic compression at 3 Hz. They were initially stained
with alizarin, to label pre-existing damage, and the other agents applied in sequence
during the test. Specimens were then sectioned and examined using UV epifluorescence
microscopy. Microcracks accumulated early in a specimen’s life but the rate then
levelled off before a second increase in the period prior to failure. Bone microstructure
greatly influenced microcrack growth with the 75 — 95% of microcracks found in
interstitial bone between Haversian systems. Microcracks grew in length primarily in the
longitudinal direction, parallel to Haversian systems and the longitudinal axis of the bone.
These results support the concept of a microstructural barrier effect in bone.

Human ribs were stained with basic fuchsin to label in vivo microcracks and viewed in
the longitudinal direction and in three dimensions using two different computer-based
methods of reconstruction: (i) laser scanning confocal microscopy of sections stained in
basic fuchsin followed by reconstruction of microcracks into a 3D image and (ii) serial
sectioning of methyl-methacrylate embedded sections with identification of microcracks
using UV epifluorescence followed by computerised reconstruction individual cracks.
Both LSCM and serial sectioning showed similar results regarding the shape and size of
microcracks in bone. Microcracks were elliptical in shape with a ratio of longitudinal
length: transverse width of 4.6: 1, consistent with theoretical predictions.
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Chapter 1

INTRODUCTION

Bone is the primary structural element of the human body. It serves to protect vital
internal organs and it forms a series of levers that multiply the forces generated during
skeletal muscle contraction, transforming them into bodily movements (Martin et al,
1998). It is self-repairing and can alter its properties in response to the stresses placed
upon it (Hayes and Bouxsein, 1997). It also serves as a reservoir of calcium, phosphate,
and other ions that can be stored or released in a controlled fashion to maintain

homeostasis in body fluids.

The major difference between bone and most engineering materials is that bone is a
living material. Following formation of the skeleton, continual adaptation of the bone
tissue maintains structural integrity. The process by which bone is shaped or customised
in known as modeling while the process by which is bone is repaired and ‘fine tuned’ is
known as remodelling. Bone adaptation is controlled by mechanical as well as metabolic
factors (Martin, 2000), i.e. Wolff’s Law, which states that “the law of bone remodelling
is the law according to which alterations of the internal architecture clearly observed and
following mathematical rules, as well as secondary alterations of the external form of the
bones following the same mathematical rules, occur as a consequence of primary changes
in the shape and stressing of the bones” (Wolff, 1892): i.e. the phenomenon of bone
adaptation under altered load. For example, increased loading as in the dominant arm of
baseball pitchers or tennis players leads to an increase in cortical bone. Bone adaptation
however, can also lead to a decrease in bone mass, prolonged bed rest or weightlessness
causes loss of bone: disuse osteoporosis (Lee and Taylor, 1999). Another major function
of bone remodelling is to replace damaged tissue such as microcracks formed from

repetitive loading (Martin and Burr, 1989).



Fatigue may be defined as the progressive loss of strength and stiffness that occurs prior
to failure in materials subjected to repeated loads. Bone fatigues as a result of the cyclic
fluctuating loads imposed during normal daily activities (Carter and Hayes, 1977a,b;
Piekarski, 1980). Changes in the strength and stiffness of bone have been attributed to
the formation of microscopic cracks within the material during each load cycle (Martin
and Burr, 1989). The fatigue life of bone is a function of crack accumulation and crack
growth (Agarwal and Broutman, 1980, Mori and Burr, 1993). These microcracks can,
under continued loading, grow into macrocracks eventually resulting in complete failure

or fracture.

Fatigue damage in bone acts as a stimulus for bone remodelling (Martin and Burr, 1982;
Burr et al, 1985; Burr and Martin, 1993; Mori and Burr, 1993; Prendergast and Taylor,
1994; Lee et al, 1999; Martin, 2000). Bones, therefore, have an advantage over most
engineering structures in that they have an inherent ability to repair damage. However if
this damage accumulates at such a rate that the capacity for bone repair is exceeded,
stress fractures result. These fractures occur commonly in athletes and soldiers engaged
in high intensity, repetitive activities such as marching or running. If, on the other hand,
damage accumulates at 'normal' rates but the bone’s repair mechanism is deficient,
fragility fractures result. This occurs in ageing bone (Schaffler et al, 1994a, 1995). It is
also thought that fatigue damage accumulation in bone plays a role in prosthesis
loosening (Goldring et al, 1993). Microdamage is, therefore, of great clinical importance
yet our understanding of microcrack initiation and growth is incomplete. A greater
understanding of the fatigue behaviour of bone is required for predicting and preventing

fractures.



1.1 Bone

Bone consists of cells embedded in a fibrous organic matrix (osteoid) which is composed
of collagen and other proteins. The osteoid matrix makes up approximately half of the
bone volume. Bone's characteristic rigidity and strength are derived from the mineral
phase which makes up the remaining volume. The principal constituents of bone mineral

are hydroxyapatite [Ca]10(PO4)6(OH)2], calcium phosphate and calcium carbonate with

lesser quantities of sodium, magnesium, potassium and fluoride. Microscopically, bone

is made up of a number of different bone cell types (10% by weight) (Schiller, 1994).

There are four types of cells in bone tissue, each of which has a specific role in the

formation, resorption and remodelling of bone.

(a) Osteoprogenitor cells which line the walls of the bones. In response to an appropriate
stimulus, these stem cells may differentiate into osteoblasts.

(b) Osteoblasts are large cells which are arranged in lines along the bone surface. They
are responsible for the formation of new bone tissue.

(c) Osteocytes are osteoblasts trapped by the secretion of the extracellular matrix and are
found in lacunae throughout this matrix. They have numerous processes that extend
through bony canals called canaliculi and communicate with each other. T}}ese canaliculi
are thought to play a role in sensing changes in the bone matrix (Cowin et al, 1995).

(d) Osteoclasts are large multinucleated cells which are involved in the resorption of
damaged or old bone. On the surface of bone, they are found in small depressions known

as Howship’s lacunae.

Bone changes with age. Microscopic examination shows that two varieties exist:

immature, or woven bone, and mature, or lamellar bone.

Woven Bone: woven bone is the first bone to appear during growth. It is characterised
by a random structure of fine collagen fibres. It is temporary and is replaced in adults by

secondary bone.



Lamellar Bone: this is the type of bone found in adults. Characteristically it is
composed of a layer of collagen fibres arranged in lamellae parallel to each other or
concentrically arranged around a vascular canal (Fig. 1.1a). The whole network of
concentric lamellae surrounding a canal, containing blood vessels nerves and loose
connective tissue is called a Haversian system or osteon (Fig. 1.1b). These concentric
lamellae around the central canal run parallel to the long axis of the cortex (Schiller,

1994).

Haversian systems are bounded by cement lines formed where osteoclastic behaviour
ceases and osteoblastic bone behaviour begins. As they mark the limit of bone resorption
prior to the formation of an osteon, they are sometimes known as reversal lines.
Canaliculi may sometimes pass through cement lines, providing a route for exchange
between interstitial bone and vascular canals within osteons (Atkinson and Hallsworth,
1982). Burr et al (1988) found that the cement line contained 85-90% of the calcium and
phosphorous found in the adjacent bone lamellae, they suggested that the cement line
may be more compliant and viscoelastic than other components of the bone matrix. The
irregular areas of bone between adjacent Haversian systems are referred to as interstitial
bone and consist of the remnants of woven fibred bone, circumfrential lamellar bone, and
osteons that previously occupied the area (Martin et al, 1998) and are now wedged

between osteons (Schiller, 1994).
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lamellae and (c) details of the organisation of trabecular bone (Martini, 1998)

Mature bone can be classified into two types of tissue, compact bone and trabecular bone
(Figs. 1.1, 1.2). Compact bone is the bone found in the shafts of long bones and forming
a cortex or shell around vertebral bodies and other spongy bone. Hence it is also called
cortical bone. It has a porosity of 5-30%, the pores and cavities within it can be assigned

to the following three categories:

1. Haversian canals run parallel to the long axis of the bone and contain capillaries and
nerves. The Haversian canal is surrounded by cyclindrical lamellae of bone and the

entire structure is known as a Haversian system. The canal contains one or more blood

- Haversian

- Volksmann’s



vessels, which carry blood to and from the osteon. They generally run parallel to the
surface of the bone.

2. Volkmann's canals are short transverse canals, containing blood vessels and normally
connect Haversian canals to each other and to the outer surfaces of the bone. They
appear to be surrounded by concentric lamellae of bone but knowledge about their
behaviour and structure is limited.

3. Resorption cavities are temporary cavities created by osteoclasts in the initial stages of
remodelling. On the surface of the bone, they are known as Howship’s lacunae (Fig.

1.2).
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Fig. 1.2 (a) The distribution of compact and trabecular bone in an adult long bone

(b) bone cells (Van der Meulen and Prendergast, 2000)

Trabecular bone (also called cancellous or spongy bone) is an orthotropic material, with a
porous architecture formed by individual struts or trabeculae (Gibson, 1985). In long
bones, the bulbous ends (epiphyses) are composed of trabecular bone covered by a thin
layer of compact bone. The cylindrical central sections of the long bones (diaphyses) are
comprised almost entirely of a thick shell of compact bone surrounding the bone marrow,

or medullary cavity (Fig. 1.2). Trabecular bone has a relative density varying from 0.05



to 0.7. The arrangement of the trabeculae is variable, they can be arranged into
orthogonal arrays (e.g. distal end of human tibiae) with the shape and density of the
trabeculae depending on the loads to which they are subjected (Gibson and Ashby, 1988,
1997).

1.1.1 Bone Formation and Growth

Skeletal formation begins in humans when the embryo is six weeks old. Bone forms by
two different processes, intramembranous and endochondral ossification.
Intramembranous ossification begins when mesenchymal stem cells cluster and
differentiate into osteoblasts. These osteoblasts then form osteoid which mineralises.
Spicules of bone form and develop outwards, trapping blood vessels to meet nutritional
demands. The initial bone is woven but eventually osteons form to produce compact
bone covered by periosteum. Examples of bones formed by this method include the vault

of the skull, the mandible and the clavicle (Martini, 1998).

The second and more common type of developmental process is enchondral ossification
where bone forms through replacement of an initial cartilage model. All long bones are
formed by this process. This begins with the differentation of mesenchymal stems cells
into chondrocytes creating a cartilage prepattern of the skeleton (Van der Meulen and
Prendergast, 2000). By the time an embryo is six weeks old, the proximal bone of the
limb, either the humerus or the femur is present but it is composed entirely of cartilage.
As the cartilage expands, chondrocytes begin to enlarge and the matrix is reduced to
struts of cartilage that begin to calcify. With lack of nutrition, the chondrocytes die.
Blood vessels then enter the cellular layer surrounding the cartilage (perichondrium),
bringing with them osteoclasts, which resorb the calcified cartilage. The inner layer of
cells in the perichondrium, differentiate to osteoblasts and a periosteum is formed.
Osteoblasts and blood vessels go towards the centre of the matrix and osteoid is laid
down from the centre outwards, increasing the length and diameter of the newly formed

bone (Martini, 1998). Bones are then further shaped by a process known as modelling.



Once the skeleton is formed, continual remodelling of individual bones maintain

structural integrity (Van der Meulen and Prendergast, 2000).

1.1.2 Modelling and remodelling

Bones are shaped by a process called modelling, where activation is followed by
osteoblast activity (bone formation) at some sites and osteoclast activity (bone resorption)
at others. In contrast, bone remodelling is the bone replacement mechanism of the
skeleton and mediates the effects of all agents - hormonal, nutritional or mechanical - that
act on it. Bone remodelling is carried out by temporary anatomic structures termed basic
multicellular units (BMUs). During remodelling, each BMU comprises a cutting cone of
osteoclasts in front, which removes old bone thereby digging a tunnel, which is then
filled in by a closing cone of osteoblasts. In both trabecular and cortical bone,
remodelling comprises an activation phase followed by resorption, followed by formation
(Frost, 1973). In the adult, remodelling serves to repair, renew and adapt bone tissue

(Van der Meulen and Prendergast, 2000).

Activation operates by the recruitment and differentiation of osteoclasts from stem cell
populations. Resorption of bone is carried out by osteoclasts moving longitudinally at a
rate of 40-50 microns per day. These osteoclasts are arranged in a cutting cone which is
about 100 microns in diameter and 300 microns in length. During formation, osteoblasts
appear around the periphery of the tunnel dug by the osteoblasts and start to form osteoid
which will be mineralised to form bone. The osteoblasts lay down concentric lamellae.
These move from the periphery towards the centre and, when finished, leave a central

Haversian canal for blood vessels and nerves (Martin and Burr, 1989).
1.1.3 The role of microcracks role in remodelling
Various theories exist as to the mechanism by which bone remodelling is initiated

(Cowin, 1995; Lanyon, 1991). However, a consistent finding has been that the activating

stimulus must be repetitive, i.e. cyclic, hence bone remodelling can be viewed as a



fatigue phenomenon. Tschantz and Rutishauser (1967) provided the first experimental
evidence that the damage caused by repetitive stresses can stimulate bone adaptation.
Subsequent theoretical arguments (Carter and Hayes, 1977b; Martin and Burr, 1982;
Currey, 1984; Burr and Martin, 1993; Prendergast and Taylor, 1994; Prendergast and
Huiskes, 1996; Martin, 2000) and experimental data (Burr et al, 1985; Mori and Burr,
1993; Bentolila, 1998; Lee et al, 1999; Muir et al, 1999; Verborgt et al, 2000) have

supported this link between fatigue microdamage and remodelling.

The process by which microcracks initiate bone remodelling remains poorly understood.
Frost (1960, 1986) suggested that the disruption of canalicular connections that occurred
when cracks crossed them, could provide the stimulus to initiate remodelling. Bentolila
et al (1998) showed that intracortical remodelling could be induced in rats, which
normally do not have intracortical remodelling by creating microdamage in the cortex.
His study also showed regions of altered osteocyte morphology in the vicinity of the
microcracks. Recently, evidence has emerged that controlled death or cell suicide
(apoptosis) of osteocytes is an important factor in initiating new remodelling sites (Burr,
2000). Vashishth et al (2000) showed that decline in osteocyte density in human cortical
bone is associated with accumulation of microcracks. Verborgt et al (2000) suggested
that microdamage induces osteocyte death, which signals for a repair response. This
study showed strong associations between bone microdamage and osteocyte apoptosis
and also between osteocyte apoptosis and subsequent activation of bone remodelling in
regions of microdamage (Burr, 2000). Computational modeling too, supports the concept
that microdamage can stimulate remodelling. Prendergast and Huiskes (1996) showed
that one of the effects of the high local strain around osteocytic lacunae is that stress
concentration centres are formed between lacunae. This provides sites for crack
nucleation and paths for crack growth effectively unloading the lacunae adjacent to the

damaged region.



1.2 Mechanical properties of bone

1.2.1 Static Properties

The mechanical properties of any structure depend upon both the properties of the
material and its geometry. The fracture behaviour of individual bones is strongly
dependent on the material behaviour of bone tissue. Bone is an anisotropic material,
hence its elastic and strength properties are dependent on the direction of applied loading

(Hayes and Bouxsein, 1997).
Table 1.1 shows the ultimate strengths of adult femoral cortical bone under various
modes of loading in both the longitudinal and transverse directions. The age span of the

subjects varied from 19-80 years.

Table 1.1 Strength of wet human femoral cortical bone (Hayes and Gerhart, 1985)

Loading Mode Ultimate Strength (MPa)

Longitudinal
Tension 133
Compression 193
Shear 68
Transverse
Tension 51
Compression 133

These results indicate that the material strength of bone tissue depends on the type of
loading as well as the loading direction. The compressive strength is greater than the
tensile strength in both longitudinal and transverse directions. Transverse specimens are

weaker than longitudinal specimens in both tension and compression.



The modulus values for adult femoral cortical bone are shown in Table 1.2. For loading
in tension or compression, the elastic modulus or Young’s Modulus gives an indication of
the relationship betweeen stress and strain in a material. For shear loading, the material
modulus is known as shear modulus. The longitudinal elastic modulus is about 50%
greater than the transverse modulus. The shear modulus for torsion about the longitudinal

axis is about 20% of the longitudinal modulus.

Table 1.2 Moduli of wet femoral cortical bone (Hayes and Gerhart, 1985)*

Longitudinal 17.0 GPa
Transverse 1.8 GPa
Shear 3.3 (3Pa

* Age span of population 19-80 years

The material properties of cortical bone also decrease with age as can be seen from Fig.
1.3. Human bone reaches maturity by the age of 30-35 years and then deteriorates. Its
mechanical soundness is reduced and its response to mechanical stimuli for new bone
formation is impaired. This reduction in modulus and in strength makes it easier for
microcracks to initiate in the material. Tests carried out by Zioupos and Currey (1994)
on bones of varying ages, showed that a 2.3% reduction in stiffness between the ages of
35-92 years is accompanied by 3.7% reduction in flexural strength and a 4.1% reduction
in the critical stress intensity, K¢ required to initiate a macrocrack. In ageing bone, it was
found that macrocracks were preceded by less damage and once formed, needed less

energy to drive through the tissue, thus requiring fewer cycles to ultimately cause failure.
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(Burstein et al, 1975).

1.2.2 Fatigue properties

The resistance of any material to fatigue fracture is a function of its resistance to
microcrack initiation, microcrack propagation and macrocrack growth. These factors are
in turn, highly dependent on the microstructural characteristics of the material (Martin
and Burr, 1989). Secondary compact bone may be considered as a fibre reinforced

composite material in which the Haversian systems act as the reinforcements (Burr et al,
1988; Piekarski, 1973).

In any composite material, several microstructural features can affect crack initiation and
crack growth. These factors include material strength, fibre diameter and fibre spacing
and they affect crack initiation and growth in different ways. In general, a reduction in
the strength of a material increases the potential for crack initiation but it also increases
the resistance to crack growth. The initiation energy for new cracks appears to be
directly related to shear strength. Because most of the lifetime of a crack is spent in the

growth stage, mechanisms that reduce shear strength such as poor fibre-matrix bonding,



may slow or prevent crack growth. This gives an indication of the influence of osteon
diameters and number on fatigue damage in compact bone. Osteon diameters vary
somewhat by species and decrease slightly with age in humans (Martin et al, 1982).
Discontinuities within the bone structure (e.g. voids, fibres, laminae etc.) too may provide

sites for crack nucleation, but also may serve as barriers to crack growth.

Table 1.3 Relationship between material strength, fibre size and spacing to crack

initiation and growth (Martin and Burr, 1989)

Resistance to: Crack Initiation | Crack Growth
Material Strength
Increased Increased Decreased
Decreased Decreased Increased

Fibre Diameter

Increased Decreased Increased

Decreased Increased Decreased
Fibre Spacing

Increased Decreased Increased

Decreased Increased Decreased

The fact that Haversian bone is similar in its osteonal arrangement to a very tough fibrous
composite laminate material, provides a clear indication that osteonal bone is tough even
though it is not very strong. Toughness, is a measure of a material’s ability to resist
fracture, i.e. the greater a materials toughness the more difficult it is for cracks to
propagate and coalesce (Piekarski, 1973). The fact that osteonal bone is laminated also
provides evidence of the difficulty for crack propagation, lamellar interfaces cause stress
enhancement at the tip of a propagating crack to be inhibited as the crack enters the
interface. The crack first meets a ductile interface and then meets a stiffer one, this
causes the crack to be first accelerated and then decelerated by the interface. This then

requires an increased threshold stress for the crack to continue propagating into the stiffer

~
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layer (Burr et al, 1988). This prevents catastrophic brittle failures propagating through
the Haversian system, and so increasing the size of the largest crack that can be tolerated

at a particular stress level.

Similarly, the morphology of the cement line in Haversian bone permits relatively easy
crack initiation but prevents or slows any significant crack growth. A cement line, lying
adjacent to the stiffer more heavily mineralised bone matrix, is thought to be responsible
for significant stiffness variations in bone (Burr et al, 1988). As with bone lamellae, this
means that cracks in the region of cement lines will inevitably pass between regions of
varying ductility which as explained above, slows down crack growth or eventually

arrests it completely.

In summary then, the morphology of osteonal bone appears to provide an abundance of
crack initiation sites but its structure prevents or slows any significant crack growth.
Consequently, although osteonal bone is a relatively weak material, it has good fatigue
and impact properties when loads are applied at physiological strain and strain rates.
Furthermore, since large numbers of cracks initiated at relatively low stresses are repaired
by bone remodelling, crack initiation may not be as detrimental to the fatigue life of bone

as it would be in a non-living material.



1.3 Clinical relevance of microdamage in bone

1.3.1 Stress fractures

Stress fractures occur due to the accumulation of stress induced microcracks, which
eventually result in a true fracture through the bone cortex (Schiller, 1994). They are
caused by repetitive stresses, rather than by a specific traumatic episode, and occur in
normal healthy bone. Such fractures are usually the result of repetitive, prolonged
stresses on a bone that has not accomodated itself to that action. In most cases, they
occur in individuals who are engaged in rigorous activity that is either totally new or to

which they are not yet conditioned.

This is, in part due to a mechanical imbalance. Muscles tend to adapt more quickly than
bones to a new activity and the increased muscle force acting on the relatively weaker
bone causes deformation, microdamage accumulation and fracture. They occur
commonly in military recruits. Pester and Smith (1992) carried out a study on army
recruits and found that 0.91 % of male recruits and 1.09 % of females suffered from
stress fractures. Stress fractures of the metatarsals and calcaneus are common in runners,
Johnson et al reported an incidence of 3.7 % in varsity athletes (1994). Fatigue fractures
within trabecular bone have been found clinically in the proximal femur, in the calcaneus
and in the proximal tibia (Pais and Wang, 1989). In horses, humeral stress fractures
usually require the animal to be destroyed. Stover et al (1992) reported 21 such fractures

during an 18 month period at one California racetrack.

Clinically, stress fractures present as pain associated with a particular activity. The pain
is relieved by rest and becomes worse when the activity is resumed. Diagnosis of stress
fracture is important as continued activity may result in a complete fracture or in splinters
of bone breaking off. The normal treatment for stress fractures is usually cessation the
activity to allow the bone to heal. As the majority of people who suffer from stress

fractures are young, bone repair usually takes place quite quickly.
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1.3.2 Fragility fractures

Fragility fractures occur in response to minor traumas which in healthy adult bone would
not lead to fracture (Heaney, 1993). The causes of bone failure may be intraosseous,
extraosseous or a combination of the two. Extraosseous factors include the tendency to
fall, manner of falling, amount of soft tissue at the point of impact to dissipate the force
of falling, and environmental hazards. Intraosseous factors include both the quantity and

quality of bone present.

Previous studies have found that the force of a fall from standing height, properly
applied, is sufficient to break virtually any adult bone (Robinovitch et al, 1993). They
conclude that older people are more inclined to break bones such as the hip because, in
falling, they fail to adequately protect the hip in the way a younger person would
(Heaney, 1993). Hip fracture alone is associated with a mortality of 10-20% within six
months and overall morbidity is estimated to cost $10 billion per year (Riggs and Melton,
1995). Demographic trends predict a three-fold increase in the number of hip-fractures in
the US by the year 2040 and world-wide, the number is predicted to increase from an
estimated 1.7 million in 1990 to 6.3 million in 2050 (Melton 1996). The estimated world
wide annual cost of hip fracture alone will reach US$ 131.5bn in the year 2050 (Johnell,
1997). In ageing bone there is clear evidence that the repair process is inefficient,
leading to accumulation of microdamage within the bone. Schaffler et al (1994a, 1995)
found that microcrack density in compact bone specimens taken from the femoral shaft
and neck increased with age as a strong power-law relationship. Such damage

accumulation in bone makes it a weaker material and so contributes to fragility fractures.
1.3.3 Osteoporosis
Osteoporosis is characterised by decreased bone mass and increased susceptibility to

fracture (Lane et al, 1996). It effects 20 million individuals in the US. These individuals

sustain more than 20 million fractures annually.
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The World Health Organisation defines osteoporosis as levels of bone density more than
two standard deviations below the young adult mean (Kanis, 1993). This description
fails to take account of the role of bone quality in osteoporosis. Recent investigations
have uncovered significant shortcomings in the use of bone mass as a predictor of bone
fractures, particularly in older individuals (Sherman and Hadley, 1993). Bone mass
increases during childhood, and peak bone mass is obtained by the middle of the third
decade. Adequate calcium intake during childhood and the teenage years is essential to
achieve peak bone mass and the greater the peak bone achieved, the greater the chance of

avoiding osteoporosis in later life (Lane et al, 1996).

The primary goal in the treatment of osteoporosis is to prevent bone loss beyond the
fracture threshold (Lane et al, 1996). Calcium supplementation is one of the most widely
used treatments in osteoporosis, however as Heaney (1992) has pointed out, the
administration of calcium supplements during growth may only accelerate the attainment
of peak bone mass and there is no direct evidence to show that it increases the actual peak
bone mass ultimately attained. Vitamin-D is also used commonly with calcium
supplements in the treatment of osteoporosis. It has been found that individuals suffering
from vitamin-D deficiency often have poor calcium absorption as well. A marked
decrease in the rate of fractures of the hip was demonstrated in a study of elderly patients

from France who had received dietary supplements of calcium and vitamin-D (Lamberg-
Allardt et al, 1993).

Oestrogen deficiency plays a prominent role in the pathogenesis of osteoporosis.
Oestrogen inhibits bone resorption and positively effects calcium balance. The
administration of oestrogen to post-menopausal women not only prevents bone loss but
also protects against vertebral and femoral fractures (Lane et al, 1996). However
oestrogen has some severe side effects which prevent its prolonged use, primarily
endometrial bleeding, and concern about the risks of cardiovascular disease due to
evidence that it can lead to excess blood clotting, as well as endometrial and breast

cancer.
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1.3.4 The role of bone quality in osteoporosis

The strength of bone is derived from the same basic features that determine the strength
of all structures. These are, the strength of the structural material itself, its three
dimensional arrangement and its mass density. The first two are commonly categorised
together under the term ‘bone quality’ in contrast to the mass density of bone which is a

reflection of bone quantity.

Tests conducted on trabecular bone samples from various sites (including femoral neck
and vertebral body) have found that 60-70% of the variance in bone strength can be
explained by both linear and power functions of density (Goldstein, 1987, Rice et al,
1988). From this, it is evident that bone mass alone is insufficient to predict bone failure.
This would suggest an important role for bone quality (Lee, 1997), the 30-40%
unaccounted for, can be explained by the fact that although bone density is a scalar
quantity, bone tissue is anisotropic and of varying quality depending on age, degree of

mineralisation and porosity (Goldstein et al, 1993).

Prospective clinical studies have confirmed that bone mass (or density) is not the sole risk
factor for predicting vertebral fracture (Ross et al, 1993), nor is it entirely specific or
sénsitive to predicting fracture (Ott, 1993). Virtually every study that has contrasted
bone mass density in patients with and without fragility fractures have found an overlap
between both groups (Melton et al, 1989; Kimmel et al, 1990). Individuals with fractures
commonly have normal bone mass values and sometimes have been found to have above
average bone mass. In contrast, other studies have found that individuals with well below

average bone mass density often fail to sustain fractures.

The idea of bone quality having wide-scale importance in osteoporosis and fragility
fractures is still a relatively new one. Ross et al (1991) showed that individuals with one
or more spinal fractures were much more likely to suffer a subsequent fracture, than those

without a prior fracture. His study, showed that individuals in the highest tertile of bone
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mass were more likely to develop another fracture than individuals in the lowest tertile of
bone mass who had not previously sustained fracture. This illustrates the importance of
fragility arising from non-mass related factors (Heaney, 1992) and requires us to look

beyond the bone mass density hypothesis with regard to fragility fractures.

The bisphosphonate range of drugs have recently been introduced as a treatment for
osteoporosis (Liberman et al, 1995), but their exact mode of action remains unknown
(Lin, 1996). They are characterised pharmacologically by their ability to inhibit bone
resorption, so increasing the quantity of bone present (Lee, 1997). Alendronate was the
first of the bisphosphonate drugs to be widely used in clinical practice. Initial tests
carried out on women with post menopausal osteoporosis showed that those treated with
alendronate had significant increases in bone mineral density. Tests carried out on
animals in which osteoporosis had been induced showed a similar increase in bone
density when treated with alendronate. Mechanical testing of the lumbar vertebrae of the
animals treated with alendronate also showed a 100% increase in strength (Balena et al,
1993).

These data on alendronate activity may not be quite as impressive as they seem. Some
reports suggest that bisphosphonates are absorbed into the crystal structure of the exposed
hydroxyapatite. During bone resorption, osteoclast activity releases bisphosphonate from
the bone matrix, which then inhibits the osteoclasts (Sato et al, 1991). Sahni et al (1993)
suggests that bisphosphonates operate by having at least a partial effect on osteoblasts

which then results in activity of the osteoclasts being inhibited.

Whatever the specific mode of action of the bisphosphonates, it is generally accepted that
the drugs do inhibit osteoclast activity and suppress the resorption phase of remodelling.
In the medium term it is clear that suppression of this resorptive phase prevents bone loss
and should therefore reduce fracture risk. However microdamage stimulates remodelling
which in turn repairs damage in bone. Therefore the possibility exists, that, by
administering bisphosphonates to inhibit remodelling, microdamage is accumulating in

the bone, leading to a reduction in bone quality. This could, in the long term prove
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harmful. Hirano et al (2000) applied high doses of etidronate to skeletally mature beagles
and found that the drug did suppress bone turnover. However, this study also showed an
increase in fractures in ribs and in the thoracic spinous process. They hypothesised that
this increase in fracture numbers was due to the high doses of the drug causing formation
of excess unmineralised bone but the exact cause was uncertain. Mashiba et al (2000)
have shown the first real evidence that treatment with bisphosphonates can lead to an
increase in microdamage accumulation. They treated two groups of healthy dogs with
high doses of risedronate and alendronate respectively over the course of one year. They
found that the treatment suppressed intracortical remodelling in both groups and

significantly increased microdamage accumulation.
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1.4 Objectives of this research

This study seeks to learn more about the process by which microcracks initiate, propagate

and accumulate, ultimately bringing about bone failure, or fracture.

Principal Objectives

(1) To develop a repeatable technique to carry out mechanical fatigue tests on samples of
bone. This would allow for experimental evidence on the fatigue behaviour of compact
bone to be obtained, in particular, a logarithmic stress/life curve (S/N curve), which
would permit analysis of the degree of scatter in the fatigue life of different specimens of
bone which had been tested in identical conditions. By carrying out these experiments, it
is hoped to test the predictive capacity of a mathematical model which had been

developed by our research group (Taylor, 1998a). This is described in Chapter 2.

(2) To refine a technique for labelling microcrack growth. Previous work in this
laboratory (Lee, 1997; Lee et al, 2000a) developed fluorescent chelating agents to label
microcracks in trabecular bone. This work showed, that when applied in sequence,
chelating agents could be used to monitor microcrack growth in trabecular bone.
However, substitution of one agent from another sometimes occurred, making
differentiation of one agent for another difficult and preventing crack growth being
accurately measured (Lee, 1997; O’Brien et al, 1997, 1998; Lee et al, 2000a). Using
chemical analysis, it is hoped to rank the chelating agents in order of affinity for calcium.
By applying the agents in decreasing order of affinity, substitution should be minimised.
It is also proposed to determine the optimal concentration regime for the five agents
which will allow them to fluoresce equally clearly when viewed using UV

epifluorescence microscopy. This is described in Chapter 3.

(3) To apply the chelating agents in the determined sequence to label microcracks

formed before, and at different intervals during a mechanical test. This work aims to

21



provide new information on the process by which microcracks initiate, propagate and
accumulate leading to failure. By sectioning fatigued specimens both transversely, and
longitudinally (in which direction little research has been carried out), it is hoped to
develop information on the three dimensional shape of microcracks, and to look at the
direction of microcrack growth, and the extent to which bone microstructure influences
the ability of individual microcracks to initiate and grow. This work is described in

Chapter 4.

(4) To study the three dimensional shape of in vivo microcracks. Having hypothesised as
to the three dimensional shape of microcracks in Chapter 4, the theory is now tested.
- Two different computer-based methods of reconstruction were used to study microcracks
in three dimensions: (i) serial sectioning of methylmethacrylate embedded sections using
a sledge macrotome, followed by microcrack identification by means of UV
epifluorescence microscopy, and subsequent reconstruction using computer software and
(i1) laser scanning confocal microscopy followed by reconstruction of microcracks into a
3D image. By using two techniques, it was proposed to develop an accurate description
of the true three dimensional shape of microcracks in bone. Epifluorescence microscopy
is also used to study microcracks in the longitudinal rather than the more commonly

looked at transverse direction. This work is described in Chapter 5.
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Chapter 2

THE FATIGUE BEHAVIOUR OF BONE

2.1 Introduction

The process of fatigue can be described as the gradual deterioration and eventual failure
of a material when subjected to a periodic or cyclic stress. Fatigue damage occurs with
the initiation and growth of microscopic cracks which, develop within the material during
each load cycle (Martin and Burr, 1989). The fatigue life of any material is thus a
function of crack accumulation and growth (Agarwal and Broutman, 1980; Mori and
Burr, 1993). In bone, fatigue failures occuring in vivo, due to excessive use of a limb are
known as stress fractures. Microdamage also accumulates in the elderly reducing bone
quality and contributes to fragility fractures. Fatigue damage has been shown to play a
major role in bone remodelling and adaption (Martin and Burr, 1982; Burr et al, 1985;
Burr and Martin, 1993; Mori and Burr, 1993; Prendergast and Taylor, 1994; Lee et al,
1999; Martin, 2000). Therefore, it is clearly important to have precise information on the
tendency of bone to fail by fatigue, so that the above phenomena can be analysed and

predicted.

2.1.1 Fatigue in bone

In order to begin to understand the nature of microdamage in living bone, the in vitro
behaviour of compact bone must be understood. One of the problems is that there is a
relatively large amount of experimental data available on the fatigue of compact bone
from numerous studies, but variations in the test protocol used by different authors (Table

2.1) have made it difficult to compare results in any systematic way.
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Taylor (1998a) found 12 separate studies which recorded the number of cycles to failure
(Ny ) as a function of applied stress range (Ao ) or strain range (A¢ ) , for the relatively
high Ny values of 10° - 10° cycles (Table 2.1). He carried out a Weibull analysis in order
to show that the measured fatigue strength of a material is affected by specimen size i.e.
tests using a large stressed volume result in lower fatigue strength due to the increased
probability of weak regions in a specimen. This analysis revealed an important size

effect in bone and predicted this effect with an accuracy of 12 %.

The model grouped together all the fatigue strength results in the literature (Table 2.1).
Differences in measured fatigue properties arose due to a number of testing parameters,
including temperature, frequency, and loading type. Loading type included zero-tension,

zero-compression, tension-compression and tension-tension. Data were compared in

terms of the fatigue strength at 107 cycles. At this level, the applied stress is sufficiently

low to eliminate any effects of creep, so results could also be related to physiological

conditions. 103 cycles also represents about one month of normal activity in living bone

Table 2.1 Experimental data on fatigue of compact bone Taylor, 1998a)

Reference Material Specimen Loading Freq. (Hz) Temp. (°C)

Carter and Hayes (4) Bovine Rotating bend TC 125 2145
Evans and Riolo (8) Human Flexural TC High Room
Gray and Korbacher (10) Bovine Uniaxial ocC 30 2
Lafferty and Raju (12) Bovine Rotating bend TC 30 2
King and Evans (11) Human Flexural i O 30 Room
Carter and Caler (6) Human Uniaxial TC and OT 2 37
Carter et al. (5) Human Uniaxial E § 0.5-1 37
Choi and Goldstein (7) Human Flexural oT 2 Room
Caler and Carter (3) Human Uniaxial OT and OC 2 37
Martin et al. (15) Equine Flexural oT 2 37
Shaffler et al. (23) Bovine Uniaxial oT 10-12.5 21
Zioupos et al. (27) Bovine Uniaxial oT 2 21
Nunamaker et al. (20) Equine In vivo In vivo In vivo

TC = tension-compression, OC = zero compression, OT = zero tension (including tension-tension with ratios of minimum stress to
naximum stress as high as 0.18).

24



2.1.2 Theoretical Model

Fatigue failures occur in response to cyclic loading. Tests are usually conducted at a
constant cyclic amplitude and it is found that the number of cycles to failure, Nf is a
function of the stress range Ag . which is the difference between the maximum and
minimum stress in a cycle. This relationship can be expressed as an inverse power law
with two constants, A and o, where a defines the slope of the logarithmic stress life

curve.

Equation 2.1
Nf= A/(Ac )*

The values for these constants vary depending on the differences in measured fatigue
properties. In some tests, strain range can be substituted for stress range and a similar
relationship exists. For example, when comparing human, bovine and equine bone, it is
clear that they have distinctly different properties. This would be expected since
microscopically they are very different. Bovine bone also ‘has higher values of ultimate
strength, toughness and stiffness (E). In this case, the use of strain range instead of stress

range would probably eliminate the difference between bovine and human bone.

Weibull analysis is commonly used in the treatment of scatter in fatigue fracture and
fracture of brittle materials. It is assumed that the measured fatigue strength (maximum
stress to which a specimen can be subjected without failure occurring) of a series of

identical specimens which have been mechanically tested will vary according to:

Equation 2.2
Pr=1- exp[-(Ac¢/ Aco*)™]

P¢ is the probability of failure of a given specimen where m and Acy* are constants and
Aoy is the fatigue strength of the material which is defined as the value of Ac

corresponding to a given Nr. Taylor (1998a) analysed the degree of scatter in properties
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al (1981) tested 74 specimens at various
d in which N¢ varied by about one order

d 30 specimens at the same Ac and also

these studies and normalising the fatigue
, Taylor obtained values for the constants

i n23 can then be used to calculate the

Vs if the fatigue life Aoy’ for a particular
’r defines the probability that a specimen will
- Py varies from 0, no chance of failing

5 gives the average of the distribution for a given N¢

e o

" m@"bpvine bone in 0T (zero-tension) loading, for human bone in
) loading and TC (tension-compression loading) and for equine

hows predictions for human bone in zero-tension loading using
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at fatigue limits at 10° cycles could be successfully predicted when
R 2
w&ountad for. When considered in the this way, the data revealed

o

ef préélicted fatigue life for the different frequencies, bone type and

s possible to devise multiplication factors in order to relate the data.
i “i 7 éﬁ '

ature had already been established by Carter and Hayes (1976). The

%fmnt effects is shown in Table 2.2 which shows the multlplymg

i ¢

uﬁ:es, tested in a variety of ways, are telling the same story and from

ﬁﬁons can be made. There is however a certain mechanistic approach

it is based on the ‘weakest link’ approach and assumes failure will

Sl
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ﬁ}\}' 4

g

m analysis (Taylor et al, 1999b).

Ahisae o (Effect on fatigue
: strength)

Multiplying Factor

1633

1.44

1.16

1.08

B2
1.04

udy are:
'I"mechanical testing protocol so as to obtain experimental evidence on
wmpact bone, and in particular to obtain a logarithmic stress/life curve

ow the degree of scatter in the fatigue life of different specimens of

been tested in identical conditions.
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> mathematical model (Taylor, 1998a) using this
, had not been considered when formulating

Mmens in zero-compression at physiological

ibove physiological rates (30 Hz). Caler and
mrelmg at physiological frequency but they
hese experimental data, it was proposed to

from expenmental data agreed with the

Wei'e the first to use a series of chelating agents to look at
3 mechanical testing. This study showed that individual
effective as the standard stain (basic fuchsin) in labelling
| Qome problems were identified with the application of the agents

@,e}ries of flourescent chelating agents before and during testing
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such as to minimise potential areas of stress
and ‘buckling under load. It should also be
. can be predicted to a certain extent. These factors
mount of machining should be minimised to reduce
h give inaccurate results regarding the process of
during testing. Keaveny et al (1994a) proposed such a
cancellous bone. They designed a test specimen which
sion and compression and reduced experimental artefacts

bone test specimens.

‘specimens exhibited weaknesses which could have been
sign. To prevent the problem of stress concentrations within a
to use a cyclindrical specimen which could be machined using
nditions, so as to produce a similar specimen each time. By
the specimen (Fig. 2.2), a weaker region was designed where we

‘accumulation to be dominant compared with the rest of the

»ne were removed from the mid-diaphysis of bovine tibiae using a

then taken to ensure that the samples were cored with the axis




le for coring compact bone. The problem was
ool (Peranko Ltd., Dublin) which could withstand
, thB’GWl This tool was heavier and bulkier than
from high speed steel. Using this tool, it was
diameter 7 mm of consistently high quality.

en i X 2 1) was fitted which transferred the original drawing (Fig.
‘ numbers ‘which could be identified by the CNC machine. The
d ‘the centre region of the specimen to a gauge diameter of 5.25mm
of 71;1m Again, all machining was carried out under wet conditions
Weunot allowed to dry out. The main advantage of using the CNC
on to minute detail, a very good surface finish and the gauge diameter
m specimen to specimen. Visual inspection of the final specimens
finish in the gauge length with no obvious machining defects. After

ecimens were frozen to -20°C prior to mechanical testing.




&)
¥

Specunens Testing was carried out in the rig shown in

ge (Keaveny, 1994a). The machine was fitted with parallel
ch depressions had been machined to accommodate the
» method helped to avoid errors in the axial alignment of the

tial problem leading to the creation of bending stresses. All

e number of cycles to failure (Ny) and to correlate the results for
r et al, 1999b).
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« VTN
was used to analyse the deformation that occurred in the

solved by the use of an input/ output acquisition card (Amplicon

/hereby a computer was linked to the Instron machine and the

B ke L .
librated to the card output in order to convert voltage output to
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‘were carried out until physical failure of the
, 'v ~of the computer software, it was found that
a 10% reduction in original stiffness had taken
] stopping the test before actual fracture had taken
was noted. Histological examination of these

s which contained no obvious external

4/

led with a fluorescent chelating agent prior to testing in
ge. During each test, different coloured chelating agents
tions to label microdamage that had developed at different

d method for labelling microdamage in bone is the use of basic
nt. Lee et al (2000a) introduced the principle of using chelating
r age accumulation during testing of trabecular bone specimens
b-s.;uf chelating agents in microdamage detection in bone can be
. Chelating agents have a basic advantage over fuchsin in that they
bind to the exposed calcium that line crack walls. Rahn (1977)
5 agents which could be used in labelling bone: alizarin, calcein,
orange and oxytetracycline. It has been shown that by applying a
: ‘ ls in sequence at different intervals during testing of trabecular bone
p&gatlon can be monitored (Lee et al, 2000a). The problem of
e incurred during the test from in vivo damage and machining-

was approached with the idea of using a pair of fluorescent chelating
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‘ “.1 and another during the test, it was
es of damage by the presence of the different

 to apply different chelating agents to label

ion during the test. Lee (1997) had identified some

ko vas 1

in sequence whereby certain combinations
one agent for another. For this reason various

m\ e;d‘duﬁng testing.

sections

were washed in de-ionised water and returned to the freezer

and the section was manually ground down between the two

circular fashion using light pressure.

Hon sk

'-‘*Mnued and periodically the thickness was checked using a
oI : untxl the required thickness (100-150pm) had been obtained (Frost,

35



in a beaker, placed in a Coors
in distilled water.

g a mounting medium (Eukitt's

ler than vascular canals.
cence ‘microscopy - green incident light (G — 2A filter block, A=546 nm),
j:n: Candidate crack should have a sharp border, with fluorescence of
within crack borders evident.

ence microscopy - UV incident light (A=365 nm), x125 magnification:
K should be stained through the depth of the section.

”mic;‘osébf)y',beSO magnification: When the depth of focus is changed, the
Ek can be observed to be more deeply stained than the intervening space.

&
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b to failure (Ny) was 36265 cycles and, as expected, scatter over
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rve obtained from results of compressive fatigue tests

kY
|

rison with theoretical model

age value for number of cycles is entered into equation 2.1, using the
and Caler (1981) who carried out zero-compression, cyclic loading tests
with a similar volume to those used in this study with a=11.78 and finding

fatigue strength at 100,000 cycles, we obtain a value for Ao =91.84 MPa.

ed volume for the specimen used (gauge length x cross sectional area) was
to be 151.53 mm’. When this value is added to the theoretical line with P=0.5
2.1) a value for the fatigue strength is obtained of 53 MPa. This line is predicted at
cal temperature (37 °C) for human bone specimens in zero tension loading. If

plication factors are used (Table 2.2) to convert the value by relating human to
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e and zero tension loading to
‘ f&ﬁgue strength This

, _.ap‘pléied sequentially, it was found to substitute some of
seen clearly in Fig. 2. 7. Problems were also found with the
hereby it appeared to substitute all the agents with the
smpnsmgly, alizarin, xylenol orange and calcein blue also
.applied after oxytetracycline.

i
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Fig. 2.6 Section through fatigue- tested specimen viewed using UV epifluorescence.
 Alizarin (red), which was applied prior to testing can be seen on the surface of the
bone while calcein (green) which was applied during the test can be seen to label

 microdamage. Bar=100 pm.

L sl T et e <
o —— IR,

=g

Fig. 2.7 Specimen viewed using UV epifluorescence. Initially, alizarin (red) had
been applied prior to testing followed by calcein (green) and then calcein blue (sky
blue) during the test. It can be seen that there is great difficulty distinguishing any

of the agents as the entire section appears bright blue. Bar=100 pm.
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itself. Although the specimens tested
I came from the mid diaphysis of bovine

fﬁhﬁm’ﬁh‘eﬂgth at 100,000 cycles of 91.84 MPa. This compares
alue of 95.61 MPa predicted by Taylor's model (1998a). These
results appear to have validated the accuracy of the mathematical
to be able to predict the strength of bovine bone in compressmn by

ects of specimen size, temperature and loading frequency.

gents were found to be effectively label fatigue cracks in compact bone.
| shown them to label microdamage effectively in cancellous bone (Lee
- this was the first attempt to label microdamage in dense cortical bone
chelating agents. From the histological examinations carried out on the
mens, it was clear that the chelating agents had penetrated the bone

“agents were found to penetrate Haversian canal systems and lodge in

also found in the canalicular network.

cation of alizarin before testing and then, calcein or xylenol orange during the
showed that it was possible to differentiate between pre-existing and test
élamage. The sequence was then extended with the application of two or more

g the test with the aim of labelling crack propagation at intervals during

41



ol orange, this appeared to work.
were applied in sequence,
ent with the observations
that this substitution was
mns One of the initial

L

d centre sections of the specimen had acted as the stress
crodamage was very prominent here. Pre-existing damage was
but from these initial examinations it appeared that the presence

ts did not generally lead to damage accumulation and any cracks

5,

3 ai’?"i“:f-‘r": $o g8l
d in an anisotropic material such as bone, microcracking was greatly

in the areas of interstitial bone, and often midway between adjacent
(Fig. 2.8). From the specimens examined, it was obvious that this area

interaction with the bone’s microstructure was worthy of further
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2.8 Example of crack growth between adjacent Haversian systems. Bar=100

Conclusions

A mechanical testing protocol has been established which allows changes in material
ffness to be monitored during the course of a fatigue test and initial tests have shown a

ee of scatter regarding number of cycles to failure similar to that observed by other

The experimental work has validated the accuracy of the mathematical model
Taylor, 1998a) as it was able to predict the fatigue strength of bovine bone in
compression within an accuracy of 4%.

(3) The chelating agents were found to be effective markers of microcracks in bone
when applied individually, however problems emerged when two or more of the agents
were applied in sequence.

4) Microcracks were found to interact with the bone’s microstructure and were found to
occur predominantly in the waisted centre sections of the specimens and outright failure

vays occurred in this region.
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md; éetect rmorocracks in bone. Chamay and
Sl e 2

e, while LSCM has also been used to study microdamage in trabecular

-a’L&“{m i

998) aﬁd dense arrays of ultra-microcracks in human tibiae (Boyce

ver to label microdamage in bone and remains the most commonly used
ﬁucﬁsin is an ethanol-soluble dye, but is relatively insoluble in water (Rost,
property of the dye allows processing of bone specimens to be carried out in
ﬁmédimn after staining, thus minimising the fuchsin leaching out and staining
uced during processing. Forwood and Parker (1990) used bulk-staining
chsin to label in vitro damage, Burr and Stafford (1990) modified Frost’s

ﬁ%ﬁ) for identifying microcracks (Table 3.1). This process has been
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e o

(Burr and Stafford, 1990)
; P ]

r than canaliculi but smaller than vascular

sic fuchsin staining around them.
e section.
‘the edges of the crack can be observed to be more

(1994) used a fluorescent dye, fluorescein to detect cracks, using
focal microscopy. Reilly (2000) used this technique to study tensile
| bovine, equine, human and rat long bones. Fluorescent dyes or
rk by absorbing energy in the form of light, which causes electrons to
energy levels away from the nucleus. When these electrons return to
r energy shells, the energy is dissipated as both heat and light. The
e emitted photon is longer than the excitation photon as it has less energy
d the difference between the wavelengths of the excitation and emission
1 as Stokes' Shift. Epifluorescence microscopy takes advantage of this
ectively transmitting light at the excitation maximum to strike the

using an excitation filter and then, en route to the eyepiece, a barrier filter

11992, 1995).

\, is both a fluorochrome and a diachrome, as it also appears coloured under

light. Maximal absorption of light occurs at a wavelength of 545nm (Rahn,
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t light (546 nm), x125 magnification.
gh the depth of the section. Method: fluorescence, UV incident
nification.

and light type when sections were examined under a fluorescent
nd the refined protocol (Table 3.2) was used. His study (Lee, 1998)
fied some of the problems with the use of basic fuchsin in the detection of
‘The cutting and grinding processes used in preparation of sections tend to
. amounts of scratches and cracks which appear black in colour under
light. Variation of the light intensity reveals that some of these are true
‘ , but others are preparation artefacts, either cracks unstained by fuchsin or
some dye and debris from the grinding process. By varying light intensity,

focus and magnification, pre-existing microcracks that had been generated in
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(1998) with the use of basic fuchsin in
ﬁcif’ty-and also the fact that it is a single
from either in vivo damage or in vitro

which, were placed in basic fuchsin for
isting cracks were stained with both toluidine
, Wy—created by tensile testing, were stained with
dy distinguished between pre-existing and test induced
‘ th@ agents used were site specific and they were difficult to
growth to be monitored, a series of agents would be required.
N AR v
“of collagen and hydroxyapatite crystals. In a structure such as bone; a
be described as a break or fissure in the hydroxyapatite matrix, which

)s(OH),) with the formation of microcracks would lead to calcium ions

d on the walls of these cracks. However, the two major constituents of



*, Na" and Mg®* are considered to be "hard"

liﬁiﬁafﬁmty for nitrogen donor atoms (Huuhey, 1983). Basic

o %t’ormanon of microcracks which break up the bone matrix might
‘ Thus it is

cted to have some collagen exposed along their walls.

can be accepted that fuchsin labels microdamage as a space occupying
diffusing through the bone matrix into microcracks and lodging there.
n be hypothesised that the ideal marker for labeling microdamage in bone
 site specific and easily detected. Lee (1997) showed that a chelating

Ifills both requirements, it is site specific in that it chelates to calcium
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~a London surgeon, John Belchier who
m the roots of the climbing plant 'Rubia
and did not wash off with water. Duhamel
: @sf the bone that were being deposited at the
‘Os Jahn Hunter used madder to show that

e «s‘&t)ng chelation properties. They are able to sequester a calcium
0 a ring. It is only more recently that the tetracyclines have been used to
1963, 1966, 1969 and 1973) developed a method for in vivo labeling of
using sequential tetracycline labels. By administering the dyes in
of bands in the mineralised bone was formed, thus enabling the rate of
sition to be measured. The main problems that arose with administering
els to bone were due to the similarities in colour between the various dyes
ine family. As the colours range mainly from yellow to green, it is

guish between the labelled bands.

combined tetracycline with alizarin red, which could be easily
under both transmitted white light and epifluorescence. Rahn and Perren
ped calcein blue and they also introduced Xylenol orange (1971) and then
plexone (1972). All of these dyes are fluorochromes and all possess adjacent
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(Rzost, 1995)
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ed to those possessing a large conjugated

of chelating fluorochromes and their
vivo administration (Rahn, 1977)

Emission

Wavelength Colour Dosage
(nm) ; (mg/ kg)
435 blue 30
615 orange 90
540 green 10
625 red 30
520 yellow 30

loped a dosage regime and sequence of fluorochrome administration
ich allowed for the five agents to appear equally bright under the
tating histological examination. This regime has been used in a number
o studies in order to demonstrate bone remodelling under conditions of
al loading (Lanyon et al, 1982; Burr et al, 1989; Lee, 1995). Stover et al
first authors to use the fluorochromes to label microcracks. They showed
‘microdamage could be successfully labelled using calcein. Lee et al (2000a)
t to show that the chelating agents could be used to label in virro

This work however, encountered some problems with the use of chelating

| monitoring crack propagation.
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ens of cancellous bone and applied a
at

W

intervals during testing. However

ﬁ(E)’Brmn et al (1998) had identified problems with the

m sequence and it was proposed that this was due to the

1 agent for calcium ions.

exposed calcium, so as to minimise the substitution problem that
‘ ts were applied in sequence.

st M LT

im of this study was to refine the detection method by carrying out tests

ents in order to determine the optimal concentrations of each of the

(]977) developed a dosage regime for application of the chelating
(Table 3.3) while Lee (1997) used 1% solutions of the chelating agents.
d to determine whether the concentration results obtained were as

hn’s in vivo method.

{4 B
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8 ,1twas observed that the problem of
f éhelating agents. For example, when
e and followed by calcein, no substitution
» from each other. However, when calcein
“cﬁx did occur and distinguishing the individual
SRR T ;

would not provide the type of data required. Instead, it was decided to
ch dmatbgrabhy tests on each of the five chelating agents.

ymatography

graphy (IC) is a form of high performance liquid chromatography. It

both ion exchange and size exclusion chromatography, and is routinely used

ation of organic and inorganic cations and anions. Modern IC was first
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~they reported a novel ion-exchange

c detection. They used a low-capacity ion-
which served to reduce the background
e the signal from the eluted ions. The term

anently bonded ionic groups associated with
The retention mechanism is the simple exchange of
> phase ions with the charged group of the stationary phase.
; ﬁar negatively charged groups, which can be either strong or

changers. The most commonly used functional groups are the
which are strong acid exchangers.

was carried out in order to determine the affinity of each of the five
for free calcium ions. The solutions were analysed by measuring the
tivity of the calcium chloride solution (ability of the solution to conduct
ween 2 electrodes across which an electric field has been applied) and then
- of the solution after a chelating agent has been added. Using this
free calcium and calcium bound to the chelating agent appear as separate
omatogram i.e., the amount of free calcium in a calcium chloride solution
Ired and shown as the first peak, and the amount of calcium left, after
‘each chelating agent, was illustrated by the second peak.. A decrease in
gives an indication that a proportion of the free calcium has been bound to
r agent, and the greater the decrease observed, the stronger the binding
the agent and the calcium ions. The samples were separated on a Dionex system

porated a pump, cation-trap pre-column and a cation micro membrane

(Dionex, Sunnyvale, Ca). The five fluorescent chelating agents were injected
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results to bone, more tests were required. The
greatest to least afﬁmty for calcium ions.

W@iﬁg the optimal sequence required to minimise the
types of data were required on the abilities of each of the

ium ions for chelation and immediate results. The process of scratching
‘the bone specimen would break the hydroxyapatite matrix and expose
which permitted chelation to occur.

were obtained from a meat wholesalers (KEPAK Ltd., Clonee, Co. Dublin)

slaughtered 2-3 days previously. Flesh was removed from all bones and
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/ paper. All machining was carried out
to dry at any time. After machining the

ne i takes for maximum bonding to occur between

n bone varies for each individual agent (O’ Brien et
¢ ne the optimal staining time which permitted each
label a scratch whilst preventing overstaining occuring
: bone matrix beyond the boundaries of the surface scratch.

used to scratch and stain each specimen.

or generating scratches

AR RS

t line scratched on the surface of 25 bone samples

ss (Faber-Castell, Germany).

s placed in a bath of each of the 5 chelating agents.

:moved and scratch viewed under UV light at times of 2, 4, 12, 30mins,

) hours and 4hours.
ere examined using UV epifluorescence microscopy (A=365 nm, Nikon

y (ease at which scratch could be distinguished from surrounding matrix).

ities were given marks out of 10 where 1 implied extremely poor and 10

llence.
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nples. Initially paired tests were carried
roposed above and then this sequence was
uence, followed by four agents and finally
ing protocol to generate scratches (Table

erat smtches to determine optimal chelating agent
| mf ﬂle ion chromatography results

€ éacy of each sequence, all were measured on a scale of 0-5. Quality (Q)
”gatlon of the strength of each agent (after subsequent agents have been

| o TR

$ a measurement of degree of penetration, brightness of fluorescence and ease
Bin::
e agent could be distinguished from the surrounding bone matrix. O implies

does not work effectively at all while 5 implies that, the degree of
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,dhunguished from the surrounding
ation of the ease with which the areas
in sequence i.e. 1 implies that both areas
t to differentiate (potentially due to
beperfectly distinguished from each

£
"

y g |

d by the following

'1-20% of the initial one)

{

s given:

Grade=Q1+0Q2 +C -S x 100
15 Pl |

n of how effective the sequence was by taking into account the
agent ‘(Ql), the quality of the second agent (Q2) and the ease at which
distinguished from each other and the degree of substitution.

Y N

on tests were conducted at concentrations of 0.0005M.  This
‘was used since the electrode used to monitor conduction during the ion

hy tests required low concentrations of the agents and all the agents needed

e

o R

> lowest concentration, which allowed all agents to fluoresce clearly while
1g chromatograms to be obtained. Rahn (1977) developed a dosage regime

e of fluorochrome administration in vivo (Table 3.3) which allowed for the

concentration in order for the results between agents to be comparable.

o
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Group C

ONCENTRATION | Ion Chromatography
~0.0000712 M 0.0005 M
[ 0.000016 M 0.0005 M
0.0000933 M 0.0005 M
0.00012 M 0.0005 M
0.00006 M 0.0005 M

established from the ion chromatography results, scratch tests

) the two concentration groups, group R and group C.  Table
ocol used.

I used to generate scratches to determine optimal chelating agent

efsgd in aqueous solution of first agent for 30 minutes in an individual

in:a vacuum dessicator (50 mm Hg).

"Waéhediin de-ionised water and original line extended by a further Smm.
ulmf:ners‘ed in aqueous solution of the second agent in an individual vial and

: into the dessicator.

e e was continued for the third, fourth and fifth agents.

mens were washed in de-ionised water and the scratches examined using
OIeSCence microscopy.
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Time (minutes) |
L]

A AR
58 o

: ;tog,rapi
concentration of 1 x 10°M
i TSR RAER ¥

obtained on injection of Xylenol Orange (5 x 10*M) with a
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16

& “E YT

of Calcein Blue (5 x 10*M) with a

Time (minutes)

am obtained on injection of Calcein (5 x 10*M) with a
tration of 1 x 10°M

nts the injection of alizarin into calcium chloride solution. The calcium
, passesthrough the column more quickly than the chelating agents so the
chromawgram (5 mins) displays the amount of free calcium present in
re chelatlon has taken place. The greater the amount of free calcium
er the electrical conductivity present. The second peak (11 mins) results
ting agent has passed through the column and binds to the free calcium

, calcium chloride solution and so illustrates the maximum amount of free
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on of free calcium by alizarin leads to
t from 32.45 to 14.59. Similar effects are

B intd:jacalcium chloride. This suggested
' chelation with this agent. All results

es calcium in bone very well as an individual

tin the presence of the five chelating agents, these values are

ahromatograms for each agent. This table also includes the

the calcium standard (1 x 10°M)
| HEIGHT. OF Ca® PEAK

32.45
14.59
28.56
29.73
30.67
4176
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| FLUORESCENCE | CLARITY
5 3
3 5
T 7
7 7
5 3
6 5
8 7
8 8
5 5
7 7
8 8
10 10
6 7
8 8
8 8
10 9
7 9
8 9
10 9
10 T
7 9
8 9
10 9
10 i
Alizarin 9 7 9
~_Xylenol 9 8 9
~ Calcein 8 10 9
Calcein Blue 10 10 6"
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Alizarin, despite being the agent
to have the poorest penetration of
penetrate the bone. However

Its obtained when two agents were used in sequence. From

bluae was also found to displace xylenol orange when applied in
cycline was found once again to be problematic. It substituted
orange and calcein to a small extent and was found to substitute calcein
 degree, 61-80% (Fig. 3.7a). The reversal of this sequence i.e.
followed by calcein blue surprisingly then showed that calcein blue

tute oxytetracyline. Because of these persistent problems, it was decided

oxytetracycline from further analysis.
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| SUBSTITUTION | GRADE(%)
gent2 | Agent 2 by Agent 1

0 66.6

1 55

0 93.3

4 26.6

75

33.3

68.3

13.3

81.6

56.6

61.6

43.3

68.3

38.3

68.3

45

61.6

58.3

26.6

40
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Oxytetracycline Scratch

Alizarin Scratch

| Fig.3.7b

( Fig. 3.7 Examples of substitution occurring (a) Calcein blue followed by
| oxytetracycline: here the latter agent (yellow) has substituted the former (originally
blue) to a large extent and it is not possible to distinguish the two agents separately
(b) Xylenol orange followed by alizarin: here the latter agent (dark red) has
substituted the former (originally orange). Bar =200 pm.
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QUAL. (Q2) | QUAL. (Q3) | CLARITY | SUBSTIT. | GRADE
Agent 2 Agent 3 All agents (%)

4 5 5 0 90

5 5 5 0 95

g 5 5 0 95

4 5 4 1 76

4 ] - 0 90

89.2+7.8%

68

nbwmed frbm the three stain tests again raised a number of points. All five
were analysed after each stage of the staining protocol i.e. before the next
agphed and lt was found that after the second stage of staining, i.e. alizarin
mange (Fi ig. 3 8a), clarity between the agents was only moderate as they were

" eolOur and dlfﬁcult to differentiate. However when the third agent, calcein,




iﬁmamghtorangecolomraxhcrthana
hm (Fig. 3.8b). This gives an average

38 Enmplen of scratches labelled with chelating agents (a) two agent sequence
) Alinril followed by 0.0005M Xylenol (b) three agent sequence: alizarin
plrph) followed by xylenol (orange) followed by calcein (green/ yellow). Bar =

) .



0.0005M) and the same protocol was

s were machined from the same five

CLARITY | SUBSTIT. GRADE
All agents (%)
5 J 80.6
5 1 84.6
5 1 76.6
- 1 72.6
- 1 72.6

g

)1

ra tmns (Table 3.13).

70

iced concentration calcein blue was found to substitute calcein to a slight
r stain sequence gives a much poorer grade average (77.4% 5.2%) than the
nce (89.2 + 7.8%). However, since its penetrative and fluorescence
S0 good and since a clear contrast could be maintained between all four
beit wnh slight substitution of calcein, it was proposed to further reduce the
hdn of calcem blue (0.0001M) and carry out five more tests with the revised




SEQUENCE | QUAL. | QUAL. | QUAL. | QUAL. | CLARITY | SUBSTIT. | GRADE

Agent1 | Agent2 | Agent3 | Agent4 | All agents (%)

1 |[AX-CCB| 3 4 4 5 5 0 84

2 |AXCCB| 3 5 5 5 5 0 92

3 |[AX-CCB| 3 5 4 5 5 0 84

4 |AX-CCB| 2 4 5 5 5 0 84

5 |AX-CCB| 3 4 4 5 4 1 76
Mean Grade= 84+ 5.65%

- The results from the revised four stain protocol with 0.0001 M calcein blue showed that
all four scratched regions can be clearly distinguished with little or no substitution

- occurring and all four agents were clearly distinct both from each other and from the
§ surrounding bone matrix (Fig. 3.9). The grade average for the sequence now rises to 84+
5.65% which compares very favourably with the average grade for the three agent

sequence (89.2 + 7.8%).

2 "\' V . ., hr‘"t‘
Fig. 3.9 Most efficient 4 agent sequence: alizarin (0.0005M) followed by xylenol
orange (0.0005M) followed by calcein (0.0005M) followed by calcein blue (0.0001M).

fi showing all 4 stains clearly distinct from each other and the surrounding bone. Bar
‘»I =200 pm

71




concentrations (Rahn, 1977)
> 0.0001M calcein blue

| CLARITY | SUBSTIT. | GRADE

| All agents (%)
ik 2 613
4 1 76.6
3 2 613
4 1 726
3 2 61.3

blue was found to displace calcein and calcein blue was also found to
u{‘ J

I orange very slightly. The grade average for the in vivo concentrations is
mpared to 84+ 5.65% for the in vitro concentrations. In summary, the

used m thls study were found to be a lot more effective than the in vivo
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efpenetratlon (bleeding). It was found that a
tes was optlmal for all of the agents. Oxytetracycline was
1 further work after its chelation properties were found to be unstable.
lems were often encountered with differentiating between the agent

@plied during testing, and tetracycline that existed in the bone prior to

aphy results established a preliminary sequence of: alizarin, xylenol
and calcein blue. Upon application of this sequence, it was found that
placed calcein, so the sequence was revised to alizarin, xylenol orange,
ed finally by calcein blue. Further tests showed that calcein blue still
mléce calcein so the latter’s concentration was reduced in stages, eventually
“until the degree of substitution was negligible. ~When the in vivo
ions (Rahn, 1977) and the newly established in vitro concentrations were
the new regime was more effective. These final tests suggest that the optimal
and concentrations have been reached and, when applied in sequence before and

ical tests, would allow microcrack initaition and growth to be monitored.

ne is regularly administered as an antibiotic to cattle during normal farming practices and remains in bone for a
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of bone has
The established

tsm fluoresce brightly under
lenol orange, 0.0005M —

W “?Qd for in vivo bone (Rahn,



to M;cl microcracks formed during mechanical testing and in so

aboutthe behaviour of microcrack growth in compact bone.

gue failure is a function of its resistance to both the initiation and

éracks ’dsteonal bone is often compared toa composite material and, in

>, voids) may provide stress concentration sites for crack initiation, but they

a§ "b'arriers to crack growth which may slow down or even halt crack

]



ellar composites can divided into three

ed by a rapid reduction in stiffness which
umerou small microcracks. Cracks develop rapidly,
W%gaﬁon and they tend to be confined to single
adjacent lamellae. The reduction in crack growth
qm&iy stabilising, generally within the first 25% of the
1989) and further loss of stiffness does not occur until just

: mgmeksm Region I run across lamellae, perpendicular to the

Growth and Coalescence

stage of fatigue failure, damage accumulation shifts to interlamellar
The stress field or plastic zone ahead of a propagating microcrack causes
t the fibre-matrix interface. When the crack finally reaches the interface , its
ited by the already present debonding crack. Thus the crack will be
instead of continuing straight across the fibre, it will take the path of least
‘which involves debonding along the weak interface. Cracks tend to grow
 weak interfaces between lamellae and although they have been shown to
join other cracks (Reifsneider, 1990) they do not lead to failure of the

even change the materials stiffness by a great deal.

: Progression to Failure
stage in the life of fibrous composites is relatively brief and results in failure.

r debonding of lamellae occurs, a process combined with the degeneration of the
f the composite itself. The lamellae begin to fracture, and, as they break, they
‘the stress in the elements remaining intact so creating a ‘domino effect’ of

fracture. This process occurs quite rapidly in the last 10% of the materials life.
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No. of Cycles

cess of failure in composite materials. In Region I, the initiation of
‘an initial reduction in stiffness. Region II, lamellar debonding
h no significant increase in damage accumulation occurring. In

» modulus decreases rapidly with the build-up of damage, eventually

of bone microstructure on microcrack growth

1, it was shown that the material strength of bone depends on the type of
s well as on the loading direction. As Haversian bone is similar in its osteonal
to a tough fibrous composite laminate material, it provides an indication that
ne is a tough material even though it is not very strong. The fact that osteonal

ninated also provides evidence of the difficulty of crack propagation. Lamellar

cause stress enhancement at the tip of a propagating crack to be inhibited as the

il



1e morphology of the cement line in Haversian
' t prevents or slows any significant crack
s that cracks in the region of cement lines will
ductility which slows down crack growth or

sections adjacent to the fracture. They found
re there are fewer osteons. This was also supported by

' hene, ﬁw greater its fatigue life while conversely, when more
- were present, the fatigue life was considerably shorter. This suggests
n is inhibited by increased numbers of osteons and provides support

“al, 1988) although Carter et al (1981) suggested that the formation of
peared to be influenced to some extent by stress concentrations created by

and lacunae.

the cement line interface between osteons and interstitial bone is relatively
that it may reduce the shear strength of osteonal bone (Frasca, 1981).
phpping at this interface may relax shear stresses, reduce strain energy and slow
agation. Park and Lakes (1986) studied the viscoelastic creep behaviour of
one and found experimental evidance which suggested that the osteonal cement

ails after other damage has accumulated in the bone matrix.

al (1999) showed that the lamellar interface in bone is weak and is the principal
shear damage formation but the lamellar interface was shown to be highly
in keeping cracks isolated from each other. Zioupos and Currey (1994) showed
ocracks in bone did interact with the microstructure of the bone and that the
f the bone did not allow microcracks to travel in straight lines. They hypothesised

resence of lamellae influenced the process by which microcracks coalesced but
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did not initiate microcracking and
‘al (1994b) used back-scattered electron

one mineral relationship play a key role
imental cracks whilst encouraging the
1 mm propagate as readily to failure. Boyce
,miﬁmm'acks developed in the interstitial tissue
boundaries, while Schaffler et al (1995) added
g that 80-90% of all microcracks in cortical

f stiffness with microcrack accumulation

‘has demonstrated that microdamage accumulation leads to a loss of
nd Hayes 1976, 1977a; Schaffler et al; 1989; Keaveny et al, 1994a,b;
1996; Taylor et al, 1999). Fyhrie and Vashishith (2000) showed that
predictor for both yield strength and ultimate strength in human

e in compression.

ried in Chapter 2 and reported in Taylor et al (1999) showed that after a 10
on in modulus had taken place, the specimen was close to failure and this
from initial modulus always coincided with the presence of at least one large
y oriented at an angle of 45° to the specimen axis. Schaffler (1989) carried
cyclic tension which did not progress to failure and showed that there was a
screase of modulus during the initial loading period (6%) but following this,
modulus stabilised and did not change again during the period of loading. This
carried out at physiological strain range (1500pe€). It has been shown that the
lastic modulus of human femoral bone decreases over its fatigue life (Pattin et al,
There is an early rapid diminishment of stiffness, followed by prolonged gradual

il very suddenly the modulus plummets as failure occurs. This is consistent with
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| fnund that the increase in damage
jation of the material. Damage increased
-and accelerated rapidly in the last
s of failure in composite materials
above physiological tensile strain (2500
ﬂm ‘has excellent fatigue properties at
ogical, the path to failure is very similar

bone

s beviors woth
“out to look at the process of damage accumulation during a
understand the process, previous workers (Burr et al, 1995;
wood and Parker, 1989) have performed fatigue tests, stopping the
> to allow histological analysis of damage developed before fracture.
(2000) is the only study to have looked at the process of initiation,
wth of individual microcracks. They investigated microcrack growth
; V,Awmicrocracks in human cortical bone using a video microscopy

ﬁannd that microcracks propagated and generally arrested in less than
although some accelerated in growth after this stage. Their results support
of a microstructural barrier effect for cortical bone tissue. The limitations
work include the fact that they only looked at surface cracks and also
microcrackS that did not run in straight lines and they did not look at the
hanisms by which microcrack growth was arrested. The process by which
s initiate and grow remains poorly understood and no work has been carried

at what periods during a test microcracks initiate, accumulate and ultimately

ut failure.
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‘show how information on the fatigue
1 analysis of stiffness changes measured
using these stiffness changes and some
s of crack length, crack growth rate and

compact bone occurs without difficulty
k regions in the bone matrix. As the crack
thin the microstructure which cause growth to

 completely. If growth continues, the crack eventually
and its growth rate is determined by the average resistance

CRACK

N !

Microstructural barrier, simplified geometry and loading scheme: a crack
a begins a the surface and grows towards a microstructural barrier at a

d, under the influence of a uniform cyclic tensile stress (Taylor, 1997).
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: fgxfur? will not occur in bone at strains
arrest their growth. However Taylor’s
lly occur but it may take more than 10"

ill be an increase in this strain level
- stumbling). The model also
ienc f;.:a sudden overload (e.g. 2000
t barrier will be approximately 100 pm
ghe stress intensity value so even at normal
@@ugh the barrier. This gives an idea of how
aﬂingh microcrack. Fig 4.3 shows a prediction of

Joe

04 Crack Length (mm) ,

l;redlcted variation of growth rate, da/dN with crack length for different
A nges in compact bone. Initially the growth rate decreases as the crack
es some barrier before increasing again as it develops sufficient energy to

the obstacle (Taylor, 1997).
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| strain and strain rates. Since large numbers of cracks initiated at relatively
s are repaired by bone remodelling, crack initiation may not be as detrimental

's fatigue life as rapid propagation of cracks through a non-living material
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ng a mechanical fatigue

o i 11l
of number of cycles.
ks themselves, their effect on

bone’s microstructure and the

w00
¥

e fhe |

84



: to manufacture specimens. Samples of
hysis of 17 bovine tibiae using a band saw.
machine resulting in cyclindrical specimens
'samples then waisted using a CNC lathe
nen to a gauge diameter of 5.25mm and a
ng was carried out under wet conditions and the
dry. Visual inspection of the final specimens showed no
and a good surface finish in the gauge length. After
mens were stored at -20°C prior to mechanical testing. The
 resulted in 15 good quality specimens being obtained, each from a

‘ testing

re removed from the freezer on the day prior to testing, allowed to thaw
in lsmgle vial of 0.0005 M alizarin in a dessicator at 50 mm Hg vacuum for
lﬁbel microdamage which existed prior to testing. An INSTRON 8501
ic testing machine was used in load control to apply an axial compressive
ilw &pﬁcmlens Testing was carried out in the rig shown in Fig. 2.3 with the
enclosed in small plastic bath into which the dyes could be added. All tests
ied out at a frequency of 3 Hz, with a stress range of 80 MPa and a stress ratio
which the expected average life was about 100,000 cycles.

S0 e

' ﬁrst étage of the test, the specimens were tested in a bath of 0.0005M xylenol
Testing was carried out until 50,000 cycles had elapsed, the xylenol was

from the bath, and the bath and the specimens were rinsed with distilled water to
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‘added to the bath and tests were
ing the established criteria as an
faylor et al, 1999).

ence, alizarin prior to testing,
then replaced with calcein
‘ , ‘agent, calcein blue until failure
and their lengths at approximately 10%

S
washed in de-ionised water and returned to the freezer

nting.  Fig. 4.5 show a schematic diagram of how the




1 using a diamond saw (Streuers Miniton)
1 at random, one block was assigned for
was assigned to analysis of transverse
g (Table 4.1). Both sets of sections were
‘were analysed. 3 longitudinal slides and 3

ence microscopy.

) 'small clamp and approximately 250um was cut using a
.W‘Mniton).
'm’%&m carbide paper was placed on a flat surface under running
éctibn was placed upon it. Another piece of paper was wrapped
glass slide and the section was manually ground down between the two
‘ M in a circular fashion using light pressure.

ding was continued and periodically the thickness was checked using a
er until the required thickness (100-150pm) had been obtained.
ns were agitated in 0.01% wash up liquid in a beaker, placed in a Coors
in funnel with fixed perforated plate and washed in distilled water.
mens were then air dried and mounted using a mounting medium (Eukitt's

ing medium, Germany) and a coverslip.

‘d sections were examined using an Optiphot microscope with fluorescence
r ent (Nikon, Tokyo, Japan). The cross sectional area of each section was
by examining the slides at x10 magnification using transmitted white light and
g the image of each section, to a HP PIII Brio personal computer (Hewlett
Grenoble, France) using a CCD colour video camera (Optronics Engineering,
Ca). Scion Image™ software (Scion Corporation, Frederick, Maryland, USA)

ibrated by transferring an image of a graticule containing a 1 mm scale bar (at the
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the CCD camera to the PC and the Cross

section were then measured.

using the technique described by Lee et
s were transferred to an RGB monitor and

Mmssiﬁeaﬁon of microcrack location

e
tion

crocrack in continuity with the periosteal surface or
predominantly located in periosteal lamellae

Microcrack in continuity with the endosteal surface or
predominantly located in endosteal circumferential lamellae
Microcrack located completely within an osteon or crossing
the cement line on concentric lamellae of primary or
>3‘U ‘secondary osteon

1 Microcrack located in interstitial lamellar bone between
osteons or located completely or partially on the cement line,

but not actually crossing it

mens used in this study all came from the mid-diaphysis of bovine tibiae and
chined from the central cortex of the bone as far away as possible from the
|1 and endosteal surfaces. This was the best way to obtain a specimen of the
] dimensions and as such, it was decided to ignore the periosteal and endosteal

and to categorise microcracks as either osteonal or interstitial. Longitudinal
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s agents applied

“formed during the first 50,000
'y

with calcein, formed between 50,000 cycles
meack stained with 2 or more agents

Tgetdy

tained with alizarin, either in vivo or artefactual

e

gris
s

microcrack

ts in which four chelating agents were used, this classification was

 calcein blue (Table 4.4).

o
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ed during the first 10,000

¥ e 1

 had failed outright, the main failure crack was ignored as were any

 which had been formed in the vicinity of this main crack due to its

s results were tabulated in the form of: (i) mean number of cracks
section, (ii) crack numerical density (number of cracks occurring per mm?)
ace density (um of crack length occurring per mm?) (iv) mean crack length

age distribution of microcracks according to the above classification.
1 vivo microcracks

cation system defined microcracks labelled with alizarin as either pre-existing
o microcracks. Following the fatigue tests it was decided to carry out three
ests in order to establish how many of these cracks existed prior to machining (in
crocracks) and how many were artefactual microcracks (formed by the machining

). Three samples of bone were removed from the mid diaphysis of three bovine
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&ul specimens. However instead of
g the block and then lathing it to
d in a single vial of 0.0005M
rs to label microdamage which
on a diamond saw and ground

ned for microcracks using

ficantly different. In this study an unpaired rather than a paired t-test
is test allows comparison of two sets of data of a different sample
ary ;:,fpt: ‘comparing microcrack numbers for the different stages
for comparing the data between the three stain test and the four stain

o1



tests were achieved with
féti‘ffness had occurred.
Appendix 4.1). It was
hours for each stage of

the bone specimens left

after the first part of the

s. it was difficult to distinguish individual agents or even
g, Bosiss all R ) |
re in certain areas due to overstaining. The remainder of

all specimens, with the main fracture crack occur_ring in the
at an approximate angle of 45" to the specimen axis. When

ned and examined using epifluorescence microscopy, no

stinguish individual agents with relative ease and in sections

ifficulty due to apparent poor penetration, it was possible, by
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Fig. 4.6 Microcrack from surface labelled with alizarin, showing that it was formed

prior to testing. Alizarin can be seen all along the bone surface. Bar= 50 pm.

Fig. 4.7 Examples of microcracks labelled with xylenol, showing that they were
formed during the first 50,000 cycles of the test. Bar=100 pm.
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Fig 4.8 Microcrack labelled with calcein showing that it was formed between 50,000

cycles and failure. Alizarin can be seen on the surface of the specimen. Bar=100 um.

Fig. 4.9a

Fig. 4.9b Example of longitudinal microcracks (a) stained with xylenol and viewed
using green epifluorescence (b) labelled with calcein and viewed using UV

epifluorescence. Bar=100 pm.
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| PROPAGATING

alcein was applied during the

PREEXIST.
0.049 0.040
0.084 0.036
9.4 3.4
174 3.1
6.21 4.97
PRSI TP O
STAGE 2 | STAGE 3 | PROPAGATING | PREEXIST.
0.103 0.236 0.032 0.021
0.087 0.174 0.023 0.024
19.4 64.8 14.8 1.5
21.3 76.4 137 167
25.34 59,59 8.22 6.85

Eok
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B Longitudinal Sections ‘i
O Transverse Sections

Propagating  Preexisting

Stage 3
Cracks cracks cracks

sities for all four crack types

Surface Crack Densities

-It;giituainial sections
OTransverse sections |

- Stage 2 Stage3 Propagating Preexisting
Cracks Cracks cracks cracks

11 Surface crack densities for all four crack types
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d in transverse than in longitudinal
\ greater density of microdamage was
than in stage 2 (first 50,000 cycles)
0.05) and longitudinal section (t=3.75,
sting cracks (labelled with alizarin)
igen s) were much lower in both types
e 3 microcracks (p<0.05) (Table 4.7),

are converted to percentages, a better
2
4,12)

RS L
ELongitudinal Sections |
ClTransverse Sections ‘

tage2  Stage 3 Propagating Preexisting
E "*““%nqcks Cracks cracks cracks
Microcrack distribution

4.12, it can be seen that similar data were found in both longitudinal and in
e sections regarding microcrack distribution. Only 6% of microcracks were
and fhese did not propagate during testing. A greater density of microcracks

L S ERRE

between 50,000 cycles and failure than in the first 50,000 cycles, almost a 2: 1
Isverse: 1=2.66, t9.05=1.95, p<0.05; longitudinal: t=3.75, to.0s=2, p>0.05). 8% of

S were labelled with two agents, indicating propagation.
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location. For microcracks formed in
in interstitial bone and although this

> % of them were located in osteons

acks were found in interstitial bone

IOstéonaT
|
Olnterstitial |

~ Stage 2 Cracks

iQ

Stage 3 Cracks

&

Location of Eehssverse microcracks
ee Agent Tests: Microcrack Lengths

4.7 and Table 4.8 shows the data obtained from analysis of microcrack lengths for

verse and longitudinal sections. Fig. 4.16 illustrates this data graphically.

f‘."7 Mean crack length data obtained from transverse sections

CRACK TYPE STAGE 2 | STAGE 3 | PROPAGATING | PREEXIST.
CRACK LGT (um) 96.5 115.6 263.9 61.6
S.D. 61.8 84.4 117.2 38.78
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gitudinal sections
3 | PROPAGATING | PREEXIST.

357.3 50.26
148.2 58.4

B Longitudinal Sections.
O Transverse Sections |

Data obtained on microcrack lengths

cks were longer in the longitudinal than in the transverse direction (t=3.4,
36, p<0.05). Pre-existing microcracks were short in comparison to the other types
eneral were found close to the surface of the specimen. Microcracks formed

g the latter part of the test were longer than those formed during the first 50,000
b,

w1th a ratio=1.2:1 in transverse sections (t=2.66, t905=1.98, p<0.05) and ratio=
in longitudinal sections, (t=4.71, to0s=1.98, p<0.05). Propagating microcracks
longer than either stage 2 or stage 3 microcracks(transverse: t=6.74, t905=1.98,
5ﬁ‘longitudinal: =3.99, t9s=1.98, p<0.05). No cracks were found which had been
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:‘ Craék data obtained from transverse sections

Wﬁd no cracks were found which had been labelled with the

d in different regions of a single microcrack with the same

- S
CK TYPE STAGE 1 STAGE 2 | STAGE 3 PROPAGATING | PREEXIST
CK LGT (um) 99.0 101.0 128.0 123.0 83.3
S.D. 43.8 16.1 60.9 0 23.0
. Density (No./mm? 0.128 0.033 0.225 0.007 0.023
S.D. 0.023 0.012 0.07 0 0.005
e Density (um /mm?) 13.0 4.9 28.0 1.3 1.9
S.D, £ 1.1 13.3 0 ) 5
centage of Microcracks 29.31 6.9 56.9 1.72 517
24.10 Crack data obtained from longitudinal sections
CRACK TYPE STAGE 1 STAGE 2 | STAGE 3 PROPAGATING | PREEXIST
CRACK LGT (um) 272.8 242.0 264.8 243.0 56.0
SD. 67.2 65.8 165.8 77.8 0
Num. Density (No./mm?” 0.109 0.043 0.184 0.021 0.010
S.D. 0.032 0.013 0.115 0.031 0
urface Density (um /mm®) 27.6 6.9 46.2 1.8 0.5
S.D: e | % 14.2 3.1 0
ercentage of Microcracks 30.24 12.25 48.97 6.12 2.42

05).

100

the numerical density data are compared to the equivalent data from the three agent
the results are found to be comparable and differences are not statistically

ificant, (transverse data: t=0.6, tos=2.2, p>0.05; longitudinal data: t=1.62, t0s=2.2,




three agent and four agent
i

5
emﬁ, (transverse data: t=1.6,

to show, how microcracks
.16 shew the numerical crack
n ftlme Failure is defined as

=e-Transverse Sections
~=-| ongitudinal Sections

hoenent

Failure

TCnca” opee  Oris
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érack densities against number of cycles
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~+=| ongitudinal Sections
-==Transverse Sections

Failure

mﬁ Table 4.12 show the data obtained from the in vivo control studies
pmemstmg damage (in vivo and artefactual). Analysis showed that there
ficant difference between the greater number of artefactual microcracks than

crocracks found (transverse data: t=2.2, tos=2.1, p<0.05; longitudinal data:
05=2.1, p<0.05).
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Preexisting Microcracks

61.6
38.7

0.040
0.036

34
31

Artefactual Microcracks

50.3
58.4

0.021
0.024

14
1.6




4.4 Discussion

The chelating agents were effective when applied in sequence. No evidence of
substitution was found, verifying the work carried out in Chapter 3 in determining the
optimal dye sequence for labelling microcrack growth. Alizarin labelled pre-existing
microcracks and, while in some cases they did not penetrate the bone matrix extremely
well, in general xylenol, calcein and calcein blue labelled microdamage clearly and were
clearly distinguishable from each other when analysed using epifluorescence microscopy.
Fig. 4.17 shows a calcein labelled microcrack located in interstitial bone viewed using

UV and green epifluorescence.

Fig. 4.17a

Fig. 4.17b
Fig. 4.17 Calcein labelled microcrack viewed using (a) green epifluorescence (b) UV

epifluorescence. This microcrack is located in interstitial bone but part of it is

found on the perimeter of a cement line surrounding a Haversian system. Bar= 100

pm.
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¢ stain tests, it was evident that there was
m»ferse sections. The numerical crack
’ M&nswrsc sections compared to Cr.Dn.=
ns. This was as expected: microcracks
than in the transverse direction so any

jikely to cut through a microcrack than a

WilsPecrah

vel found to exist prior to testing and only one of a total of 54
‘was found to propagate during testing, suggesting that in vivo or
 did not affect the fatigue behaviour of these specimens.

wm, a greater proportion of microcracks were found in the stage at
M‘Eﬂ'st 50,000 cycles. For transverse sections, the ratio was 1.9: 1 while
nal sections this rose to 2.3: 1. However when an extra agent is included
and a reading of cracks accumulated by 10,000 cycles is taken, new
s were made. These data indicate that the microcracks formed during this set
y during the specimens life (first 10,000 cycles) but then accumulation
, suppressed with only a slight increase occurring between 10,000 and
cles before microcracks rapidly accumulate after 50,000 cycles eventually
n failure. The results from the three stain tests and four stain tests are
e (p>0.05). Fig. 4.15 and 4.16 show the microcrack densities as a function of

1 the tests carried out illustrating this trend.

15 is compared to Fig. 4.1 which shows the process of failure in composite
it‘seexrns that a similar trend is observed. Numerous authors have mentioned
" bility of a microstructural barrier concept existing in bone (Taylor and
ast, 1997, Taylor, 1998; Akkus and Rimnac, 2000) with the bones

ture allowing microcracks to initiate rapidly but because of the morphology of
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such as cement lines which suppress
e to back up this theory. 94 % of
0,000 cycles of tests were located in

growth through osteons (Fig.

on of lengths for microcracks formed during the first 50,000

d those found to be propagating, i.e. those which were

Stage 2 Propagating Cracks
177 £ 108 um 357 £ 148 um
gt. (Mean £ S.D.) 96 + 62 pm 264 £ 117 um
2ol # gl

inal lengths were found to be similar to those recorded by Burr and Martin
'can length= 296 + 257 um. Transverse lengths and densities were also similar
to those found in other studies, (Schaffler et al, 1989; Burr and Stafford, 1990;
, 1998). From the data obtained, it is evident that microcracks were longer in the
nal direction than in the transverse direction. This is not surprising and occurs
y in composite materials when crack growth is relatively easy in one direction

ficult in the orthogonal one, due to either the type of loading or the anisotropy of
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the material. It is also consistent with the prediction by Taylor and Lee (1998) who used
the methods of stereology to estimate three dimensional sizes and shapes using data from

two dimensional sections in the transverse and longitudinal planes.

Fig. 4.18b

Fig. 4.18 Propagating microcrack stained with xylenol orange and calcein viewed (a)
at high red levels in order to show xylenol stained part more clearly (b) at high

green levels to show calcein stained part more effectively.
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; how the microcracks get longer in

357um

ematic of microcrack growth in 2 dimensions from mean data for both

propagating microcracks

nt. Fig. 4.19 portrays this using the data from Table 4.13 and attempts to
‘an individual microcrack may develop as the test progresses. This shows a
propagating in only one direction in both the transverse plane (i.e
”) and in one direction longitudinally (ie “northwards”) to reflect our
ons. The microcrack grows more quickly in the longitudinal direction than in
rse direction on average. This one-sided growth can be explained as follows.
microcrack shown above were lying between two adjacent osteons, when it
It developed enough energy to propagate, it would most likely break through the
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and continue to grow in that direction
r microcracks densities were found in
| that there is a better chance of cutting

n in a longitudinal section due to the

! ind sections is the most commonly used
It gives accurate results of microcrack densities,
ion of microcrack lengths unless (as in this

wﬁéshapes and sizes of individual microcracks. For example,
’ were cut through the microcrack in Fig. 4.17, 41% of them would

( ‘used, these 41 sections would be classified as stage 3 microcracks
 they are actually sections through a propagating microcrack but have gone
of the crack containing only one agent. If the angle at which the sections
more than 41 % of sections may be labelled with only one agent. So,
' 8 % of all microcracks were shown to propagate in this study (i.e. labelled
 and calcein) it would be expected that this would be an under estimate of the
ber of propagating microcracks and an overestimate of the number of

s which we have classified as stage 3 microcracks that are in actual fact

microcracks.

ites that to develop a more accurate quantification of micocrack development
ent stages during testing, it may be worthwhile to use a geometrical or
tical analysis to correct the figures obtained so as to assign a more accurate

of microcracks to the correct stage in which they were formed.

109



€ Mpc of this thesis. However it can be
ove, where 41 % of microcracks were

racks from 8% to about 15%.
about 53%.

oy

‘3 microcrack, because the propagating

| growth behaviour, it may also be possible to more
To attempt this, different histological techniques from

fuced during the machining process. From the control study carried out it
that only 29.5% of all preexisting cracks were in vivo cracks. This is
as the bone was taken from young cattle (2-3 years old). However, this also
 only 4% of all microcracks found were formed by the machining process.
dates the specimen manufacture and test technique used it, as has often been
| that the use of a CNC lathe in specimen manufacture leads to large amounts of

damage and so results obtained using specimens that have been machined in

are not always accurate.
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etermined sequence were found to
Stages during testing.
higher microcrack densities than
to be an artifact due to crack shape.
‘in the specimens life but the rate of
ed rate of accumulation in the period
h two agents which showed that they were
of pfé‘pﬁgating microcracks is probably greater
e used; underestimate is 15% of all cracks.
fluenced microcrack development with the vast majority of
Mxmmmml bone between secondary osteons. Most
85%) initiated but ceased to grow at transverse lengths above 100
ilar to the osteon spacing assumed by Taylor (1998a).
- shown to be 2-3 times longer in the longitudinal direction than in
stion and were found to primarily grow in length parallel to the
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_ remodelling (Burr and Martin, 1993; Prendergast
aylor, 1999a; Lee et al, 1999b; Martin, 2000).
to accumulate with age in the femoral shaft and neck

tiate, propagate and ultimately coalesce leading to failure remains poorly

Microcracks are routinely stained with basic fuchsin in alcohol and criteria

 has shown these fuchsin-stained features to be true microcracks (Burr et al,
crocracks in bone are normally analysed using two-dimensional transverse
of bone (Frost, 1960; Burr and Stafford, 1990; Lee et al, 1998), but this
> fails to provide detailed information on the three dimensional shape and size
ricrocracks. Knowledge of the true crack dimensions and variance in size are
r calculation of stress intensity values which indicate the probability of an
| microcrack propagating to cause a stress or fragility fracture (Taylor and Lee,

&

e true shape of microcracks

ion of microcracks in compact bone occurs without difficulty because
cks tend to initiate in weak regions in the bone matrix. As the crack continues
, it encounters barriers i.e. cement lines within the microstructure which cause

to slow and in some cases, stop completely. If growth continues, the crack
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1 rate is determined by the average
gue crack growth rate (da/dN, in
OW a minimum point at @ = d: where

CRACK ILENGTH, a

al variation of fatigue crack growth rate with crack length for
range. The crack growth rate is initially high because the crack
‘a weak region in the microstructure and slows down as it encounters

ch as grain boundaries or lamellar boundaries (Taylor, 1997).

rendergast (1995, 1997) proposed an equation which describes crack
as a function of applied loading and crack length (Eqn. 5.1). Crack growth
in two distinct regimes of behaviour: short crack growth which is
y local microstructural features and shows a decreasing rate of growth
with increasing length and long crack growth in which crack growth rate
with length, at a rate determined by the cyclic stress intensity range

h is a function of applied stress range, crack length, shape and orientation.

' n' - §
2 —Je@x -k, ]+ cax) [(—d—“)}
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: gmvvth (a>> d) where C and n are
d value below which crack growth

&

r short term crack growth where C',
-crack growth and barrier resistance.
cling loading where the minimum

to the maximum stress intensity(K)

nds on many factors: the type of loading, crack size with respect
k orientation with respect to the applied stress and the three-
e of the crack. K can be quantified by looking at the strain energy

G) as a crack grows with relation to the decrease in elastic modulus (E)

| mnng relationship (Taylor, 1998):

W (G E)I/Z
Higtionl o

this only gives an approximation for K due to the difficulty in measuring G
 ’, In order to calculate F and thus K accurately, a knowledge of crack
and shape are required. Two dimensional crack measurements provide
hecause any random two dimensional section, tends to only cut through a
fa pa;tlcular microcrack and is likely to give an underestimate of the true crack
Thér;fdre, accurate information of the true crack dimensions and variance in
bone «U‘?,Q;md allow for the calculation of stress intensity values which would

ly indicate the probability of an individual microcrack propagating to cause a

fragilty fracture.
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ology to estimate three dimensional
onal sections in the transverse and
:.work which had been carried out by
Using the information, ten thousand
-analysis predicted an elliptical crack
of 66-113 um and the shape factor
@mmnds to the measurement of the crack
ﬂm predicted values are similar to the values
nts of in vivo crack lengths obtained from

verse sﬁécﬁons of bone (Frost, 1960; Burr and Stafford,

crack shape

of an elliptical crack is common in materials science and has been shown
in a wide range of materials. The phenomenon occurs when crack growth is
 easy in one direction and difficult in the orthogonal one, due to either the type

or the anisotropy of the material (Taylor and Lee, 1998).

bjectives

obtain more data on microcracks in the longitudinal, rather than transverse

n. Only one other previous study was found which looked at longitudinal crack

(Burr and Martin, 1993).
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cracks in compact bone.
obtain three dimensional
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fe and this leads to the formation of
f human rib sections in this study
ling the one other study found in the

e embalmed cadavers. The subjects ranged in
1 %%65@; four were male and five were female.
atic disease was found in the chest walls or ribs. Using
‘Minitom, Copenhagen, Denmark), one 0.5 cm block and one 1
from each rib, commencing 1cm distal to the tubercle. The first set
2d for serial sectioning on a sledge macrotome while the second set of

d for analysis with a confocal microscope.

1 sféluﬁons of basic fuchsin were prepared in 80%, 90% and 100% ethanol.

f rib were stained in basic fuchsin using the following procedure (Burr and
995, Lee et al, 1998). After rinsing under running tap-water to remove the
w, specimens were fixed overnight in 70% ethanol and bulk stained in 4ml

lowing solutions in individual vials and placed in a desiccator (50 mm Hg)

¢ fuchsin in 80% ethanol (ETOH) for 2 hours;
nge solution;

basic fuchsin in 80% ETOH for 2h;

steps 1-3 with 1% basic fuchsin in 90% ETOH;

speat steps 1-3 with 1% basic fuchsin in 100% ETOH;

s in 100% ETOH for 1hour to remove excess stain.

117



on of microcracks from serially
for the serial sectioning of compact
urpose, they must be thin (10-20pum)

laboratories, the standard technique
by first decalcifying them and then
this study decalcification obviously

ining the microcracks.

sﬂnﬂar ﬁiatei'lal properties to the bone itself is required (Schenk et
ylate (MMA) when used with the right amount of softener (to
!’ﬁeihg too brittle) and a suitable catalyst has the required properties. To
of calcified bone, they must first be embedded in the resin and then

:dge macrotome before being mounted on glass slides.

f bone specimens in methylmethacrylate.

protocol was developed by carrying out 'trial and error' experiments in
ry. Before embedding, the bone specimens had to be dehydrated in separate

O]

to facilitate uniform polymerisation of the resin. Specimens were dehydrated

following protocol:

80% ethanol solution- 4 days;
95% ethanol solution- 1 day;
100% ethanol solution- 1 day;
100% ethanol solution- 1 day;
Acetone- 2 days;
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ated with MMA (Merck-Schuchardt,

etrate the bone matrix prior to
were insufficiently infiltrated,
ng and poor quality sections were
thﬂ same as that for embedding. It
softener (dibutyl phthalate, Merck-
orevented the finished polymer being too
roxide, BDH Laboratory Supplies, Poole,
when the tempammre was increased. The rib

s were then completely immersed in MMA solution in a clean glass
_ ; The v1al was placed to the vacuum dessicator for three hours (to
o bul les had been trapped in the solution ) before being heated in an oven at
%ﬂ'@g days » Tﬁe embedding procedure was developed by varying the
times and temperatures to optimise the resin obtained. Too low a

e yielded a soft resin while, if the temperature was too high, the solution

boil and generatéd large numbers of bubbles.
nmgof specimens using a sledge macrotome

macrotome (LKB 2260, Germany) (Fig. 5.3) is an automatic heavy-duty
acrotome which, because of its stability, is suitable for the sectioning of hard

1t consists of a main cutting unit with a D-profile steel knife. The knife is
on vertical supporting pillars above the specimen sledge which is motor driven

hbfizontﬂ plane. A stepping motor feeds the knife downwards to the specimen

eéch cutting stroke and provides an automatic 60 um retraction during the return

to protect the specimen.
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5.3 Sledge macrotome

g_%arhbles such as cutting speed, sectioning angle and section thickness have a large
dearing on the quality of sections obtained. From tests carried out, the optimum settings
br these parameters were determined to be:

Cutting speed: 1-2 mm/s

Depth of cut: 7-15 um

Clearance angle: 9-10°

Bone is an anisotropic material so its mechanical properties depend on the direction of
applied loading. Long bones, such as the tibia, are stronger and stiffer in the
longitudinal direction, rather than across the bones axis. Consequently it might be
expected that it would be easier to section specimens along the longitudinal axis rather
than across the grain. When it was attempted to cut the specimens in the transverse
' plane, the bone tended to fragment and it was difficult to obtain good quality sections.
Indeed in some cases, it was noted that sectioning in the transverse plane damaged to

the surface of the macrotome knife. Therefore, sectioning on the macrotome was

carried out along the longitudinal axis.

The embedded blocks were mounted on the sledge macrotome and 10 um serial sections
of bone were cut through a depth of 250 pum (ie. 25 sections). Specimens were
removed from the blade using forceps and a soft artists brush. The sections were soaked

in 90% ethanol which allowed the polymer surrounding the bone to soften and any folds
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sh and forceps. The sections were
d with DPX mounting medium (BDH
slip and allowed to dry.

g microcracks in bone (Lee et al, 1998)

y - green incident light (G — 2A filter block, A=546 nm),
e crack should be intermediate in size, being larger than

than vascular canals.
microscopy - green incident light (G — 2A filter block, A=546 nm),

tion: Candidate crack should have a sharp border, with fluorescence of
1t within crack borders evident.
ence microscopy - UV incident light (A=365 nm), x125 magnification:

: crack should be stained through the depth of the section.
‘microscopy, X250 magnification: When the depth of focus is changed, the

e crack can be observed to be more deeply stained than the intervening space.

nfirmed the presense of an individual microcrack in a serial section and
ned that it was not artefactual, the serial slices immediately preceding and
bn from the section in question were examined for the presence of the same
k. ThlS technique was repeated through the entire depth of the microcrack.
ék images were then transferred to a HP PIII Brio personal computer (Hewlett
, Grenoble, France) using a CCD colour video camera (Optronics Engineering,

Ca), reference points were noted on each slice by microcrack location in relation

comers of the section being analysed and using Surfdriver "™ computer software

A Burns School of Medicine, University of Hawaii, Honolulu, Hawaii) the serial

were reconstructed into three-dimensional images of each individual microcrack.
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onstruction of the microcrack with all |
:Qr skin was formed over the sections,
- Measurements of crack lengths in both

ade from the reconstructed images using
%&wm Corporation, Frederick, Maryland,

“‘iﬂ%_QﬁO; Burr and Stafford, 1990) that immediate
sults in destruction of specimens. Blocks were
d saw (Struers Minitom, Copenhagen, Denmark), 250 pm
W@f\;éjut and handground to between 100 and 150 pm and
following technique (Frost, 1958):

men was placed in a small clamp and approximately 250um was cut using a

nd saw (Struers Miniton, Copenhagen, Denmark).

f No. 400 silicon carbide paper was placed on a flat surface under running
and the section was placed upon it. Another piece of paper was wrapped
d a glass slide and the section was manually ground down between the two

s of paper in a circular fashion using light pressure.

S grmdmg was continued and periodically the thickness was checked using a
méfér screw until the required thickness (100-150pm) had been obtained

imens were agitated in 0.01% dish detergent in a beaker, placed in a Coors

celain funnel with fixed perforated plate and washed in distilled water.

pecimens were then air dried and mounted using DPX mounting medium (BDH

boratory Supplies, Poole, UK) and a coverslip.

grinding was used to obtain sections of high quality which were a lot thicker than

acrotome cut sections. The advantage of this method is that it is simple, quick and
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bone which proved extremely
nique was developed by Frost (1958) and in
m&e quality of the sections obtained from
the technique is that the sections are too thick
on purposes. The diamond saw blade

tick _»ﬁf section that can be obtained is 200-
) obtain one 150 pm thick section.

e ke
st &8

croscopy (LSCM), which combines fluorescence
nination and computer imaging, was used to visualise
f Anatomy in the Queen’s University of Belfast, Northern
:a TCS/NT confocal microscope available for use in this study, with
by their technical staff.

cope was equipped with a krypton/argon laser as the source for the ion beam
ed to examine the sections for fluorescence of fuchsin-stained microcracks.
-rstmm samples were imaged by excitation at 647 nm with a 664-696 nm
emission filter. Individual microcracks were identified on the surface of each
The laser was then focussed at different depths through the entire depth of the
V rating a series of individual slices at 8um intervals and a single microcrack
cted into a 3-D image. The software allowed the reconstructed image to
| through 360° in order to show the crack shape. All the settings on the
| microscope: objective lens used, wavelength of channels, readings on the
tipler tubes, depth of Z-scan, strength of laser and format of acquistion were
ised and recorded for each data set acquisition. With the confocal microscope it
ble to reproduce settings from one experiment to another. While there was
iate software in the system to maintain laser stability and strength through a

of 200 um, our observations were restricted to a maximum depth of 100-160 um

id tissue attenuation of laser beam penetration and emission light.
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of each section to the PC
' asunng it using the same
' mga graticule containing a
: ber Qf cracks occurring per

occurring per mm?) and (ii)



5.3 Results
5.3.1 Serial Sectioning Technique

The reconstructions obtained using the serial sectioning technique are shown below.

Figure 5.4 shows a microcrack reconstructed from serial sections rotated through 0, 45
and 90 degrees. In each case, a ‘skeletal’ image shows the initial reconstruction with all
the individual sections present while the ‘covered’ image shows the reconstructed crack
when a “skin’ has been placed around the sections.

Fig. 5.4a 0 degrees

Fig. 5.4b 45 degrees

Fig. 5.4c 90 degrees
Fig. 5.4 Lateral view of a microcrack reconstructed from serial sections, in

'skeletal' and ‘covered’ forms, rotated through 0, 45 and 90 degrees. Bar, 50 pm.
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crack reconstructions obtained from
longitudinal direction was 404 + 145
transverse direction was 97 + 37 um
5 ted in a mean aspect ratio of

| sections on microcrack lengths

Lgt. (um) Ratio L:T  Thickness (um)
i 7.0 8.93
6.7 5.05

44 536

56 9.62

- 2.7 7.14
337.74 1.9 11.29
252,91 8 1000 2.1 13.95
481.84 110.56 4.4 13.16
45915 69.02 6.7 7.14
| 96.66 46 9.12
37.48 g8 ¢ 330

roscopy technique

to hé_shmet—like defects and were approximately elliptical in shape.
usmg LSCM is shown in Figure 5.5. The fuchsin-stained cracks
‘ tethe longitudinal axis of the rib and were most commonly
beme parallel to Haversian systems. Figure 5.6 shows the same
different intervals through the section. Beginning with the initial
hand édmer), and following the arrows, it can be seen that initially
‘_}c white arrow) but progressing through the sections, it became
clearer before becoming less distinct again indicating that the laser has gone
‘the entire width of the crack. A reconstruction of this dataset of images is

in Figure 5.7, with the crack rotated in order to show the three-dimensional crack
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shape. Another microcrack reconstructed from LSCM is shown in Figure 5.8.

Fig. 5.5 Fuchsin-stained microcrack (white arrow) viewed using LSCM.

Bar, SOpm.

Fig. 5.6 Dataset of images of microcrack (arrow) visualised in Fig. 5.5 at 8um
intervals through the section beginning at bottom right hand section (white arrow)

and following black arrows through the depth of the section. Bar, 250pum.
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Fig. 5.7 Reconstructed microcrack obtained from dataset of images (Fig. 5.6). The

erack has been rotated to show its three-dimensional shape. Bar, 50pm.

Fig. 5.8 A reconstructed microcrack obtained using a gallery of LSCM images.

Bar, 100pm.
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uorescence. Under
UV incident light,

s

‘number, density (Cr.Dn) and length (Cr.Le) in

his data was obtained from analysis of sections using

No. Cr.Dn. (no./mm?) Cr.Le. (um)
8 0.073 483.50
11 0.091 436.02
8 0.077 401.46
24 0.295 391.14
8 0.069 245.86
3 0.385 358.79
4 0.045 285.39
19 0.293 324.17
7 0.097 176.81

10.22 0.12 370.75
6.92 0.10 211.01
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Fig. 5.9b
Fig. 5.9 Microcrack (arrow) viewed using (a) green (b) UV epifluorescence.

Bar, 100pm.
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vitro microcracks in fatigue-tested compact
e arrays of ultra-microcracks in human tibiae

5
Jh

: s a much improved spatial resolution, because the
high precision onto the actual microcrack being examined
T ﬁmj of the out-of-focus image from the image focal plane
998). This property of the confocal microscope allowed the fuchsin-
cracks to be highlighted from the surrounding matrix.

croc ack had been identified, a series of slices was made at intervals through
ple and using computer processing, a complete three-dimensional image of
crack was created. While the laser strength and stability of the confocal
ope can be maintained through a depth of 200 pm, imaging of compact bone
was limited to a maximum depth of 100-160 um to avoid bone tissue
tion of both the laser beam penetration and the emission light. No quantitative
‘were obtained on three-dimensional crack measurements from the confocal-
uctive technique as it was only possible to measure part of the crack width
-once a crack had been identified on the surface of a section, it was not possible

srmine how much of the crack had been cut away during the sectioning process.

h LSCM and serial sectioning showed similar results regarding the shape of

' ;:racks in bone. They were found to be three-dimensional, sheet-like defects. This
néistent with the study by Fazzalari et al (1998). Using both reconstruction
“ .‘QI‘ICS, they were approximately elliptical in shape. This is consistent with crack
s found in other materials (Miller and de los Rios, 1986) and arises when crack

is relatively eaéy in one direction but difficult in the orthogonal one, due either
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rec iction of an elliptical crack shape with axis ratio
 the results are comparable with the observations by

¢
g ! NENL
g (LA

techmque yielded a mean numerical crack density of 0.12 + 0.10

axis (n =
| crack lengths (Burr and Martin, 1993) which found a longitudinal crack
‘ 296 £ 257um. In general, microcracks ran parallel to the longitudinal axis of

92) which is consistent with the one previous study on

 and were most commonly located in interstitial bone parallel to Haversian

This again was consistent with previous work on location of in vivo

cks in human tibiae (Boyce et al, 1998).

erse sections, the microcracks observed in this (Table 5.3) and other studies on
1ib (Frost, 1960; Burr and Stafford, 1990; Lee et al, 1998; Lee et al, 2000) are
to those found in the femoral neck and shaft (Schaffler et al, 1989, 1995) and to
,. seen in fatigue-tested bone (Fyhrie and Schaffler, 1994; Choi et al, 1994). By

ing the dimensions of microcracks in three dimensions, we have gained insight

e true sizes and shapes of microcracks in compact bone. This offers the

bility of calculating stress intensity values, which determine the risk of fracture

ring from a particular microcrack. The development of these techniques provides

ential tool for the prediction of fatigue fractures in bone.
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imensional shape of microcracks in

d rib sections and laser scanning
results regarding the shape of

l‘./ 1l

h theoretlcal predlctlon of microcrack

iy

of random two dimensional sections
> i ,E

‘ m aspect ratxo of 5 3.

'ﬁr%mm ‘

W

wlab@lzwmicrocracks in all samples. The data

%nmmd densities were consistent with the study by
This was the one previous study found in the literature which
longitudinal rather than in transverse sections.
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e fatigue tests can be conducted which allows
during the course of a fatigue test. The specimen
a similar technique developed by Keaveny et al (1994a)
secular bone. Specimens were cylindrical in cross section
stress concentrations and the machining process was not
gmﬁwﬁ amounts of artefactual damage. The test rig designed (Fig.
‘but effective. Parallel aluminium plates into which depressions had been
) accommodate the specimens' end caps, helped to avoid errors in the axial
| ‘specimens and brass end caps were attached to the specimens before
te loading without contact damage.
B rathar thu
mens failed before the predicted reduction in stiffness had taken place.
n was similar in all specimens, with the main fracture crack occurring in
of the specimen at an approximate angle of 45° to the specimen axis
v o the design of the specimen. The average life for the specimens was
cles (S.D. 38000). Although there was variation in fatigue life over three orders
| ide from specimen to specimen, this degree of scatter is similar to that found by
wthors (Table 2.1). This suggests that the scatter is not due to inadequacies in the
g technique but is due to the bone material itself. Although the specimens tested
f exactly the same dimensions and all came from the mid diaphysis of bovine
other factors such as orientation of the bone lamellae, porosity, degree of
sation etc. could explain the large variation in fatigue life from specimen to

_ This further indicated that more work needed to be carried out to look at the
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in compact bone and how the bones
ks to develop.

from statistical analysis of previous
data from various sources, tested in a
m to tell a similar story (Taylor et al,

wﬂl always occur from the weakest point in the

be the case. However, these initial experimental

rather than trabecular bone. Histological examination showed that the agents
v )# when applied individually but some problems began to emerge with
Mﬁe agents in sequence. As had been shown previously (Lee, 1997; Lee
O’Brien et al, 1998) substitution of certain agents took place when an
'Bﬁ"‘ﬁnger"-‘agent (having a greater affinity for calcium) was sequentially
g. calcein blue followed by alizarin. This indicated once again the necessity for
1 analysis to be carried out in order to determine the binding constants for each
ive chelating agents and so determine an optimal application sequence which

‘minimise substitution.
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1994) introduced the idea of using a fluorescent dye, or
| microcracks. Basic fuchsin also fluoresces under ultra violet light

to detect microdamage. This study improved the technique of crack
1g basic fuchsin by varying the magnification and light type when sections

d under a fluorescent microscope.

ght under the microscope in order to facilitate histological examination. This

' been used in a number of previous in vivo studies in order to demonstrate

al, 1989; Lee, 1995). Stover et al (1993) was the first author to use the
omes to label microcracks. They showed that in vivo microdamage could be
sfully labelled using calcein. Lee et al (2000a) was the first study to show that the
‘agents could be used to label in vifro microdamage. This work however,
d some problems with the use of chelating agents in monitoring crack propagation

y different agents tended to substitute each other when applied in sequence and a
study (O’Brien et al,1998) showed similar problems.
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Chapter 3 emphasised the chelating agents
?this:lvaboratory situation, the amount of calcium
d, and the amount of calcium left, after
then measured using ion chromatography. This
t affinity for calcium, followed by by xylenol
1 and oxytetracycline (0). Confirmatory tests
scratches had been made to simulate the process of
g fresh calcium on the bone surface. From these tests, it
y for calcium than CB. On application of the agents
und to slightly substitute C but when the concentration of
0.0005M to 0.0001M substitution did not take place.

developed a dosage regime and sequence of fluorochrome administration in
3.3) which allowed for the five agents to appear equally bright under the
facilitate histological examination. Lee et al (1997, 2000a) used 1%
of the five agents. The concentrations used in these tests were the lowest
fluoresce clearly while still allowing chromatograms to be obtained. Tests were

- using the in vivo dosage regime (Rahn, 1977) but results were inferior to those
A and X were found to be

'S0 as to prevent bleeding of the agents into the bone matrix, which allowed all

ed using concentrations established in this study.

t to differentiate from each other. Both agents appeared as a red/ orange colour
. may have been displaced A to a minor extent. Similarly, calcein blue was found
lace calcein making differentiation again difficult. This final analysis has shown
technique of sequential labelling has been successfully refined and the optimal

trations and application sequence for the four chelating agents has been
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histological analysis of damage developed before fracture. The only
e looked at the process of initiation, propagation and growth of individual
was Akkus and Rimnac (2000). They investigated microcrack growth of
surface microcracks in human cortical bone using a video microscopy system.
ns of their work include the fact that they only looked at surface cracks and
‘ﬁ rded microcracks that did not run in straight lines and they did not look at the
i mmsby which microcrack growth was arrested. Their results however, do
e concept of a microstructural barrier effect existing for cortical bone tissue
the morphology of osteonal bone appears to provide an abundance of crack
n sites but its structure prevents or slows crack growth (Taylor and Prendergast,

ylor, 1998).

ating agents, in general, were found to label microcracks effectively. Some
s were encountered with the degree to which the agents were able to penetrate
~ However, no evidence of substitution was found, thus validating the refinement
l (Chapter 3). A small number of microcracks were shown to propagate as they

labelled with two chelating agents. However as suggested in Chapter 5, this is
to be an underestimate of the actual number of propagating microcracks, with
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2 or stage 3 microcracks actually being
due to the amount of bone wasted in
€ .1 shows an example of a propagating
e and then with calcein, showing it to
‘and grown further during the second part

early on during the bone’s life (first 10,000
is suppressed, with only a slight increase in
tween 10,000 and 50,000 cycles, before microcracks
)0 cycles, eventually resulting in failure. This is consistent
rier concept, where the bone’s microstructure would be
mic cks to initiate rapidly but, because of the morphology of

rocracks encounter barriers which suppress further growth before
sle microcrack develops enough energy to overcome the barrier and grow

, l:,;hi;dieating the difficulty of microcrack growth through osteons. This
pped in the latter part of the specimen’s life with 25% of microcracks being
| osteems This again suggests that late in the bone’s life, microcracks have a
‘ ﬁentlalto break through a cement line. It was also evident from the failed
that the méin macrocrack, which caused failure, often tended follow
nn’s and Haversian canals. This suggests that although small microcracks tend
down or cease growing completely when they encounter barriers to growth such
ent lines, when a crack is propagating rapidly and does manage to break through, it

> advantage of voids or cavities in the material, whose orientation facilitates
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Wvo microcracks formed
1 microcracks induced by
-d that the presence of
and any cracks formed

0] terials, and arises when microcracks find
han in the orthogonal direction. Fig. 4.17 shows a
ks may develop in size in both transverse and
crack shape was predicted from analysis of all the
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Fig. 6.1 Example of propagating microcrack, initially stained with xylenol and then
stained with calcein showing it, to have been formed during the first 50,000 cycles
and then to have grown further between 50,000 cycles and failure. Other xylenol

orange labelled microcracks can also be seen in the image. Bar=100 pm.

Fig. 6.2a

Fig. 6.2b
Fig. 6.2 A comparison between the two reconstructive techniques (a) reconstruction

obtained using laser scanning confocal microscopy (b) reconstruction obtained using

serial sectioning method.
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the transverse direction (Burr and Martin,
M&eﬁs ‘that measurements of microcracks in
asure of a crack’s width rather than its length.
ments fail to provide detailed information on the
rocracks. Knowledge of the true crack dimensions and
for a more accurate calculation of stress intensity values
of an individual microcrack propagating to cause a stress

-and Lee, 1998).

ed out used two different methods to develop three-dimensional
of individual microcracks. This allowed comparison between the
sed and the results obtained and provided a more accurate result as to the
ﬁnﬁnsmml shape of microcracks in bone. The use of confocal microscopy in
identification is a relatively new one. Laser scanning confocal microscopy
has the advantage of visualising a very thin plane of the section and the image
*stal resolution as a result of suppressing the glare associated with the out-
areas of the section. LSCM has previously been used to study microdamage in
- bone (Fazzalari et al, 1998), the morphology of in vitro microcracks in fatigue-
act bone (Zioupos and Currey, 1994) and dense arrays of ultra-microcracks in
biae (Boyce et al, 1998). Fazzalari’s study (1998) is the only one, which has

" to look at microcracks in three dimensions. This study did not obtain

data and concluded that microcracks were actually three dimensional “sheet-
defects in the bone matrix.

fuchsin bulked-stained blocks of human rib were used in this study. Both

iques, LSCM and serial sectioning of methylmethcrylate-embedded rib sections

wed similar results. Microcracks were found to be three dimensional defects and
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the prediction of an elliptical crack shape
ned from analysis of random two dimensional
. are also comparable with the prediction
9) and also with the observations by Burr and
‘times longer in the longitudinal direction than in

of the ‘Lgmund sections which had been used for the LSCM
crocrack density of 0.12 = 0.10 cracks/ mm?  This was
us studies which had looked at in vivo microcracks (Burr and
at al, 1998). It was considerably lower then the mean longitudinal
in the fatigue tested bovine specimens (0.37 + 0.2 cracks/ mm?).
‘were shown to average 371 + 211 pm in length along the longitudinal axis
ch is consistent with the one previous study on in vivo longitudinal crack
nd Martin, 1993). Surprisingly this mean value is greater then the mean
length found in the bovine specimens after fatigue testing (279 132 pm).
t ratio of the in vivo cracks was also greater than that found for in virro
This may be indicative of the role of microcrack repair in living bone and

 between cracks that grow in vivo, at lower stresses than cracks which grow

ical tests. It could also be indicative of how the differences in the

nd to run parallel to Haversian systems and to the longitudinal axis of the rib,

owing how microcracks will take advantage of the path of least resistance.
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w0

s led to the development of a technique, which
ourse of a mechanical fatigue test to be studied.

cases. This might be overcome, by developing a
o be immersed in a bath of a chelating agent under

icrocracks influences the fatigue behaviour of bone. This work has
. by which microcracks initiate and propagate in bone and how their
,' atdfiﬁerent stages ultimately brings about failure. Information too, has been
| microcracks in the longitudinal direction and also on the three dimensional
' ses of microcracks in bone. Following on from this, worthwhile future
it involve studying how microcrack growth is influenced by differing
' cture in bone from different species, for example, in species where Haversian
are not prevalent. The fatigue behaviour of bone in compression was looked at
study. However, it may be worthwhile to develop an insight into how the fatigue
‘of bone is affected by different types of loading, such as tension, bending or
Most mechanical testing of bone involves test specimens, which have been
] tured using various machining process. To be completely sure of how bone
ith mechanical loading, knowledge of the behaviour of whole bones subjected to

vical testing may be a more accurate representation of their behaviour in an in vivo

study used laser scanning confocal microscopy to look at fuchsin stained samples of
However, it has barely approached the confocal microscope’s capabilities. The

ique allows fluorochrome labelled microcracks to be highlighted from the
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potential in the area of fluorochrome
ch thought should be given to how to

-was carried out by an engineer working in
insights into the fatigue behaviour of
clinical importance of microcracks in

carried out with long term clinical development in mind. The
ping an agent, which chelates to exposed calcium but also shows up
magms ‘might be a first step. The further development and
T (Computed Topography) may help this to be realised and

seonsiate

PV R O
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Conclusions

. A repeatable in vitro testing protocol has been established which allows compact

bone specimens to be tested in compression.

Specimens were found to have a mean life of 36,000 cycles to failure at 100 MPa.
The degree of scatter regarding number of cycles to failure was similar to that

. observed by other authors. This has validated the accuracy of the predictive model

_ (Taylor, 1998a).

3. The technique of sequentially applying chelating agents to specimens of bone has

‘ been refined to prevent the problem of substitution occurring. The new technique,

allows microcrack growth at different stages during a mechanical fatigue test to be

studied. The established sequence of application is: alizarin - xylenol orange —

calcein - calcein blue.

4. Microcracks were found to accumulate early on in a specimen’s life but the rate of
accumulation then slows down until an increased rate of accumulation in the period
prior to failure. Bone microstructure greatly influences microcrack growth with the
vast majority of microcracks being found in interstitial bone between Haversian
systems. Microcracks have been shown to grow in length primarily in the
longitudinal direction, parallel to Haversian systems and the longitudinal axis of the
bone. These results support the concept of a microstructural barrier effect existing in

bone.

5. Two separate techniques have been developed to look at the three dimensional shape

of in vivo microcracks in bone.

6. In vivo Microcracks are elliptical in shape, being longer in the longitudinal than in the

transverse direction.
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‘ Turbo C Program -continued

R R I T T T

INMAX.C") ;

NG PROG for PC30AT. APM & PDN July/98 VO");
- Data saved to user filename.");

Q:BIP+/ =1.5V | NAV=15 \n");

:‘nter time between blocks [seconds]: ") ; scanf ("¥d", &seconds) ;
\n&nter data filename and path : "); scanf("%s",filename);

it=fopen(filename, "w"))) printf("\nerror opening file");
(F\nbatu file opened OK. Please wait......... i)'

500 printf ("\n\n\n\n\tHit 'S' to START sampling.\n");
\n\tHit any key to STOP sampling");

("\n\t\tor press pause key to PAUSE sampling.\n\n");

Efgeteh () !='s');

knﬂ; m=0;

ans [0] = 2; setadchans(1); //select channel

e(!kbhit())

Eprintf(scandat,"\n\nalock $d",block) ;
printf ("\nsampling Data... )

for (cnt=0;cnt<5;cnt++)

for(i=0;1<1000;i++)

temp[i)=(a2d()); //acquisition samples
‘max=-1.5; //initialization
min=1.5;

def=def0=1;

for (i=1;i<1000;1i++) /71000

if (temp[i] >max) max=temp[i]; //function follow and forget
else if (temp([i)<min) min=temp[i}; // max and min

max=( (max*.2448)+.0047) ;
min=( (min*.2448)+.0047); R
def=(max-min) ; //def in mm
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Closing file"); fclose {scandat) ;

//function acquisition and average
// noise compensation

j=j+(calcvolts (BIP,1.5,adconv()));
return (j/NAV) ;

j/ﬁ**i‘****it*ﬁ******t**t********t************t*t******'h*****t****** */
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“of specimens

Stress Range No. of Cycles to Failure
¢ L iMPe Nf
‘ 100 : No Data
10 No Data
100 No Data
100 No Data
100 80000
100 : 7500
100 82000
300 6000
100 68000
100 140000
100 5500
100 38000
100 7000
100 1082
100 514
100 5425
100 82450
100 11150
100 27620
100 32000
100 85000
100 43000
100 11920
100 14540
100 12870
Mean 36265
SD | 38521
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62384
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105659

" 78980

120002
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B0

- Average Length
87.6

Crack Density
(No./ mmA~2)
0.094

Surface Density
(um crk. Igt/ mm*2)
8.231

No. of Cracks
Calcein

No Data
No. of Cracks
Calcein
i _N_o‘Data
No. of Cracks
Calcein
38
Average Length
126.0
Crack Density
(No./ mmA2)
0.21
Surface Density
(um crk. Igt/ mmA2)

26.061

Ratio Cal: Xyl
22

173

ata from three agent tests
reexisting cracks labelled with alizarin

No. of Cracks
Propagating

No Data
No. of Cracks
Propagating
No Data
No. of Cracks
Propagating
0
Ave Lgt Xyl

Ave Lgt Cal

Ave Lgt Total

No. of Cracks
Total

No Data
No. of Cracks
Total
No Data
No. of Cracks
Total
48
Average Length
114.0
Crack Density
(No./ mm*2)
0.30
Surface Density

(um crk. Igt/ mmA2)
34.293



Average Length
202.3

Crack Density

(No./ mm*2)
0.032

Surface Density
(um crk. Igt/ mmA2)

6.467

No. of Cracks
Xylenol

3

Average Length
243.8

Crack Density
(No./ mm*2)
0.034

Surface Density
(um crk. Igt/ mmA~2)

8.345

No. of Cracksi No. of Cracks

Calcein Propagating
24 6
Ave Lgt Xyl
143.55
Ave Lgt Cal
194.79
Average Length Ave Lgt Total
120.6 338.330
Crack Density Crack Density
(No./ mm~2) (No./ mm~2)
0.085 0.021

Surface Density

(um crk. Igt/ mmA2) (um crk. Igt/
: mm*2)
10.276 7.209

No. of Cracks No. of Cracks

Calcein Propagating
18 0

Ave Lgt Xyl

Ave Lgt Cal

Average Length Ave Lgt Total

142.4
Crack Density Crack Density
(No./ mm*2) (No./ mmA*2)
0.205 0

Surface Density  Surface Density

(um crk. Igt/ mm*2) (um crk. Igt/
mmA*2)
29.240 0.000
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Surface Density

No. of Cracks
Total

39

Average Length
159.2

Crack Density
(No./ mmA2)
0.138

Surface Density
(um crk. Igt/ mmA2)

24.977

No. of Cracks
Total

22

Average Length
156.8

Crack Density
(No./ mm*2)
0.251

Surface Density
(um crk. gt/ mm#~2)

60.754



No. of Cracks No. of Cracks No. of Cracks

Calcein Propagating Total
39 3 60
Ave Lgt Xyl
120.25
Ave Lgt Cal
95.21
Average Length Average Length Ave Lgt Total Average Length
98.2 ~ 179.5 215.460 156.9
Crack Mnsify Crack Density Crack Density Crack Density
(No./ mmA2) , (No./ mmA2) (No./ mm*~2) (No./ mm*2)
S B0TS 0.169 0.013 0.259
Surface Density Surface Density = Surface Density Surface Density
(um crk. Igt/ mm~2) (um crk. Igt/ mmA2) (um crk. Igt/ (um crk. Igt/ mmA*2)
mmA2)
2 7.654 30.316 2,799 40.769
: fmen No. of Cracks No. of Cracks No. of Cracks No. of Cracks
Xylenol Calcein Propagating Total
6 24 6 39
Ave Lgt Xyl
1 155.83
ol
: Ave Lgt Cal
134.39

Average Length Ave Lgt Total Average Length

Average Length
114.7 96.2 290.212 T2
Crack Density Crack Density Crack Density Crack Density
(No./ mmA2) (No./ mmA2) (No./ mmA2) (No./ mm*2)
0.039 0.157 0.04 0.258
Surface Density Surface Density = Surface Density Surface Density
(um crk. Igt/ mm~2) (um crk. Igt/ mm*2) (um crk. Igt/ (um crk. Igt/ mmA2)
mmA2)
14:633 31.762

4.554 15.286
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No. of Cracks No. of Cracks

No. of Cracks No. of Cracks
Calcein Propagating Total
33 6 51
Ave Lgt Xyl
72.05
Ave Lgt Cal
115.36
Averagé ‘Length Average Length Ave Lgt Total Average Length
150.2 188.8 187.410 179.1
Crack Density Crack Density Crack Density Crack Density
(No./ mm*2) (No./ mmA*2) (No./ mmA2) (No./ mm*~2)
0.066 0.182 0.033 0.282
i
Surface Density Surface Density  Surface Density Surface Density
(um crk. Igt/ mm*2)  (um crk. Ilgt/ mm*2)  (um crk. Igt/ (um crk. Igt/ mmA2)
P ; mmA2)
; 9.984 34.506 6.227 0747
imen No. of Cracks No. of Cracks No. of Cracks No. of Cracks
Xylenol Calcein Propagating Total
‘ Ave Lgt Xyl
214.68
‘ Ave Lgt Cal
401.21
Average Length Average Length Ave Lgt Total Average Length
203.8 343.2 615.89 3161
Crack Density Crack Density Crack Density Crack Density
(No./ mm*2) (No./ mm*2) (No./ mmA2) (No./ mm*2)
0.256 0.673 0.064 0.99
Surface Density Surface Density = Surface Density Surface Density
(um crk. Igt/ mmA2) (um crk. Igt/ mm*2) (um crk. Igt/ (um crk. Igt/ mmA2)
mmA2)
52.227 230.948 39.467 322.642
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ecimen

E 11

Average Length
146.9

Crack Density

(No./ mmA2)
0.218

Surface Density
(um crk. Igt/ mmA2)

32.076

No. of Cracks
Xylenol

6

Average Length
182.8

Crack Density
(No./ mmA2)
0.018

Surface Density
(um crk. Igt/ mmA2)

3.264

No. of Cracks No. of Cracks No. of Cracks

Calcein Propagating Total
21 3 45
Ave Lgt Xyl
155.64
Ave Lgt Cal
298.44
Average Length Ave Lgt Total Average Length
326.3 454.080 2514
Crack Density Crack Density Crack Density
(No./ mm*"2) (No./ mm~2) (No./ mm*2)
0.218 0.031 0.468
Surface Density = Surface Density Surface Density

(um crk. Igt/ mmA2) (um crk. Igt/ (um crk. Igt/ mmA2)
mm#2)
9527 28.336 117.518
Ratio Cal: Xyl
1.00
No. of Cracks No. of Cracks No. of Cracks
Calcein Propagating Total
27 b 33
Ave Lgt Xyl
0.00
Ave Lgt Cal
0.00

Ave Lgt Total Average Length

Average Length

273.0 0.000 23862
Crack Density Crack Density Crack Density
(No./ mm*2) (No./ mmA2) (No./ mm*2)
0.08 0.000 0.098
Surface Density  Surface Density Surface Density

(um crk. Igt/ mm*2) (um crk. Igt/ (um crk. Igt/ mmA2)
mmA2)
21.930 0.000 25.194
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No. of Cracks No. of Cracks
Propagating Total

6 69
Ave Lgt Xyl
164.20

Ave Lgt Cal
2135.53

Avlraqel.nngth Ave Lgt Total Average Length
1468.3 399.73 418.2

Crack éensity Crack Density Crack Density

(No./, mm*~2) (No./ mm*2) (No./ mm*2)
; 0.38 ; 0.054 0.62
5 T
~ Surface Density Surface Density  Surface Density Surface Density
 (um crk. Igt/ mmA2)  (umcrk. lgt/ mmA2)  (umcrk.lgt/  (um crk. Igt/ mm*2)
‘ mmA2)

60.918 177.968 21.701 264.495

i
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- Transverse crack data from three agent tests
0 etatkﬁ‘includes preexisting cracks labelled with alizarin

'No. of Cracks No. of Cracks No. of Cracks No. of Cracks
Xylenol Calcein Propagating (X-C) Total
48 33 3 51
No. Osteonal No. Osteonal Ave Lgt Xyl
"3 6 120.25
No. Interstitial No. Interstitial Ave Lgt Cal
12 27 95.21
Average Length Average Length Ave Lgt Total Average Length
=71.8 63.6 215.460 66.2
Crack Density Crack Density Crack Density Crack Density
(No./ mmA~2) (No./ mmA2) (No./ mmA2) (No./ mm*2)
0.119 0.262 0 0.406
Surface Density Surface Density Surface Density Surface Density
i (um crk. Igt/ mmA2) (um crk. Igt/ mmA2) (um crk. Igt/ mmA2) (um crk. Igt/ mmA*2)
8.567 16.716 5.145 30.428
pecimen No. of Cracks No. of Cracks No. of Cracks No. of Cracks
Xylenol Calcein Propagating Total
4 27 38 1 62
. No. Osteo No. Osteo Ave Lgt Xyl
0 6 317.01
i No. Inter No. Inter Ave Lgt Cal
27 27 132.25
i*‘ Average Length Average Length Ave Lgt Total Average Length
78.6 112.6 449.257 103.5
Crack Density Crack Density Crack Density Crack Density
(No./ mm*2) (No./ mmA2) (No./ mmA2) (No./ mmA2)
0.300 0.37 0.011 0.689
Surface Density Surface Density Surface Density Surface Density
(um crk. Igt/ mmA2) (um crk. Igt/ mm*2) (um crk. Igt/ mm*2) (um crk. Igt/ mm*2)
22.077 41.291 14.975 78.444
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No. af ‘Gracks No. of Cracks No. of Cracks No. of Cracks

Xylenol Calcein Propagating Total
9 24 0 a8
No. Osteo No. Osteo Ave Lgt Xyl
0 <
No. Inter No. Inter Ave Lgt Cal
9 21
Average Length Average Length Ave Lgt Total Average Length
62.3 885 57.3
Crack Density Crack Density Crack Density Crack Density
(No./ mmA2) (No./ mmA2) (No./ mm*2) (No./ mmA2)
0.116 0.31 0 0.426

Surface Density Surface Density Surface Density Surface Density
(um crk. Igt/ mm#2) (um crk. Igt/ mmA2) (um crk. Igt/ mm#2) (um crk. Igt/ mm*2)

7.241 17.202 0.000 24.443
No. of Cracks No. of Cracks No. of Cracks No. of Cracks
- Xylenol Calcein Propagating Total

E o 6 15 0 21
No. Osteo No. Osteo Ave Lgt Xyl
0 0
No. Inter No. Inter Ave Lgt Cal
6 15
Average Length Average Length Ave Lgt Total Average Length
66.6 87.6 83.8
Crack Density Crack Density Crack Density Crack Density
(No./ mmA2) (No./ mm*2) (No./ mmA2) (No./ mmA2)
0.043 0.107 0 0.15

Surface Density Surface Density Surface Density Surface Density
(um crk. Igt/ mmA2) (um crk. Igt/ mmA2) (um crk. Igt/ mm*2) (um crk. Igt/ mm*2)
2:85% 9.383 0.000 14.376
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Average Length
81.7

Crack Density
(No./ mmA2)
0.188

Surface Density
(um crk. Igt/ mmA2)
14.307

No. of Cracks
Xylenol

9

No. Osteo
O s

No. Inter
9

Average Length
69.5

Crack Density
(No./ mmA2)
0.141

Surface Density
(um crk. Igt/ mm~2)
9.816

No. of Cracks
Calcein

33
No. Osteo
15
No. Inter
18
Average Length
88.8
Crack Density
(No./ mmA2)
0.414

Surface Density

36.770

No. of Cracks
Calcein

18
No. Osteo
6

No. Inter
12

Average Length

77.8
Crack Density
(No./ mmA2)
0.282

Surface Density

21.979
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No. of Cracks No. of Cracks

Propagating Total
0 48
Ave Lgt Xyl
Ave Lgt Cal
Ave Lgt Total Average Length
87.9
Crack Density Crack Density
(No./ mm*2) (No./ mm*2)
0 0.6

Surface Density Surface Density

(um crk. Igt/ mmA2) (um crk. Igt/ mmA*2) (um crk. Igt/ mm*2)

0.000 54.983

No. of Cracks No. of Cracks

Propagating Total
0 27

Ave Lgt Xyl

Ave Lgt Cal

Average Length
74.6

Ave Lgt Total

Crack Density Crack Density
(No./ mm*2) (No./ mmA*2)
0 0.405

Surface Density Surface Density

(um crk. Igt/ mm*2) (um crk. Igt/ mm*2) (um crk. Igt/ mmA2)

0.000 35.092



Average Length
90.6

Crack Density
(No./ mmA2)
0.205

Surface Density
(um crk. Igt/ mm~2)
18.565

No. of Cracks
Xylenol

24

No. Osteo
6

No. Inter
18

Average Length
136.1

Crack Density
(No./ mm*2)
0.678

Surface Density
(um crk. Igt/ mmA2)
92.240

No. of Cracks No. of Cracks No. of Cracks
Calcein Propagating Total
30 3 43
No. Osteo Ave Lgt Xyl
12 84.01
No. Inter Ave Lgt Cal
18 112.58
Average Length Ave Lgt Total Average Length
120.5 196.590 116.1
Crack Density Crack Density Crack Density
(No./ mm*2) (No./ mmA2) (No./ mm~2)
0.683 0.068 0.979

Surface Density Surface Density Surface Density
(um crk. Igt/ mm#2) (um crk. gt/ mm*2) (um crk. Igt/ mm*2)

82.296 13.428 120.408
No. of Cracks No. of Cracks No. of Cracks
Calcein Propagating Total
36 3 64
No. Osteo Ave Lgt Xyl
0 92.82
No. Inter Ave Lgt Cal
36 51.90
Average Length Ave Lgt Total Average Length
197.2 144.715 178.6
Crack Density Crack Density Crack Density
(No./ mm*2) (No./ mm*2) (No./ mm*2)
1.017 0.084 1.808

Surface Density Surface Density Surface Density
(um crk. Igt/ mm*2) (um crk. Igt/ mmA2) (um crk. Igt/ mmA2)
200.554 12.264 318.792
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No. of Cracks No. of Cracks No. of Cracks

Calcein Propagating Total
30 0 41
~ No. Osteo No. Osteo Ave Lgt Xyl
' 0 6 0.00
: No. Inter No. Inter Ave Lgt Cal
RS ¢ ,e9 A ittnions 24 0.00
# Avm Length Average Length Ave Lgt Total Average Length
o d v ST 2 G e 5118.89 0.000 107.7
: Cra@k bensity Crack Density Crack Density Crack Density
~ (No./ mm*2) (No./ mmA2) (No./ mmA2) (No./ mm*2)
Loy eok, 1HLO63 0.21 0.0000 0.28
Surface Density Surface Density Surface Density Surface Density
(um crk. Igt/ mmA2) (um crk. Igt/ mm”2) (um crk. Igt/ mmA2) (um crk. Igt/ mmA2)
7.383 24.984 0.000 23115
: ecimen No. of Cracks No. of Cracks No. of Cracks No. of Cracks
Xylenol Calcein Propagating Total
E 2 21 33 4 60
No. Osteo No. Osteo Ave Lgt Xyl
0 15 141.23
No. Inter No. Inter Ave Lgt Cal
21 18 123.98
Average Length Average Length Ave Lgt Total Average Length
141.6 188.4 265.206 170.5
Crack Density Crack Density Crack Density Crack Density
(No./ mmA2) (No./ mm*2) (No./ mmA~2) (No./ mmA2)
0.38 0.59 0.072 1.08

Surface Density Surface Density Surface Density Surface Density

(um crk. Igt/ mm#2) (um crk. Igt/ mm*2) (um crk. Igt/ mmA2) (um crk. igt/ mm*2)
53.740 112.379 57.528 187.075
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Specimen

14

Average Length Average Length Average Length

crack data from four agent tests
udes preexisting cracks labelled with alizarin

Ave Lgt Total
188.000

Crack Density
(No./, mm*2)
0.057

(um crk. Igt/
mm#2)

3115 275.0 196.0
Crack Density Crack Density  Crack Density

(No./ mm*2) (No./ mm*2) (No./ mmA2)

0.144 0.057 0.32
Surface Density Surface Density Surface Density Surface Density

(um crk. Igt/ (um crk. Igt/ (um crk. Igt/
mmA?2) mm#2) mmA*2)
35.87¢ 7.918 62.079
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5.413

No. of Cracks No Cracks No. of Cracks No. of Cracks
10-50000 50000-Failure Propagating Total
Cycles
LI
415 3 21 0 42
i ?" g Risetn gl
~ Average Length Average Length Average Length  Ave Lgt Total  Average Length
248.6 297.0 300.4 0.000 282.0
Crack Density  Crack Density  Crack Density Crack Density Crack Density
(No./ mm*~2) (No./ mmA2) (No./ mmA2) (No./ mm*2) (No./ mm*~2)
6.061?" v 0.033 0.115 0.000 0.23
Surface Density Surface Density Surface Density Surface Density Surface Density
(um crk. Igt/ (um crk. gt/ (um crk. Igt/ (wm crk. Igt/ (um crk. Igt/
mmA2) mmA”2) mm?”2) mmA2) mmA2)
20.545 4.909 34.760 0.000 60.215
No. of Cracks No. of Cracks No Cracks No. of Cracks No. of Cracks
First 10000 10-50000 50000-Fail Propagating Total
15 6 33 6 61

Average Length
260.8

Crack Density
(No./ mmA2)
0.59

Surface Density
(um crk. Igt/
mm#2)
105.874



No. of Cracks No. of Cracks
~ Propagating Total

3 39

gngth Ave Lgt Total Average Length
0.000 293.9

Crack Density Crack Density
(No./ mmA2) (No./ mm*2)
0.006 0.26
Density Surface Density Surface Density
crk.lgt/  (umcrk. gt/ (um crk. Igt/
‘ mmA2) mmA2)
-~ 0.000 76.070



No. Interstitial
,12 3t e

Average Length
Jig i+

Craék Density
(No./ mmA2)
0.101

Surface Densify

(um crk. igt/
mmA2)
11.925

‘No. of Cracks
10-50000

6

No. Osteonal
0

No. Interstitial
6

Aéerage Length
102.0

Crack Density

(No./ mm#2)
0.041

Surface Density
(um crk. gt/

mmA2)
4.151
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crack data from four agent tests
cludes preexisting cracks labelled with alizarin

No. of Cracks
Propagating

No. of Cracks
50000-Fail

45 0

No. Osteonal
18

No. Interstitial
27

Average Length Ave Lgt Total

135.1 0.000
Crack Density  Crack Density
(No./ mm*~2) (No./ mmA~2)
0.305 0.0000

Surface Density Surface
Density
(um crk. Igt/ (wm crk. Igt/
mm#*2) mm*2)
41.229 0.000

No. of Cracks
Total

66

Average Length
104.3

Crack Density
(No./ mm*2)
0.446

Surface Density -

(um crk. Igt/
mmA”2)
16.077



No. of Cracks
First 10000

15

No. Osteo
3

No. Inter
12

Average Length
119.0

Crack Density
(No./ mm*42)
0.144

Surface Density

(um crk. Igt/
mm*2)
17182

No. of Cracks
First 10000

21

No. Osteo
<

No. Inter
18

Average Length
61.4

Crack Density
(No./ mmA~2)
0.138

Surface Density

(um crk. Igt/
mm#2)
9.907

No. of Cracks
10-50000

6

No. Osteo
0

No. Inter
6

Average Length
100.0

Crack Density
(No./ mm*2)
0.057

Surface Density
(um crk. Igt/

mmA2)
8759

No. of Cracks
10-50000

0

No. Osteo
0

No. Inter
0

Average Length
0.0

Crack Density
(No./ mm*2)
0.000

Surface Density
(um crk. gt/

mm#2)
0.000
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No. of Cracks
Propagating

No. of Cracks
50000-Fail

18 0

No. Osteo
6

No. Inter
2

Average Length Ave Lgt Total

84.2 0.000
Crack Density = Crack Density
(No./ mmA2) (No./ mm*2)

0:172 0.0000
Surface Density Surface
Density
(um crk. Igt/ (um crk. Igt/
mmA2) mmA2)
14.541 0.000
No. of Cracks _ No. of Cracks
50000-Fail Propagating
30 3
No. Osteo
0 Ave Lgt Xyl
63.00
No. Inter
30 Ave Lgt Cal
123.00

Average Length Ave Lgt Total

143.6 186.000
Crack Density = Crack Density
(No./, mm*2) (No./ mm*2)
0.197 0.019

Surface Density Surface
Density
(um crk. Igt/ (um crk. gt/
mmA2) mm*2)
28.34 3.671

No. of Cracks
Total

42

Average Length
91.7

Crack Density
(No./ mmA2)
0.4

Surface Density

(um crk. Igt/
mmA”2)
23.917

No. of Cracks
Total

57

Average Length
74.6

Crack Density
(No./ mm*2)
0.375

Surface Density

(um crk. gt/
mmA2)
10.61
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Crack Length
SD

Variance
sample
N Value
Pooled standard error
tvalue

* Acritical

144
427
7.178
2.661
1984

285




CRACK TYPE
i :

Surface Densily
w;'; ety i :
Vaiigiog ==iek Sy e
n R

Pooled slandard error 15.242
tvalue 471
(eritical 1.984

681
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CRACK TYPE
Crack Length
SD

Variance

sample

N Value

Pooled standard error
tvalue

teritical

STAGE 1
99

438
1918.44000
51
61
7895
0.260
2002

STAGE 2
101
161

259.21000
12

STAGE 2
101
161

259.21000

109
7.685
3513
1.984

STAGE 3
128
60.9
3708.81000
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STAGE 1

Crack Lenglh 2728
S0 67.2
Variance 4515.840
sample 45

N Value 61
Pooled standard error 18.462
tvalue 1.668
terilical 2.009

STAGE 2
242
658

4329.640

18

242
658
4329.640
18

24947
0.914
1.984

2648
165.8
27489.640

72



4.7 Unpaired t-tests: 3 agent v 4 agent tests

g (1 STAGE 2 STAGE3 PROPAGATING PREEXIST.
nsity (No./mm2) 0.203 0.386 0.049 0.040
‘ 0.193 0.287 0.084 0.036
0.037 0.082 0.007 0.001
10.000 10.000 10.000 10.000
ACK TYPE STAGE 1 STAGE 2 STAGE3 PROPAGATING PREEXIST.
m. Density (No./mm2) 0.128 0.033 0.225 0.007 0.023
a8 0.023 0.012 0.07 0.011 0.005
0.00053 0.00014 0.00490 0.00012 0.00003
3 3 8 3 3
value 11.000 11.000 11.000 11.000
oled standard error 0.061 0.099 0.027 0.012
alue 2.768 1.621 1.538 1.447
ie 2.201 2.201 2.201 2201
3 Agent Tests
Longitudinal Sections
CRACK TYPE STAGE 2 STAGE 3 PROPAGATING PREEXIST.
urface Density (um /mm2) 0.103 0.236 0.032 0.021
S.D. 0.087 0.174 0.023 0.024
Variance 0.008 0.030 0.001 0.001
10.000 10.000 10.000 10.000
4 Agent Tests
_ongitudinal Sections
ACK TYPE STAGE 1 STAGE 2 STAGE 3 PROPAGATING PREEXIST.
rface Density (um /mm2) 0.109 0.043 0.184 0.021 0.023
3.D. 0.032 0.013 Q15 0.031 0.005
/ariance - 0.00102 0.00017 0.01323 0.00096 0.00003
3 3 3 3 3
11.000 11.000 11.000 11.000
oled standard error 0.029 0.086 0.019 0.008
lue 2.104 0.603 0.569 0.246
ritical 2.201 2.201 2.201 2.201
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b STAGE 2 STAGE3 PROPAGATING PREEXIST.
um /mmz2) 21.500 49.700 9.400 3.400
27.600 61.600 17.700 3.100
761.76 3794.56 313.29 9.61
10.000 10.000 10.000 10.000
erse Sections
TYPE STAGE 1 STAGE 2 STAGE3 PROPAGATING PREEXIST.
Density (um /mm2) 12.98 4.95 28.03 1.224 1.87
3728 1.137 13.35 2.119 0.394
13.89798 1:28277 178.22250 4.49016 0.15524
size 3 3 3 3 3
11.000 11.000 11.000 11.000
standard error 8.753 20.949 5.729 1.006
2.588 1.602 2.876 1.222
2.201 2.201 2.201 2.201
Agent Tests
ongitudinal Sections
ACK TYPE STAGE 2 STAGE 3 PROPAGATING PREEXIST.
urface Density (um /mm2) 19.4 64.8 14.8 1.5
213 76.4 137 11
ariance 453.690 5836.960 187.690 2.890
ample 10.000 10.000 10.000 10.000
- Agent Tests
gitudinal Sections
ACK TYPE STAGE 1 STAGE 2 STAGE 3 PROPAGATING PREEXIST.
urface Density (Lm /mm2) 2763 6.9 46.18 1.8 0:5
B.D. 7.73 1.72 14.19 3.12 0
Vari 59.753 2.958 201.356 0.734 0.000
3 3 3 3 3
N 11.000 11.000 11.000 11.000
Pooled standard error 6.808 25.511 4.692 0.538
tvalue 1.836 0.730 2048 1.860
tcritical 2.201 2.201 2.201 2.201

o
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-tests: In vivo v preexisting microcracks

s
5

‘lr{’ylvc ~ Preexisting

i

. QLQM v D e
AT @.005.. - 10,036
06!)003 ~0.00130
3.000  10.000
L <
0.012
2.214
2.201
In Vivo Preexisting
0.005 0.021
0.01 0.024
0.00010 0.00058
3.000 10.000
11.000
0.010
1.678
2.201

Transverse Longitudinal

0.749 0.374
0.533 0.264
0.28409 0.06970
2 30

58
0.184
2.037
2.201

CRACK TYPE Transverse  Longitudinal
rface Density um /mm2) 81.56 97.31

5.D. 96.53 107.77
ariance 9318 11614
30 30
value 58
oled standard error 1.26.415
0.596
2.364
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Ehﬁi@ f cadavers from which ribs were harvested

wr | Gender Age at Death Cause of Death
: M 80 renal failure

) 81 pneumonia
F 81 aspiration pneumonia
M 92 bronchopneumonia
M 19 5 carcinoma of stomach
F 82 cardiac arrest
F 69 ovarian carcinoma
M 87 prostate cancer
F 88 respiratory infection

- Specimen

2

I
i

“Area No. of Cracks
(mm~2)
100.77 8
Average Length
483.5
SD
284.9
Area No. of Cracks
(mmA*2)
120.6 11

Average Length
436.0
SD
188.0
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ndix 5.2 Crack data from fﬁchsin stained rib sections

Crack Density
(No./ mm~2)
0.0793

Crack Density
(No./ mmA2)
0.09121




(mmA2)
116.59

Area
(mm*2)
77.88

No. of Cracks

24

Average Length
391.1
SD
274.2

No. of Cracks

8

Average Length
245.9
SD
174.3

No. of Cracks

3
Average Length
358.8

SD
162.1
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Crack Density
(No./ mmA2)
0.2955

Crack Density
(No./ mm*~2)
0.0686

Crack Density
(No./ mmA~2)
0.0385




'No. of Cracks

Crack Densi

(No./ mmA2)

0.097

7

Average Length

364.81

SD
190.4

97

1




