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Abstract 

Bone fracture is a burden for health care and especially for individuals suffering the 

consequences of fracture. Osteoporosis reduces bone mass and increases the likelihood of 

fracture as it causes bone thinning and increases porosity. The understanding of Peripheral 

Quantitative Computed Tomography (pQCT), a clinical tool used in bone health diagnosis to 

assess bone quality, requires an evaluation of bone mineral content (BMC) and porosity 

distribution across the cortex. This new analysis is introduced in this work. 

Cortical bone quality depends on three factors: material properties, B M C and degree of 

porosity. Two key techniques were used to characterize bone structure and properties. 

Nanoindentation equipped with continuous stiffness measurement (CSM) allows depth-

dependence measurement of material properties (elastic and viscoelastic). Quantitative 

Backscattered Electron Imaging (qBSEi) is a microscopy technique capable of quantifying 

the B M C and the porosity of bone tissue. Seventeen human cortical tibiae specimens, 

ranging from 67 to 88 years old, were used in this study. The results on nanoindentation and 

qBSEi and their correlation to pQCT data will be presented along with a statistical analysis. 

The material properties of bone were intrinsically dependent on measurement conditions and 

water content had an important role in bone mechanics. Moistening bone reduced the elastic 

modulus and hardness and increased its viscoelasticity. The elastic modulus of bone 

increased with increasing B M C . In the bone microstructure, interstitial bone was more 

mineralized than osteonal bone, and thus had higher elastic modulus. The elastic modulus of 
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bone varied across the cortex; however, the central part of cortical bone remained uniform. 

The B M C distribution across the cortex was statistically uniform. 

The degree o f porosity in bone greatly influenced the p Q C T measurement of apparent 

density; while B M C did not contribute as much as porosity. It is concluded that even though 

the bone mineral content appeared as an indicator of bone quality at the microscale level, it 

becomes less obvious at the macroscale level. A t this level porosity becomes the major factor 

affecting bone density. 
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Chapter 1 Introduction 

Bone is a vital tissue in the human body, and the maintenance of good bone quality is 

essential to a healthy life and prevention of fracture. Once bone starts to lose its quality and 

is not able to cope with its functions, problems start to arise and the likelihood of fractures 

increases dramatically. Bone fracture represents an enormous burden for the government and 

especially for those suffering from its symptoms. For example, hip fracture alone costs the 

Canadian government approximately 1.2 billion dollars per year. Hip fracture results in death 

in up to 20% of the cases and disability in 50% of those who survive [1-3]. In young people 

it is usually caused by high-impact trauma such as a car accident. However, in elderly 

people, simple falls due to impairments of muscle strength, neuromuscular coordination, 

balance, vision, and hearing, could result in fractures. Consequently, the understanding of 

bone fracture and possibly the prevention of these events are extremely important. To 

achieve this purpose, one requires the combined knowledge from two fields: engineering 

science and orthopaedic science. This research work is a combination of both mechanical and 

materials engineering applied to the studies of the musculoskeletal system (MSK), with 

particular emphasis on the skeletal system (bone tissue). 

Bones form the hard tissue of the skeletal system. The skeletal system is a vital system in the 

human body and is responsible for several fundamental functions: maintaining the posture of 

the body (structural function); protecting the soft tissues located in the pelvic, thoracic and 

cranial cavities (protective function); transmitting the force of muscular contraction allowing 

human movements (locomotive function). Bone is also a reservoir of ions, principally 
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calcium in the bone marrow [4]. Section 1.1 will provide further information on bone 

structure. 

Bone disorders can occur at any stage in life, from childhood to advanced ages. Osteoporosis 

is the most common metabolic bone disease and is more likely to affect elderly people. It is 

characterized as low bone mass with structural deterioration, increasing the likelihood of 

bone fracture. Section 1.2 will present further details on osteoporosis and age-related bone 

loss. 

Bone fracture is a massive problem for the government and creates elevated costs to the 

health care system. As osteoporosis increases the likelihood of fracture, it is a common 

practice in health clinics and hospitals to diagnose bone quality. This is performed using 

clinical evaluative tools, such as Peripheral Quantitative Computed Tomography (pQCT) and 

Dual-energy X-ray Absorptiometry (DEXA), further explained in section 1.3. 

Section 1.4 introduces a technique called quantitative backscattered electron imaging 

(qBSEi), which is used to measure the bone mineral content (BMC) and the degree of 

porosity of cortical bone. These two parameters will be used to establish a correlation with 

the bone apparent density provided by pQCT. Section 1.5 describes the Nanoindentation 

technique, a widely used technique to characterize bone material properties. The Introduction 

chapter is then finalized by stating the objectives and scope of this research work in sections 

1.6 and 1.7 respectively. 
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1.1 Structural Organization of Bone 

Bone has a very distinctive organization with seven hierarchical levels from nanoscale 

constituents to macroscopic bone [5-7] (Figure 1.1). The first level defines bone as a 

composite material [8, 9], where the two solid components are collagen fibres and 

carbonated apatite nanocrystals (also called hydroxyapatite - Caio(OH)2(PO*4)6). Water is a 

third component and it plays an important role in the mechanical behaviour of bone. There 

are also many non-collagenous proteins (NCPs) that together represent less than 10% of the 

total protein content. Bone is composed of approximately 70 wt% mineral crystals, 25 wt% 

collagen protein, 5 wt% non-collagenous proteins and water, although the proportion of these 

components varies. 

Collagen 

1 0 - 5 0 0 ^ 3-7 Mm 

Microstructure Nanostnicture 

Macrostructure Sub-microstructure Sub-oanostructure 

Figure 1.1 Hierarchical structural organization of bone [7]. 
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At the second level of organization, the basic constituents assemble together to form a 

mineralized collagen fibril. At the third level of organization, a thicker bundle is formed from 

these previous mineralized collagen fibrils. At the fourth level, a remarkable diversity in 

structure occurs, with the mineralized bundles organized in a variety of patterns. The three 

most common patterns for bone are: parallel-fibered bone, woven bone and lamellar bone. 

The structural organization comes to the macroscopic range at the fifth level, with cylindrical 

motifs called osteons. Osteon, also called Haversian system, is the basic unit of structure of 

cortical bone (sixth level). In the center of the osteon there is a channel called the Haversian 

canal. The Haversian system is created through a complex and significant process called 

bone remodelling [10-12], a bone turnover that helps to maintain load bearing, to repair 

microscopic structural damage, and to replace old bone. Figure 1.2 shows a picture of 

Haversian systems from a human ulna bone taken using transmitted light in an optical 

microscope. Bone remodelling consists of excavation of large tunnels (-200 pm in diameter 

and -300 pm long) by specialized cells called osteoclasts (responsible for bone resorption). 

These tunnels are subsequently refilled with newer bone matrix; starting with a thin layer of 

cement followed by lamellar bone and repeatedly until a narrow remaining channel is left as 

a blood vessel. Cells called osteoblasts are responsible for the bone deposition process, 

which takes about 2 to 4 months in humans. The remaining old bone around the Haversian 

systems is called interstitial bone. 

The difference between cortical and trabecular bone (two types of macroscopic bone) comes 

at the sixth level of organization (Figure 1.1 - macrostructure). Cortical bone, also called 
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compact bone, is a solid bone with very low porosity (canaliculi, osteocytes lacunae and 

blood channels). It is a heavier bone and has higher density when compared to trabecular 

bone. Trabecular bone, also called cancellous or spongy bone, is highly porous (visible 

porosity). In long bones, such as tibia and femur (seventh level of organization), the 

epiphysis (extremity of the long bone) is formed mostly by cancellous bone covered with a 

thin layer of cortical bone. The diaphysis (shaft of the long bone) is formed by cortical bone. 

Bone differs in size, function and shape (long bone, short bone, flat bone, irregular bone). 

Figure 1.2 Human Haversian systems (diameter ~200 microns). 

1.2 Osteoporosis and Age-Related Bone Loss 

Several bone disorders might occur during the span of life, from childhood to advanced ages, 

which affect the behaviour of bone and consequently might impair the quality of life. The 

purpose in this section is to provide a brief description about osteoporosis disease and age-

related bone loss, and how it affects bone mechanics and deteriorates its quality. 
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Osteoporosis is a skeletal disease characterized by a decrease in bone mass and deterioration 

in bone microarchitecture, leading to an enhanced fragility of the skeleton and consequently 

a greater risk of fracture. With increased life expectancy, the likelihood of osteoporosis also 

increases. Osteoporosis affects mainly women, about 80% of the cases, and this is due 

mainly to the imbalance of hormones after menopause. The probability of hip fracture due to 

osteoporosis is also twice as large in the female population as in the male population. 

Figure 1.3 shows the temporal changes in human bone mass during life. Human bone mass 

increases during growth, achieves its peak in young adult life and after about 30.5 years it 

begins to decrease [13-16]. At 70 years, less than 70% of the young adult mass remains. 

Osteoporosis is an excessive loss in bone mass. Osteoporosis has been defined to be once 

bone mass reaches a level where it can no longer maintain normal mechanical support. Bone 

loss occurs in all parts of the skeleton, but not in equal amounts. Osteoporosis is responsible 

for more than 1.5 million fractures annually (700,000 - vertebral fractures, 300,000 - hip 

fractures, 250,000 - wrist fractures and 300,000 at other sites) [17]. Usually women begin to 

lose bone mass approximately ten years earlier than men and also twice as fast. Prior to 

osteoporosis, both cortical and trabecular bone thin at the endosteal location and the porosity 

of the Haversian canals increases [18-20]. The World Health Organization (WHO) uses a 

statistical comparative definition for osteoporosis [21, 22], defined by a B M C that is 2.5 or 

more standard deviations (SD) below the mean value of a young adult reference. Low bone 

mass lies between 1 and 2.5 SD below the mean and a normal bone lies between 0 and 1 SD 

below the mean. Bone quality deteriorates with age; consequently fractures are more likely to 

happen in the older population. 
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BONE 
MASS 

Low 

Low 

FRACTURE 
RISK 

Htgh 

PHASE | SKELETAL MATURATION | | BONE-LOSS [ESTABLISHED OSTEOPOROSIS 

Figure 1.3 Temporal changes in bone mass during life [14]. 

1.3 Clinical Evaluation of Bone Quality 

As seen in the previous section, all people lose bone mass (both cortical and trabecular bone) 

as they age. Identifying those who have excessive bone loss and fragility is crucial to 

establish preventive and/or therapeutic measures. 

Two techniques using X-ray radiation are widely employed as clinical evaluative tools: Dual-

energy X-ray Absorptiometry (DEXA) [23] and Peripheral Quantitative Computed 

Tomography (pQCT) [24, 25]. For both instruments, the radiation attenuation (reduction in 

intensity) is measured for a fixed amount of bone tissue. An osteoporotic bone presents a low 

level of attenuation. 
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1.3.1 Dual-energy X-ray Absorptiometry (DEXA) 

D E X A became very popular as it provided a relatively fast and low radiation exposure in a 

useful clinical tool for bone densitometry. D E X A measures the attenuation of X-ray beams 

using two different energies and consequently is able to compensate for the presence of soft 

tissue. D E X A is based on a two-dimensional (2D) image and provides a value of areal bone 

mineral density (aBMD) in mg/cm2. Due to the limitations to estimate bone volume, D E X A 

measurements are not able to distinguish between cortical and trabecular bone. 

1.3.2 Peripheral Quantitative Computed Tomography (pQCT) 

pQCT measurements are also based on the attenuation of the X-ray radiation; however, in 

pQCT it comes from a multitude of beams and not only unidirectional as in D E X A . pQCT is 

based on a three-dimensional (3D) image and consequently can differentiate cortical and 

trabecular bone. For this reason, pQCT will be used in this research work, which focused 

only on cortical bone [26]. pQCT uses voxels to measure a volumetric bone mineral density 

(BMD) in mg/cm3 (Figure 1.4) [27, 28]. Two of the dimensions are defined by the user (100 

to 200 microns). The other dimension is the slice width, defined by the X-ray and detector 

assembly inside the scanner. A voxel measures not only the bone material but also the 

porosity. Consequently the bone mineral density measured by pQCT corresponds to a 

structural apparent density. 

The apparent density of bone measured by pQCT is composed of two parts: the bone 

material density and the porosity. These two parts can be measured separately using 
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quantitative backscattered electron imaging (qBSEi) and will be further described in the 

following section. 

100-200 microns 

100-200 microns 

Figure L4 Voxel dimensions used in pQCT measurements. 

1.4 Bone Mineral Content and Porosity Quantification 

Bone mineral content and porosity are two extremely important parameters that are related to 

bone quality. Two techniques were compared in this work regarding their quantification: 

contact microradiography and quantitative backscattered electron imaging [29, 30]. 

1.4.1 Contact Microradiography 

Contact microradiography is a technique based on radiographic emission [31, 32]. A thin 

cross-sectional slice of bone (100 urn) is exposed to a low energy x-ray beam for a certain 

time. Due to different levels of bone mineral content across the bone specimen, the image 

formed on the high resolution radiographic emulsion has a range of grey-levels. The grey-

level depends on the radiographic absorption by the bone, which is a function of the average 

atomic number and the density of the local area. This technique has the advantage of 
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mapping the entire cross-section of bone at once. Further details about this technique, its 

advantages and disadvantages are presented in Appendix A. 

1.4.2 Quantitative Backscattered Electron Imaging (qBSEi) 

Quantitative Backscattered Electron Imaging is a technique used to measure the bone mineral 

content (BMC). Thus, it provides the bone mineral density distribution (BMDD). It can also 

be employed to map and quantify the porosity and its distribution across the cortical wall. 

INCIDENT 
ELECTRON BEAM 

Auger Electrons 

X-rays 

Specimen Current 

BONE SAMPLE 

Backscattered 
Electrons - BSE 

Cathodoluminescence 

Secondary 
Electrons 

Figure L5 Types of signals of SEM. 

The qBSEi technique is based on Scanning Electron Microscopy (SEM) [33]. S E M uses 

electrons to form an image and provides information on topography, morphology and 

composition. The electron beam is generated in the electron gun by a tungsten filament. The 

beam is accelerated and directed to the sample. Subsequent to hitting the sample surface, the 

incident beam generates several types of signals (Figure 1.5). The signal that is rebounded 

from the specimen is called backscattered electron and is the signal used in the qBSEi. The 
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interaction of the electron beam with the sample occurs in the first 1 - 3 pm of the surface, 

depending on the incident energy beam. In order to form an image with backscattered 

electrons (BSE), a BSE detector is placed on top of the specimen. 

The intensity of the BSE signal increases with increasing atomic number (Z). Regions of 

high average atomic number appear brighter than regions of low atomic number. This 

principle allows the use of BSE to quantify the bone mineral content. In addition to that, BSE 

also provides information on bone porosity since the pores in bone appear darker in the BSE 

image. 

1.4.2.1 qBSEi Study of Bone 

Quantitative backscattered electron imaging has been used since the early 80's to study 

biological tissues [34-36]. However, with the advances in nanotechnology, qBSEi has been 

recently employed to correlate variation in the bone mineral content with variation in the 

nanomechanical properties of bone tissue. 

Roschger et al. [37] validated a methodology for qBSEi where carbon and aluminum were 

used as reference materials for backscattered electron signal grey-level calibration and 

osteoid and hydroxyapatite for calcium concentration standardization. From this research 

group, two papers correlated the nanoindentation modulus with the bone mineral content [38, 

39]; however, this was done in arrays of measurements, and the microstructural factor of 

bone (e.g. osteonal bone versus interstitial bone) was not taken into consideration. 
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Ferguson et al. [40] also combined qBSEi with nanoindentation in the study of normal and 

osteoarthritic human femoral heads. A different methodology was adopted, using 

halogenated dimethacrylate reference materials. Articular calcified cartilage and the 

immediate subchondral bone were analyzed and the relationship between bone mineral 

content and elastic modulus was more distinct in the cartilage. 

1.4.2.2 Cortical Bone Porosity 

Cortical bone porosity is considered as a structural parameter in bone quality [41-44]. High 

level of porosity, as often found in osteoporosis, weakens the structural bone. A 

comprehensive analysis of porosity and its distribution across the cortical wall thickness wil l 

provide valuable information on bone quality and enable us to better understand the bone 

apparent density provided by pQCT. The porous portion of bone includes the Haversian 

canals that extend the length of osteons, the lacunae that are small ellipsoidal pores 

approximately 20 pm (where bone cells are located) and the canaliculi, which are very 

delicate channels (less than 1 pm in diameter) branching out from the lacunae. 

1.5 Nanoindentation Testing of Bone 

Nanoindentation is a widely used technique for determining the material properties of bone. 

Due to its capability of making indentations in the submicron dimension, nanoindentation 

allows the analysis of material properties down to an individual Haversian system and even 

an individual bone lamellae within an osteon. This section will present a description about 

the theory of nanoindentation as well as a literature review on bone studies with 

nanoindentation. 
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1.5.1 Theory of Instrumented Indentation Testing 

Nanoindentation is an effective and established technique to assess material properties at the 

submicron level [45-48]. It has evolved from conventional hardness tests, such as Vickers 

and Rockwell. The distinguishing feature is the fact that the contact area is calculated by 

measuring the depth of penetration using an indenter tip of a known geometry, while in 

conventional tests it is calculated from measurements of the size of the residual indent. For 

this reason, nanoindentation testing is also called depth-sensing indentation (DSI) or 

instrumented indentation testing (HT). 

Nanoindentation can be used for several different applications; however, hardness (H) and 

elastic modulus (E) are the most common material properties measured by nanoindentation 

tests. These measurements are obtained from the load-displacement curves. Viscoelastic 

properties like phase angle can also be measured with nanoindentation under the continuous 

stiffness measurement (CSM) mode [49], described in section 1.5.1.2. 

Modulus of elasticity, also known as Young's modulus or elastic modulus, is the most 

important mechanical property defining the elasticity of a material. It defines the stiffness of 

a material, which is the resistance of an elastic body to deflection by an applied force. The 

higher the elastic modulus, the stiffer is the material. 

Hardness is defined as the resistance of a solid material to permanent deformation. Hardness 

is the most common and simplest material property to be measured. Many instruments, such 

as micro-hardness, are available for this purpose. 
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The viscoelastic property of bone can be evaluated by the phase angle between the applied 

force and resultant displacement (measured with the C S M technique). This is usually 

expressed as loss tangent (the tangent value of the phase angle), which is defined as the ratio 

of the loss modulus (G") to the storage modulus (G'). 

1.5.1.1 Hardness and Modulus calculation 

Nanoindentation testing can be performed with either spherical or pyramidal indenters. The 

Berkovich indenter, a three-sided pyramidal indenter, and the most commonly employed tip, 

was used in this research work. The face angle (8) of the Berkovich indenter is 65.3°. The tip 

radius is on the order of 50 - 100 nm. The indenter tip material is diamond. The elastic 

modulus (Ej) of diamond is 1141 GPa and the Poisson's ratio (v;) is 0.07. 

Figure 1.6 Berkovich indent imprint. 

The projected area of contact for a Berkovich indenter is a function of the depth of 

penetration (hp) and the face angle (9): 

A = 3j3h2

ptan20=>A = 24.5h2

p (1.1) 

14 



Once hp is found, the projected area of contact is calculated and the hardness computed: 

(1.2) 

As the indenter is driven into the material (loading), both elastic and plastic deformation 

occurs, once the indenter is withdrawn (unloading), the elastic portion of the deformation is 

recovered. This recovery allows the elastic properties of the material to be determined. 

Elastic modulus can be calculated from an analysis of the slope of the initial unloading. 

Displac ement into Surf ac e rimax 

Figure 1.7 Load-displacement curve from where contact stiffness (S) is derived. 

Contact stiffness (S) is measured from the unloading part of the load-displacement curve 

where S = dP/dh. Contact stiffness (S) along with the indenter geometry P (P = 1.034 for 

Berkovich indenter) and the projected area of contact (A) allows the reduced modulus to be 

calculated: 

Pmax i— 

(1.3) 
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Knowing the Poisson's ratio of the material being tested, allows one to determine its elastic 

modulus through the following formula: 

where: E and v are the elastic modulus and the Poisson's ratio for bone and E; and Vj are the 

elastic modulus and the Poisson's ratio of the indenter tip, respectively, v = 0.23. 

1.5.1.2 Continuous Stiffness Measurement - CSM 

Continuous stiffness measurement (CSM) is a novel technique that offers a significant 

improvement in nanoindentation testing. As described in the previous section, contact 

stiffness is determined from the slope of the unloading portion of the load-displacement 

curve. However, this technique allows the calculation of material properties at the maximum 

penetration depth only. The CSM allows the calculation of contact stiffness continuously 

during the loading and not just at the point of initial unloading. The CSM is accomplished by 

superimposing a small sinusoidal signal on top of the primary loading signal that drives the 

motion of the indenter. Data is obtained by analyzing the response of the system by means of 

a frequency specific amplifier. Some nanoindenter instruments have the option of measuring 

discrete unloading cycles. However, measuring the discrete unloading cycles is a slower 

process which may affect experimental results due to possible changes in bone water content. 

A continuous stiffness measurement allows the material properties to be obtained as a 

function of depth penetration, which can better characterize a heterogeneous material like 

(1.4) 
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human bone. In addition, the C S M allows the determination of viscoelastic properties. The 

storage and loss moduli of the sample can be calculated from the phase difference between 

load and depth signals. Consequently the loss tangent (related to phase angle) is known, thus 

providing important data about the viscoelastic behaviour of human bone. 

O SCO 1000 1500 2000 2500 

Displacement into Surface (tun) 

Figure L8 Schematic of the CSM loading cycle. 

The two most important C S M parameters are the frequency and the amplitude of the 

sinusoidal signal. This wil l be described in section 2.1.5. 

1.5.1.3 Instrumentation of a Nanoindenter 

A nanoindenter instrument consists of four major components: a motorized precision table, 

an optical microscope, the indenter head, and a displacement sensing system. Combined, 

these components make nanoindentation an effective technique to measure material 

properties. 

The test locations are selected while scanning the test surface under 100X, 400X and 1000X 

magnifications, using an optical microscope. After positioning the indentation locations, the 
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motorized precision table transports the sample between the optical microscope and the 

indenter. The x-y translation stage is screw-driven and has a theoretical resolution for site 

selection of 45 nm with a real accuracy of 0.5 pm for a high performance table. 

The indenter head transmits the load to the indenter tip. The load applied on the indenter is 

generated using a coil/magnet assembly, attached to the top of the indenter column, as 

illustrated in Figure 1.9. The range of load is of 0.1 uN to 10 N with a theoretical load 

resolution of 50 nN. 

Coil/magnet assembly 

Support springs 

Capacitance gauge 

Indenter tip 
Test sample 

Lateral motion stages 

Load frame 

Figure L9 Schematic of a MTS Nano Indenter XP instrument [48]. 

The displacement sensing system consists of three capacitive plates (circular disks). The two 

outside plates are fixed to the head and have an opening that allows the indenter shaft to pass 

through. The center plate is fixed to the indenter shaft and is free to move vertically between 

the two other plates. The sensor is calibrated by the nanoindenter manufacturer using laser 

interferometry. The difference in voltage due to the displacement of the center plate gives the 
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actual displacement of the indenter. The range of displacement is 20 nm to 500 pm with a 

theoretical displacement resolution of less than 0.01 nm. 

The equipment is placed on a vibration isolation table. A l l of the components previously 

described are enclosed by a heavy wooden insulation cabinet to ensure thermal stability of 

the samples being tested. 

1.5.2 Current Progress in Nanoindentation of Bone 

Microscopic properties of bone have been extensively documented in the literature. Many 

researchers have taken advantage of the potential of a nanoindenter to characterize material 

properties of bone. However, novel developments in the nanoindentation technique, such as 

the C S M mode, allow this research to be conducted with innovative applications. For 

example, under the C S M mode, it is possible to measure the viscoelastic properties of bone, 

as well as the depth dependent material properties. 

Bone is an anisotropic material; consequently, measuring bone in the longitudinal direction 

does not give the same results as the transverse direction. Cowin, S.C. [50] detailed this issue 

by measuring the elastic modulus in both directions using human and bovine bone 

specimens. The elastic modulus in the longitudinal direction (17.4 GPa for human bone and 

20.4 GPa for bovine bone) is larger than that in the transverse direction (9.6 GPa for human 

bone and 11.7 GPa for bovine bone). The characterization of cortical and trabecular bone 

using nanoindentation have been done by quite a few laboratories. Rho et al. [51-53] 

investigated the anisotropic behaviour of bone using dry human vertebrae and tibiae samples 
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and concluded that the modulus and hardness values are greater in the longitudinal direction 

than in the transverse. Furthermore, Rho et al. characterized cortical bone [54] and reported 

average hardness of 0.614 GPa for osteonal bone and 0.736 GPa for interstitial bone tissue 

using dry tibia specimens. In the same study, the average elastic moduli were 22.5 GPa for 

osteonal bone and 25.8 GPa for interstitial bone. 

Zysset et al. [55, 56] went one step further and measured the material properties of femoral 

osteons and interstitial bone in wet and dry conditions. Both modulus and hardness have 

higher values when measured in dry conditions. Bushby et al. [57] also looked into the effect 

of water content in the experimental results on modulus. Using equine cortical bone, the 

authors reported an increase in elastic modulus from 11.7 ± 1.7 GPa to 15.0 ± 2.2 GPa to 

19.4 ± 2.1 GPa, for wet, dehydrated in ethanol, and embedded conditions (pores filled with 

epoxy resin), respectively. The large increases in elastic modulus caused by replacing water 

with ethanol and ethanol with epoxy resin demonstrate that the role of water in fine pores 

strongly influences the mechanical behaviour of the tissue. Rho, J.Y. and Pharr G . M . [58] 

reported the effect of drying on the material properties of bovine femur using 

nanoindentation. It was reported that drying increases elastic modulus of cortical bone by 

9.7% for interstitial bone and 15.4% for osteonal bone. The setting of the experimental 

conditions for bone test has a great influence on the acquired results. 

Because of technical difficulties, such as controlling the water content during testing and 

extensive time testing, very few nanoindentation tests were performed on human bone under 

re-wet conditions. Bone is known to be a viscoelastic material, and its water content plays an 
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essential role in its biological and mechanical behaviour. There is a need to conduct 

nanoindentation tests in human bone under re-wet conditions so that the data are more 

representative o f in-vivo bone. However, there is limited information in the literature on how 

a specimen should be tested in wet condition with nanoindentation technology. 

1.6 Objectives of this Research Work 

M u c h research in bone mechanics has been done in the last decades. W i t h advances in 

technology, new perspectives can be brought to provide an enhanced understanding about 

bone tissue, its biology and mechanics, and especially bone fracture. For many years, 

nanomechanical bone research has been conducted using dried specimens. This research 

work w i l l present the effect of water content on the material properties o f human bone. 

Empowered by the data provided by nanoindentation, a correlation w i l l be established 

between nanoindentation modulus and bone mineral content measured by q B S E i . A s 

mentioned before, such correlations have been done in arrays of measurements, without 

considering the microstructure o f cortical bone. A microstructural differentiation between 

osteonal and interstitial bone w i l l bring a clear understanding to this topic. 

The p Q C T data provided by our partners at the Vancouver General Hospital ( V G H ) was re­

analyzed for the cortical bone. The comprehension of bone mineral content and porosity 

distribution across the cortical wal l thickness is extremely important to establish a correlation 

with clinical evaluative tools such as p Q C T . 
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Therefore, these are the objectives for this research work: 

• The effect of water content on the elastic modulus, hardness and loss tangent; 

• Establish a correlation between elastic modulus and bone mineral content; 

• The modulus of elasticity distribution across the cortex; 

• The bone mineral content and porosity distribution across the cortex; 

• The effect of porosity and bone mineral content in the apparent density measured by 

pQCT. 

The following chapter wil l present the materials and methodology used in this research work 

to achieve the objectives aforementioned. 

1.7 Scope of this Research 

The scope of this research is to characterize the modulus of elasticity, bone mineral content 

and porosity across the cortical wall of the 25% distal medial human cadaveric tibiae. Two 

techniques were used for this purpose: nanoindentation and quantitative backscattered 

electron imaging, which allows a correlation of the aforementioned parameters with the 

apparent density provided by pQCT. 
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Chapter 2 Materials and Methodology 

To achieve the objectives for this research, three methodological steps were employed during 

the experimental period of this thesis: material property characterization by Nanoindentation, 

measurement of the bone mineral content by Quantitative Backscattered Electron Imaging 

(qBSEi), and measurement of the degree of porosity in cortical bone, also using qBSEi. This 

chapter presents the technical information concerning these three methodological steps as 

well as the procedure for pQCT - qBSEi correlation and a description of the statistical 

analysis used in this work. 

2.1 Bone Nanoindentation 

A nanoindentation system (Nano Indenter X P System, MTS Nano Instruments, Oak Ridge, 

TN, USA) was used to evaluate the material properties of both osteonal and interstitial 

cortical bone. Material properties such as modulus of elasticity, hardness, and phase angle 

were measured with a Berkovich diamond tip (AccuTip ™) using continuous stiffness 

measurement mode (CSM). The amplitude of the sinusoidal signal was 5 nm. The 

measurements were displacement controlled with penetration depth of 2000 nm for dry 

conditions and 3000 nm for re-wet conditions. The strain rate (loading rate / load) was set to 

0.05 s"1, and the allowable drift rate was set to 0.2 nm/s for increased accuracy. 

Figure 2.1 presents a typical load-displacement curve for nanoindentaion test, as well as the 

material properties evaluated with their depth dependence. The values for hardness, modulus 

of elasticity and phase angle were averaged from point M to point N , which are the initial 

and final average points respectively. 
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Displacement into Surface (nm) Displacement into Surface (nm) 

Figure 2.1 Results from a typical nanoindentation test, a) Load on sample; b) Hardness; c) 
Elastic modulus; d) Phase angle vs. displacement into surface. 

2.1.1 Sample Preparation 

The specimens used in this work were human tibiae from fresh unembalmed human 

cadavers. A total of 17 bone specimens, ranging from 67 to 88 years old, both male and 

female were used in this research work. They were obtained from the Body Donation 

Program through the University of British Columbia - Department of Anatomy. The 

specimens were stored at -20°C. 

The bone samples were sectioned transversely at the 25% distal end, using a diamond band 

saw under continuous water irrigation. The sample thickness was approximately 3 mm. The 
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specimens were then embedded in epoxy resin (Epothin, Buehler). The surface was ground 

using incremental fine grits of silicon carbide paper and polished to a mirror finish with both 

6 and 1 micron diamond suspensions followed by 0.05 urn colloidal silica. The sample 

preparation was finished with a vibration polishing machine (Buehler Vibromet2) for 1.5 

hours using colloidal silica. 

2.1.2 Positioning of the Nanoindentations 

At the 25% distal site, the tibia sample is mainly cortical bone with a rninor amount of 

trabecular bone. Even though trabecular bone is important to the overall strength of long 

bones, the focus in this work is on cortical bone. 

4 

• 
« • 4 

y 

lOOum 

22mm 

Figure 2.2 a) Cross-section of the distal tibia; b) Detailed view cortical wall - anterior site; 
c) Detailed view of an individual osteon with five indents. 

As detailed in section 1.1 Structural Organization of Bone, the microstructure of cortical 

bone is composed of two parts, named osteonal and interstitial bone. Nanoindentation was 

used to measure the material properties from periosteum to endosteum. Selected osteons 

across the entire thickness of the cortical bone were measured. The analysis for osteonal 
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bone consisted of five indentations symmetrically distributed around the Haversian canal 

(Figure 2.2c). The average of these indentations represented the value for the Haversian 

system. In a similar manner, numerous indentations were done on the interstitial bone 

throughout the entire cortex wall. This analysis enabled the distribution of material properties 

across the cortical bone wall to be studied. 

2.1.2.1 Tibia Medial Aspect Testing 

The anatomy of a 25% distal tibia can be seen in Figure 2.2a. It has a triangular shape with 

three extremity tips (the anterior one is highlighted in the picture) and three uniform flat 

areas. The medial aspect is the longest one (the hypotenuse of the triangle), just left of the 

anterior aspect in the picture. The medial aspect was chosen due to its uniformity in shape, 

which may minimize the potential effect of bone geometry and bone response in the material 

properties. 

A total of 15 samples were tested under a controlled dry condition, resulting in 1644 

indentations (Table 2.1). These indentations covered both osteonal and interstitial bone. Each 

osteonal value corresponded to an average of five indentations in the Haversian system. A l l 

the indentations were positioned in the third lamellae from the Haversian canal to avoid a 

possible discrepancy in results due to different lamellae mineralization. The interstitial 

measurements were randomly positioned, covering the entire cortical bone thickness from 

periosteum to endosteum. 
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Appendix B presents a preliminary study on the variation of material properties according to 

different anatomical sites within the same bone specimen, to investigate the effect that bone 

response might have on material properties. 

Table 2.1 List of human medial tibia samples. 

Sample Gender Age Length, mm Side # of indentations 
1067 F 88 325 L 107 1067 F 88 

334 R 92 
1095 F 73 334 L 112 1095 F 73 

323 R 100 
1090 F 73 376 R 95 
1088 M 73 406 L 107 
1096 F unknown 412 L 120 1096 F unknown 

412 R 119 
1094 M 77 360 R 106 
1091 M 72 363 L 108 1091 M 72 

371 R 96 
1097 M 69 373 L 126 1097 M 69 

373 R 124 
1069 M 67 350 L 112 1069 M 67 

350 R 120 

2.1.3 Wet Measurements 

This section describes the development of the wet testing protocol used in this research work 

and explains the effect of water on the indenter tip during the experimentation. 

2.1.3.1 Effect of water on the Indenter Tip 

In order to keep the bone sample wet throughout the entire experiment, a small reservoir was 

created to surround and immerse the bone sample in a phosphate buffered solution (PBS, 

0.05 M , pH = 7.2). Nanomechanical testing of bone in re-wetted conditions could potentially 

increase the risk of inaccuracy in the experimental results, due to the effect of water 
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surrounding the indenter tip. The MTS Nano Indenter X P applies load through a coil and 

magnet assembly and has a load resolution of 50 nN. Such a high resolution raised the 

concern that even a thin layer of water could affect the stability of the indenter tip. 

This effect of water on the measurement accuracy was evaluated using a M T S standard fused 

silica sample. The sample was tested in both dry and wet conditions, and since fused silica is 

not a viscoelastic material, no difference in terms of material properties was expected. Any 

difference between these two conditions could be directly related to the effect of water 

surrounding the indenter tip. 

Fused silica is a remarkable material in terms of its homogeneity and has an elastic modulus 

value of 72 GPa and a hardness value of 9 GPa. Nine indentations of 2000 nm in depth were 

made for both wet and dry conditions, and the results are listed in Table 2.2. 

Table 2.2 Elastic modulus and hardness for both dry and wet fused silica. 

Fused Silica Elastic Modulus Hardness 
Dry 72.5 ± 0.5 9.7 ±0 .1 
Wet 72.1 ±0 .3 9.4 ±0 .1 

The water reservoir did not affect the measurement stability for the standard fused silica. 

However, the forces involved in the measurement of fused silica were considerably higher 

than those applied in human bone testing, and that might affect the stability of the indenter. 

For a 2000 nm penetration depth, the highest load on the fused silica sample was 

approximately 430 mN, while it was approximately 50 mN on human bone. 
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Dental composite (Z100, 3M Dental Products) is a homogeneous material with material 

properties similar to human bone. This material was also used to test the effect of water on 

the force measurement stability of the indenter tip. Consequently, the same analysis as 

previously described for fused silica, was performed on dental composite samples to address 

this issue. 

A significant difference was found between dry and re-wetted conditions (Table 2.3) and 

additional tests were carried out to better understand this fact. Such tests were performed on 

specimens that were air-dried for 24 and 48 hours after the wet testing (Table 2.4). 

Table 2.3 Nanoindentation results of Z100 composite in dry and re-wetted conditions. 

Dry 2nm Dry lOnm Re-wet 2nm Re-wet lOnm 
Modulus 19.7 ±0 .3 19.4 ±0 .2 16.6 ±0.2 16.2 ±0 .2 
Hardness 0.80 ± 0.03 0.81 ±0.02 0.62 ± 0.01 0.59 ± 0.01 

Phase Angle 0.7 ± 0.2 0.8 ±0 .1 1.4 ±0.1 1.7 ±0 .1 

Table 2.4 Nanoindentation results of Z100 composite in re-dried conditions. 

Re-dried 2nm 
(24hours) 

Re-dried lOnm 
(24hours) 

Re-dried 2nm 
(48hours) 

Re-dried lOnm 
(48hours) 

Modulus 19.0 ±0 .3 18.8 ±0.2 19.3 ±0 .3 19.1 ±0 .2 
Hardness 0.76 ± 0.03 0.76 ± 0.02 0.79 ± 0.03 0.78 ± 0.01 

Phase Angle 0.9 ± 0.2 1.0 ±0 .1 0.9 ± 0.2 0.9 ±0 .1 

Figure 2.3, presents the measurement curves for the elastic modulus of dental composite 

samples in dry, re-wetted, re-dried (24 hours), and re-dried (48 hours) conditions. 
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2.5 Modulus for dental composite using 10 nm CSM amplitude (dry re-wetted 
dried (24 hours) and re-dried (48 hours)). re-

As can be seen from these curves, there was a drop in elastic modulus of approximately 2 

GPa when measured in wet conditions. In addition to this, it seems that the initial part of the 

curve exhibited an additional decline in material properties, which might be caused by 

surface hydration. Testing in re-dried conditions (after 24 hours of air-drying) revealed a 
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recovery of the material properties, but still 3-4% less than dry testing. After 48 hours, the 

material properties from the initial dry conditions appeared to be fully recovered, with a 

difference of about of 1%. These tests on dental composite confirmed that the indenter tip 

was stable throughout the entire measurement. The absorption of water by the dental 

composite decreased the elastic modulus and enhanced the viscoelasticity of the material. 

Based on the above protocol, a complete experimental batch with 325 indentations was made 

in individual Haversian systems and interstitial bone. The sample was a tibia from a 73 year 

old female (sample 1061L). The goal was to better understand the viscoelastic behaviour of 

human cortical bone in a microstructural level. 

2.1.4 Dry Measurements 

As water content affects the material properties of bone, controlled testing conditions need to 

be established to test bone in dry conditions. In order to determine the right dry condition for 

bone testing, one tibia sample was first hydrated in a phosphate buffered solution (PBS) for 

48 hours and tested six hours after the re-hydration (sample 1061R). Subsequent 

measurements were taken at regular intervals of 24 hours up to five days. Following this, 

fifteen days and thirty days measurements were also obtained. 

Figure 3.5 in the Results section shows that the elastic modulus increased with air-drying 

time within the first 48 hours. After this period, the curve reached a plateau with little 

variation. Consequently, 48 hours were used as a constant period of time prior to bone 

testing. 
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2.1.5 CSM Frequency and Amplitude 

As mentioned previously, the continuous stiffness measurement technique (CSM) requires 

inputs of both the frequency and the amplitude of the sinusoidal load signal. Both parameters 

may affect measurement and need to be evaluated. 

2.1.5.1 CSM Frequency 

The frequencies created during human gait are fairly low (1-5 Hz). Consequently, testing 

bone in this range of frequency would be representative of in-vivo loading. A complete set of 

measurements was conducted with 4.5 Hz and compared to 45 Hz to investigate the effect of 

frequency on the material properties of bone. The frequency of 45 Hz was used to 

characterize the elastic modulus distribution across the cortex. 

2.1.5.2 CSM Amplitude 

The plots of elastic modulus versus displacement into surface are shown in Figure 2.4. Three 

C S M amplitude values were compared on dental composite: 2 nm, 5 nm, and 10 nm. The 

2nm C S M amplitude had more noise in the measurements. A slight reduction in the elastic 

modulus was observed when the C S M amplitude was increased from 2 nm to 10 nm. 

Therefore, as a compromise, 5 nm was used at the suggestion of the technical support from 

MTS Nano Instruments. Table 2.5 provides the average value for modulus, hardness and 

phase angle using 2 nm, 5 nm and 10 nm C S M amplitudes. 
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Figure 2.4 Modulus for dental composite: A) 2 nm, B) 5nm and C) 10 nm CSM amplitudes. 
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Table 2.5 Modulus, Hardness and Phase Angle: 2 nm, 5nm and 10 nm CSM amplitude. 

Dry 2nm Dry 5 rim Dry lOnm 
Modulus 19.5 + 0.3 19.4 ±0.3 19.3 ±0 .3 
Hardness 0.80 ± 0.02 0.79 ± 0.02 0.79 ± 0.02 

Phase Angle 0.8 ± 0.2 0.9 ±0.1 0.9 ±0 .1 

2.2 Bone Mineral Content and Porosity Quantification 

This section describes the methodology used to quantify bone mineral content and porosity 

of bone tissue. Quantitative Backscattered Electron Imaging (qBSEi) technique was 

employed in this research work. 

2.2.1 Quantitative Backscattered Electron Imaging (qBSEi) 

A n important advantage of quantitative backscattered electron imaging (qBSEi) was that the 

same samples that were previously polished for nanoindentation were used with qBSEi as 

well. Since bone is not an electrical conductive material, the samples were carbon coated by 

vacuum evaporation (JEE-4B Vacuum Evaporator, JEOL - Japan Electron Optics 

Laboratory Co. Ltd., Tokyo Japan) to create a conductive surface layer to avoid charging 

during the scanning electron microscopy session. Images of the medial site were taken using 

a scanning electron microscope (Hitachi S-3000N, Hitachi Ltd., Tokyo, Japan). The settings 

of the S E M instrument for qBSEi are noted below. 

2.2.1.1 Calibration of the BSE signal 

The atomic number dependence of the BSE signal was calibrated before any bone mineral 

quantification. Two standard materials were used for this purpose: carbon (C, Z = 6) and 
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aluminum (Al, Z = 13). The linearity of the atomic number versus BSE grey-level curve was 

evaluated with magnesium fluoride (MgF 2 , Z = 10.17) and hydroxyapatite (HA, Z = 14.43). 

H A is similar to the mineral present in human bone and was also used in the standardization 

step. 

The calibration curve provided a correlation between the BSE grey-level (GL) and the 

atomic number (Z) as seen in Figure 2.5. The atomic number dependence was a linear 

function with R 2 = 0.9999. 
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Figure 2.5 Calibration of BSE signal. 

Contrast and brightness were adjusted so that the grey levels of carbon and aluminum were 

separated from each other (-25 for C and -225 for Al) to provide a larger range for 

measurements of bone. The stability of the S E M equipment is critical to acquire reliable 
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quantifications, and the probe current was monitored throughout the entire S E M analysis 

session. 

The calibration was a critical step for Quantitative Backscattered Electron Imaging. The 

settings of the scanning electron microscope were as follows: 

• Electron beam energy —>• 20 kV 

• Working Distance —> 15 mm 

• Magnification —» 100X 

• Objective Aperture —*• 2 

• Current —* controlled 

• Contrast and brightness —• fixed 

2.2.1.2 Standardization of the BSE signal 

The standardization provides a correlation (equation in Figure 2.6) between BSE grey-level 

(GL) and the calcium content of the sample (Wt% Ca). This curve is established using the 

two major components of bone: osteoid (bone matrix) and hydroxyapatite (bone mineral). 

Osteoid was prepared using the same tibia cortical bone. After being fixed in 10% buffered 

neutral formalin, the bone specimen was demineralised for 5 weeks using a 4% E D T A 

solution (ethylene diamine terra-acetic acid). Hydroxyapatite contains 39.86 wt % of calcium 

in its structure, while osteoid (after demineralization) has less than 0.2 %. For calculation 

purposes, it was taken as 0 Wt % of calcium. 
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The grey-level for osteoid was very similar to the carbon reading. Carbon and osteoid were 

measured under four different settings of contrast and brightness and the average percentage 

difference in grey-level between both of them was less than 3%. This is due to the 

composition of the collagen fibres, which are mainly carbon based. Consequently, the carbon 

BSE signal reading was also applied to osteoid in the standardization curve. Figure 2.7 shows 

BSE images as the one used for calibration and standardization (these are 200X 

magnification for illustration purposes). It is remarkable the similarity between the grey-level 

of osteoid and carbon. 
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Figure 2.6 Standardization of BSE signal. 
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Osteoid Carbon Aluminum 

Figure 2.7 Osteoid, carbon and aluminum standard samples used in qBSEi technique. 

2.2.1.3 BSE Image Grey-level Analysis 

The digital image processing and analysis was performed using Adobe Photoshop image 

analysis software and Microsoft Excel with custom-made routines. Grey-level histograms 

(Figure 2.8) were used to read the quantitative backscattered electron images of bone (Figure 

2.9) and allow subsequent calculations of calcium content. 
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Figure 2.8 Grey-level histogram for image analysis. 
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The indentation imprints, from previous nanoindentation testing (Figure 2.10), were still 

evident on the samples. Therefore, the grey-level histograms were taken in the bone 

surrounding the imprints. 

Subsequently, the grey-level measured by the histograms were converted into weight 

percentage (Wt %) of calcium using the standardization method described previously. This 

analysis provided the distribution of calcium content across the cortical wall and a 

correlation with material properties measured by nanoindentation. 

PERIOSTEUM 

ENDOSTEUM 

Figure 2.9 qBSEi of medial aspect of tibia 1096L 
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Figure 2.10 Osteonal indentations (total 5; one labelled) in an image used for bone mineral 
content analysis. 

2.2.2 Porosity Analysis 

The Backscattered Electron Imaging (BSEi) technique was also used for porosity analysis as 

it gives an excellent grey-level contrast for further image analysis. In order to cover the entire 

medial aspect with fewer images a magnification of 45X was used. The images were merged 

together and had their porosity distribution across the cortex evaluated. 

The image analysis software Clemex Vision Professional Edition with custom-made routines 

was used to analyze the degree of porosity within the cortical bone. A grey-level threshold 

was used to differentiate porosity from mineralized bone matrix. Porosity was defined as the 

percentage area of pores (i.e. bone cells (osteocytes), Haversian canals, and clusters 

Haversian canals). Porosity was measured from the BSE image throughout the entire medial 

cortical wall thickness, which was divided into five subregions (0-20%, 20-40%, 40-60%, 

60-80% and 80-100%, where 0-20% is the periosteal zone and 80-100% is the endosteal 

40 



zone) to facilitate the correlation with apparent density provided by pQCT data. Figure 2.11, 

above, presents the BSE image for specimen 1097L and the threshold defining porosity and 

mineralized bone matrix. 

Figure 2.11 Medial aspect of sample 1097L (top) and thresholdfor porosity quantification 
(bottom). Horizontal length - 3350 jum. 

2.3 pQCT - qBSEi Correlation Procedure 

The five samples used for bone mineral content and porosity analyses (1067L, 1069L, 

1095L, 1096L and 1097L), were also used to establish a correlation between these two 

parameters aforementioned and the bone apparent density provided by pQCT. The pQCT 

data was obtained by Danmei Liu at the Vancouver General Hospital (VGH), using the 

Stratec XCT2003 (XCT2000, Stratec GbmH, Pforzheim, Germany). Combining bone 
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material density with its level of porosity enables the apparent density provided by pQCT to 

be better understood and quantified. Consequently it can be determined i f either porosity, 

bone mineral content or perhaps a combination of both is influencing the bone density 

reading provided by pQCT. 

Figure 2.12 shows the bone density reading provided by pQCT for the tibia sample 1096L. 

Five profiles were measured across the medial aspect of the tibia, covering the entire cortex 

wall thickness from periosteum to endosteum. The endosteal zone corresponds to the 

distance. 
zero 
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* * * P i" o f i l e s * * * 
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Figure 2.12 Bone density reading provided by pQCTtibia sample 1096L. 

Di s t a n c e [ mm] 

The medial cortex thickness from the calibrated qBSEi was divided into five equal zones (0-

20%, 20-40%, 40-60%, 60-80% and 80-100%, where 0-20% is the periosteal zone and 80-

100% is the endosteal zone). The mean grey-level was measured for each zone and the 

42 



calcium content calculated from qBSEi. Therefore, the bone mineral density (BMD) can be 

determined, with an assumption that bone has a constant density of 1850 mg/cm3 and that 

hydroxyapatite is composed of 39.7% of calcium. B M D is here called pe and is calculated as 

follows: 

Wt%Ca xl850 
P b = M ( 2 - 1 } 

Through a rule of mixture, porosity can be included in the calculation and bone density (pT) 

determined: 

VT-PT=VPor.pPor+VB.pB (2.2) 

where, V is the volume and p is the density. T is related to the total (porous bone structure), 

Por is related to the porosity and B is related to the bone material and. Since, ppor = 0 the 

equation becomes: 

PT = 
f V \ 
1 Por 

V Vr J 
(2.3) 

The pQCT data, as provided in Figure 2.11, was also divided into five equal segments to 

provide the same base of comparison with bone mineral content and porosity. The sensitivity 

factor reveals how these two parameters affect bone densitometry as provided by pQCT. 

2.4 Statistical Analysis 

T-test, A N O V A and linear regressions were used to statistically analyze the data in this 

research work. 
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2.4.1 Basic Material Properties t-test 

The basic material properties of bone were statistically analyzed with t-test. The t-test 

assesses whether the means of two groups are statistically different from each other. For each 

material property (modulus, hardness and loss tangent) two t-tests were used, one comparing 

dry and wet at 45 Hz, and another one comparing 4.5 Hz and 45 Hz in wet condition. A 

Bonferroni correction (n = 2) was applied to the threshold of P-value (0.05), resulting in a 

new threshold of 0.025. This analysis was carried out in an osteonal tibia from a female 73 

years old (specimen 1061L) in both dry and re-wet conditions using 4.5 and 45 Hz C S M 

frequency. 

2.4.2 Modulus and Bone Mineral Content Distribution across Medial Cortex 

Both elastic modulus distribution and bone mineral content distribution across cortical tibial 

bone were statistically analyzed. A two-way repeated measures analysis of variance 

(ANOVA) was used to calculate the P-value, which represents the significance of the 

observed data [59, 60]. The P-value is a probability, with a value ranging from zero to one. A 

small P-value means that the difference between samples is unlikely to be a coincidence. The 

threshold of P-value was set to 0.05. The factors used in this analysis were: microstructure 

(osteonal or interstitial) and cortical wall location (percentage distance from periosteum). A 

post-hoc Newman-Keuls analysis was also used to calculate the P-value for paired variables. 

The analysis for elastic modulus was performed on 13 specimens. Samples 1069R and 1069L 

were not included because of the abnormal behaviour; however they are extremely important 
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in this research work. The statistical analysis for bone mineral was performed on 4 

specimens (1067L, 1095L, 1096L and 1097L). 

2.4.3 Linear Regression and Correlation 

The correlation between x and y was detailed by a linear regression and correlation analysis. 

Linear regression is the process of finding the best straight line that fits the data and follows 

the equation: y = m x + b (where m is the slope of the curve and b is the intercept in the y-

axis). The Pearson product-moment correlation coefficient (R) gives a measure of the 

linearity. It ranges from -1 (inverse correlation) to +1 (perfect correlation). The P-value was 

also calculated and provides a measure of how good the linear regression fits the data. 

The linear regression was used for the following correlations: 

• Wet - dry elastic modulus; 

• Elastic modulus - calcium content; 

• pQCT density - porosity; 

• pQCT density - calcium content; 

• pQCT density - calculated density. 
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Chapter 3 Results 

3.1 Basic Material Properties of Bone 

Material properties of bone depended on both bone conditions and the testing parameters. 

For instance, both water content of bone and C S M frequency had an effect on the material 

properties measurements. 

The results presented in Figure 3.1 show the three basic material properties of bone measured 

in this research work, namely modulus of elasticity (E), hardness (H) and phase angle that 

allowed the loss tangent (tan 8) to be calculated. They were acquired in both dry and re-wet 

conditions. Bone in re-wet conditions provided a better estimate of the material properties of 

in-vivo bone. In-vivo has an optimal water content in its microstructure. 

The data was acquired using depth-dependence measurements with continuous stiffness 

measurement (CSM) and Figure 3.1 shows the modulus of elasticity, hardness and phase 

angle measured to a penetration depth of 2000 nm in re-wet conditions. These curves 

correspond to the Haversian system seen in Figure 2.2c. 

As the indenter tip was driven into the material bone, a small oscillation was observed in the 

material properties of bone. This is especially observed in the modulus of elasticity, where a 

drop of about 5% was found from the depth of 400 nm to 2000 nm. 
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Figure 3.1 Modulus, Hardness and Phase angle with depth-dependence measurements. 
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3.1.1 Effect of Water Content, Harmonic Frequency, and Air-Drying Time 

This section aims to demonstrate the effect of water content, air-drying time and the 

harmonic frequency used by C S M mode on the material properties measured by 

nanoindentation. Figures 3.2 to 3.4 illustrate the effect of water content and harmonic 

frequency on the elastic modulus, hardness and loss tangent, respectively. 
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Figure 3.2 Effect of water content and harmonic frequency on Elastic Modulus. 

3.1.1.1 Water Content Effect on Modulus, Hardness and Phase Angle 

Water had a dramatic effect on the material properties of bone. After rehydration, the 

measured elastic modulus and hardness in osteonal bone (CSM frequency constant - 45 Hz) 

decreased considerably. The average elastic modulus for osteonal bone during wet 

measurements 14.3 ± 2.2 GPa was 29.7% lower than the average for dry measurements 20.3 

± 2.0 GPa (P < 0.0001) (Figure 3.2). The average hardness for osteonal bone in wet 
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conditions 0.31 ± 0.08 GPa was less than half the value of the dry bone 0.67 ± 0.07 GPa (P < 

0.0001) (Figure 3.3). Water also had a fundamental effect in the viscoelastic behaviour of 

bone. Bone in dry state had a value of loss tangent as low as 0.009, indicating a more elastic 

nature. Aft er rehydration, osteonal bone presented a more viscoelastic behaviour, as the loss 

tangent increased to 0.036 at 45 Hz (P < 0.0001) (Figure 3.4). 
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Figure 3.3 Effect of water content and harmonic frequency on Hardness. 

3.1.1.2 CSM Frequency Effect on Modulus, Hardness and Phase Angle 

The C S M harmonic frequency had a major effect on the viscoelastic behaviour of bone (1 

tangent); however, no significant effect on elastic modulus and hardness was observed. The 

average elastic modulus for osteonal bone at 4.5 Hz C S M harmonic frequency 14.9 ± 1.7 

GPa was 4.1% higher than the average for 45 Hz 14.3 ± 2.2 GPa (P = 0.64) (Figure 3.2). The 

average hardness for osteonal bone at 4.5 Hz C S M harmonic frequency 0.37 ± 0.07 GPa 
was 
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17.0% higher than the average for 45 Hz 0.31 ± 0.08 GPa (P = 0.07) (Figure 3.3). These 

results were almost negligible when compared to the frequency effect on viscoelastic 

properties of bone. Increasing the harmonic frequency from 4.5 Hz to 45 Hz dramatically 

decreased the loss tangent more than half, from 0.075 to 0.036 (P = 0.02) (Figure 3.4). The 

frequency dependence confirmed the viscoelastic nature of wet-bone. 
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Figure 3.4 Effect of water content and harmonic frequency on Loss Tangent. 

3.1.1.3 Air-Drying Time Effect on Modulus, Hardness and Phase Angle 

Another important parameter when measuring material properties of bone is the subsequent 

air-drying time after rehydration. As seen in Figure 3.2, there was a considerable drop in 

elastic modulus from dry to wet measurements. To monitor the change in material properties 

with drying time and to seek a stable testing condition, the same bone was first rehydrated in 



phosphate buffered solution (PBS) at pH 7.2 (equivalent to body fluid pH) for 48 hours and 

then tested in air at different time intervals. 

Air-drying, hours 

Figure 3.5 Effect of air-drying (time) on elastic modulus. 

A group of five large osteons were selected and indented over three consecutive days. The 

indentation depth was slight smaller (1500nm) and only four indentations were made in each 

day. In the first 48 hours, there was a clear increase in elastic modulus as bone dried out 

(Figure 3.5). After 48 hours a relatively stable plateau was achieved. The discontinuity inthe 

graph was due to measurements in different osteons. It can be concluded that the measured 

average modulus of elasticity achieved a stable value at 48 hours of air-drying. Therefore, to 

avoid discrepancy in results due to water content present in the bone, the investigation was 

carried out with 48 hours of bone rehydration followed by 48 hours of air drying to assure 

the same testing conditions for both osteonal and interstitial bone. These results wil l be 

presented in the section 3.2 Modulus of Elasticity Distribution 
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3.1.2 Wet-Dry Correlation 

A correlation between the two experimental conditions (dry and re-wet bone) is presented in 

this section. Such correlation allows the data acquired in dry conditions to be reprocessed, 

taking into account water content of bone, thus resulting in re-wet bone conditions. 
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Figure 3.6 Wet-dry elastic modulus correlation. 

The R value for the correlation between dry and wet measurements was 0.52, providing a 

correlation coefficient of 0.72. The P-value for this linear regression was 0.0005, which was 

highly statistical significant. 

3.2 Modulus of Elasticity Distribution across Medial Cortical Wall 

A typical modulus distribution across the cortical wall thickness is shown in Figure 3.7. The 

elastic modulus varied from 13 GPa to 23 GPa. In general, it appeared that interstitial bone 
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had higher values of modulus than osteonal bone. In addition to that, the elastic modulus at 

the periosteal and the endosteal zones were lower than the central part of the cortical bone. 
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Figure 3.7 Typical modulus distribution across medial cortical wall. 
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Different specimens had different geometry, with cortical wall thickness varying from 1800 

um to 4200 um. Figure 3.8 shows the normalized elastic modulus distribution across the 

cortical wall for all the 13 specimens (total of 26 distribution curves - osteonal and 

interstitial). Two samples (1069L and 1069R) were not included as they were abnormal 

bones; however they were extremely important specimens in this research work. 

The elastic modulus varied from approximately 12 GPa to 26 GPa, and a decrease of the 

modulus of elasticity was once again observed in the periosteal and endosteal zones. 

However, this aspect has to be confirmed statistically. 
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Figure 3.8 Normalized modulus distribution across medial cortical wall. 

From Figure 3.9, the difference between osteonal and interstitial bone became more evident. 

On average in all the subregions, (with the exception of the endosteal zone) the osteonal bone 

presented 15.2% inferior modulus values when comparing to interstitial bone. In the 

endosteal zone, the same trend was seen, even though the decrease in modulus was only 

7.3%o. The two-way repeated measures A N O V A analysis of all the data in Figure 3.8 found 

the modulus difference between osteonal and interstitial bone to be highly significant (P < 

0.0001). 
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Figure 3.9 Mean (±SD) elastic modulus distribution for five cortical wall subregions 
(periosteum-0-20%). 

The central zone (20 - 80%) in cortical wall exhibited a uniform modulus distribution for 

both osteonal and interstitial bone. The average modulus value for interstitial bone in this 

region was 21.4 GPa, while that of osteonal bone was 18.3 GPa. The periosteal zone revealed 

a significant decrease of 11% (to 19.2 GPa and 16.2 GPa for osteonal and interstitial bone 

respectively) compared to the central zone. The endosteal zone presented a different trend, 

where there was no change in osteonal bone, but a slight reduction (5.7%) in interstitial bone 

(to 20.2 GPa). The modulus differences among the cortex subregions were also analyzed by 

A N O V A analysis. In general, this difference was also highly significant (P < 0.0001), 

meaning that the elastic modulus did change within the cortex subregions. 
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Figure 3.10 Modulus two-way repeated measures ANOVA. 

When considering the interaction between the two factors (microstructure and position), the 

P-value demonstrated a significant effect (P = 0.034) (Figure 3.10). The Newman-Keuls 

post-hoc analysis (Appendix C - Table CI) calculated all the pairwise combinations of the P-

value for the two factors (the microstructural factor between osteonal and interstitial bone, 

and the position factor among the cortex subregions). The table correlates the ten variables 

(O-Osteonal and I-Interstitial for the five subregions 1-5) and the significant statistical results 

are highlighted. This analysis confirmed that the 60% central zone revealed no statistical 

significant variation (0.59 < P < 0.85). The periosteal zone displayed a drop in both osteonal 

bone (P = 0.0002) and interstitial bone (P = 0.007) when compared to the 20 - 40% 

subregion. The endosteal zone had a decline in interstitial bone only, with a P-value of 0.004 
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(14-15), while for osteonal bone the P-value was 0.84 (04-05). This finding also confirmed 

the significance of the interaction between the two factors. 
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Figure 3.1 J Abnormal modulus distribution across medial cortical wall. 

As previously mentioned, the pair of tibiae from specimen 1069 was analyzed separately as it 

presented an abnormal behaviour. The distribution curves for these two specimens (1069L 

and 1069R) were very alike. Figure 3.11 shows the results of 1069L. These two specimens 

revealed totally different behaviour when compared to the other samples. The elastic 

modulus was low from periosteum to approximately 3000 pm inside the cortex, which 

equalled about two thirds of the cortical wall thickness. Interstitial bone still presented higher 

modulus than osteonal bone; however, a smaller difference was observed. 
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3.3 Bone Mineral Content Distribution across Medial Cortical Wall 

From the grey-level reading obtained from Figure 3.12, the distribution curve of a typical 

sample 1097L was drawn (Figure 3.13). Interstitial bone appeared to have a higher bone 

mineral content than osteonal bone. 

Figure 3.12 qBSEi of sample 1097L used to map bone mineral content distribution 
Horizontal length - 3350 pm. 
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Figure 3.13 Typical calcium content distribution across medial cortical wall. 
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Figure 3.14 shows the calcium content distribution for four out of the five specimens 

aforementioned (total of 8 distribution curves - osteonal and interstitial). Once again, sample 

1069L was not included as it reveals a different behaviour (Figure 3.15) with lower bone 

mineral content. Once again, a normalized cortical thickness was used for comparative 

analysis between all the medial cortical tibiae, as they had different geometry and cortical 

wall thickness. 

Other than a few outliers, the scatter of the data was remarkably small (approximately 5 

percentage points), varying from 20.5 to 25.7%. A consistent distribution was found for all 

samples throughout the entire cortical wall thickness with a small drop in the endosteal zone. 
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Figure 3.14 Normalized calcium content distribution across medial cortical wall. 
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Figure 3.16 presents the mean value and standard deviation of calcium content for the five 

cortex subregions. Osteonal bone appeared to have an inferior value of bone mineral content 

than interstitial bone, as well as being more uniformly distributed across the cortical wall, 

varying from 22.78% Ca to 22.97% Ca, a difference of only 0.8% that can be considered as 

negligible. Interstitial bone, on the other hand, had a different trend, varying all the way 

through the cortex, from a higher bone mineral content in the periosteum (24.57% Ca) to a 

lower bone mineral content in the endosteum (23.48% Ca), resulting in an variation of 4.6%, 

also a very small discrepancy. The difference between osteonal and interstitial bone was 

higher in the periosteal zone, where it corresponded to 7.2%. 
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Figure 3.16 Mean (±SD) calcium content modulus distribution for five cortical wall 
subregions (periosteum -0- 20%). 

The two-way repeated measures A N O V A confirmed that the calcium content difference 

between osteonal and interstitial bone was also statistically significant (P = 0.029). When 

considering the five cortex subregions, a P-value of 0.78 was found, which means that no 

significant difference was observed in this factor. Furthermore, the interaction between the 

two variables (microstructure and position), had no significantly difference neither (P = 0.35) 

as seen in Figure 3.17. 

The Newman-Keuls post-hoc analysis for calcium content distribution is presented the 

Appendix C - Table C2. 
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Figure 3.17 Bone Mineral content two-way repeated measures ANOVA. 

3.3.1 Modulus versus Bone Mineral Content Correlation 

Figure 3.18 shows a scatterplot between nanoindentation modulus and bone mineral content 

of data from the five samples (1067L, 1069L, 1095L, 1096L and 1097L). The general trend, 

as expected, was that elastic modulus increased with increasing bone mineral content. Once 

more, specimen 1069L presented the lowest calcium content (19.7 Wt% Ca) and specimen 

1095L showed the largest range of calcium content (from 16.6 to 25.3 Wt% Ca). The three 

other samples were more consistent to each other and had a higher calcium content (average 

of 23.3 Wt% Ca). 
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Figure 3.18 Scatterplot of modulus versus bone mineral content. 

Figure 3.19 shows a linear regression that was fit to these data. Even though there was a 

relationship between these two parameters (R 2 = 0.45), such correlation was not completely 

linear. The correlation coefficient was 0.67 with a P-value that was less than 0.0001. 

30 

2 5 + 

Q . 

C3 
2 0 + 

= 1 5 
c o 

M 
UJ 

1 0 + 

y= 1.19X-8.90 
R 2 = 0.45 

P < 0.0001 

• 
• 

• * • 

H h -t- -I- -f-
1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7 2 8 

Wt% Calcium 

Figure 3.19 Linear regression for the modulus versus bone mineral content correlation. 
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3.4 pQCT Imaging - qBSEi Correlation 

This section will be divided in three sub-sections, the first one regarding the mean bone 

mineral content across the cortical wall and the second one related to the porosity across 

cortical wall. The analysis for both was made using a five zone division for the cortex with 

subsequent correlation to pQCT, seen in the third sub-section. 

3.4.1 Mean Bone Mineral Content across Cortical Wall 

The mean bone mineral content across the medial cortical wall was measured using 

calibrated qBSE images. Figure 3.20 presents the calcium content for the five tibia samples 

analyzed by qBSEi. The data were divided in five equal subregions from periosteum to 

endosteum. 

1067L 1069L 1095L 

Tibia Samples 

1096L 

Figure 3.20 Mean bone mineral content for five zones division cortex. 

1097L 
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The largest intrapersonal variation was observed for sample 1096L between the periosteal 

zone and fourth zone (5.83%). Besides that, all the samples had a percentage difference 

lower than 3.2% and the smallest variation was found for the sample 1067L (2.15%). 

Apart from sample 1069L, the interpersonal variation was not evident, with the greatest 

discrepancy between samples 1067L, which had 23.74% in calcium content, and 1095L, 

which had 22.61% (a difference of 4.74%). Sample 1069L had 18.49% less calcium than 

sample 1067L. 

3.4.2 Porosity across Cortical Wall 

The porosity across the medial cortical wall was also calculated using calibrated qBSEi. 

Figures 3.21, 3.22 and 3.23 show the qBSEi for samples 1095L, 1096L and 1069L 

respectively. The periosteal zone is located in the right side of the page. Sample 1069L had 

the highest degree of porosity. Figure 3.24 presents the porosity for the five tibia samples 

analyzed by qBSEi. The data were divided in five equal subregions from periosteum to 

endosteum. 

Figure 3.21 qBSEi for sample 1095L. Horizontal length - 3100 fxm. 
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Figure 3.23 qBSEi for sample 1069L. Horizontal length - 4100 pan. 
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The degree of porosity varied from sample to sample and also within the same sample had 

different distribution trends. However, sample 1069L presented much higher porosity 

(29.72% on average, with a peak of 47.20% in the zone adjacent to the periosteum). The 

other samples had an average degree of porosity of approximately 10% or less. Sample 

1096L contained only 6% porosity (average) and its endosteal zone was the lowest of all the 

samples with merely 5%. No trend was observed among all the samples; however, the degree 

of porosity was expected to greatly affect the bone density reading provided by pQCT. 
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Figure 3.24 Porosity variation for five zones division cortex. 

3.4.3 pQGT Reading and Correlation 

The bone density reading provided by pQCT was measured on the same five samples used 

above. From the pQCT reading (as seen in Figure 2.12), a five zone division (Figure 3.25) 

was applied to allow a correlation with the individual parameters that characterize the 
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apparent density measured by pQCT. These parameters are bone mineral content and 

porosity as described in the two previous sub-sections. 

• 0-20% 1320-40% B 40-60% 1160-80% 080-100% 

1067L 1069L 1095L 1096L 
Tibia Samples 

Figure 3.25 Apparent density by pQCTfor five zones division cortex. 

As observed in section 3.4.2, the pQCT reading also did not reveal any characteristic trend 

for the five samples. However, pQCT readings had an inverse relation with the porosity 

(Figure 3.26), meaning that porosity had a major influence in the bone apparent density 

provided by pQCT. The zones with higher degree of porosity revealed a lower apparent 

density. 

The influence of each factor was investigated by plotting a linear regression from the 

apparent density data versus each density factor (bone mineral content and porosity). Figure 

3.26 provides the information concerning the effect of porosity and Figure 3.27 is related to 

the bone mineral content. 
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Figure 3.26 Effect of porosity in the apparent density measured by pQCT. 
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Figure 3.27 Effect of bone mineral content in the apparent density measured by pQCT. 
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2 2 

The R provided by linear regression for the effect of porosity (R = 0.62) was considerably 

higher than the one obtained from the effect of bone mineral content (R2 = 0.19). The 

correlation coefficient for porosity (R = -0.79 and P < 0.0001) was almost twice as large as 

the one for bone mineral content (R = 0.44 and P = 0.027), indicating that the porosity 

outweighed the overall bone apparent density measured with pQCT and can be considered as 

a good indicator of bone quality. 
1400 -r 1 

1300 + 

800 + • : 

700 f i i i i | i • • • | i i i i | i i i i | i i i i | i i i i | i t i i | i i i i | i i i i 

300 400 500 600 700 800 900 1000 1100 1200 

Calcu la ted Densi ty, mg /ccm 

Figure 3.28 Calculated density compared to the apparent density measured by pQCT. 

The calculated material density from bone mineral content and porosity was also compared 

to the apparent density provided by pQCT (Figure 3.28).The R 2 provided by linear regression 

for the calculated material density was 0.51, resulting in a correlation coefficient of 0.72 with 

a P-value less than 0.0001. The calculated apparent density of cortical bone is a mixture of 

bone material and porosity. Consequently, the R 2 dropped, due to the low correlation 

between pQCT and bone mineral content. 
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Chapter 4 Discussions 

This chapter wil l be divided in the following sections: Basic Material Properties of Bone; 

Modulus and Bone Mineral Content Distribution and the pQCT Imaging - qBSEi 

Correlation. 

Ideally, a larger age range for the bone specimens would be desired; however, young 

cadaveric bone is difficult to acquire. The human bone specimens used in this research were 

fairly old (between 67 and 88 years) and two of them presented a significant bone mass loss 

(specimens 1069L and 1069R). 

4.1 Basic Material Properties of Bone 

Depth-dependence measurements acquired with the Continuous Stiffness Measurement 

(CSM) proved to be a valid way for detecting faulty measurements that might occur due the 

heterogeneity of bone microstructure. This was due to the sinusoidal signal that is 

superimposed on top of the primary loading signal, resulting in several unloading data during 

a single measurement. On the other hand, traditional nanoindentation is based on only one 

unloading test. C S M also provided faster measurements for viscoelastic properties as it was 

not necessary to perform loading cycles. 

The experimental conditions proved to be very important in the nanomechanical testing, as it 

dramatically affected the material properties of the bone tissue being measured. Particularly, 

water content of bone, had a major effect on the material properties of bone tissue. Rho et al. 

71 



reported a value of 22.5 GPa for the elastic modulus of dried human tibia bone. In our work, 

it was reported a value of 20.3 GPa for dried human tibia bone. However, Rho et al. used 

ethanol dehydrated samples, which in turn decreased even further the water content of bone. 

When comparing dry measurements to wet measurements, a decrease of 29.7% was found 

for elastic modulus after rehydration. This value seems much larger than what the literature 

presented. The wet conditions in this work were fully wet, meaning that bone was completely 

submerged in water during experimental testing. From Figure 3.5, a decrease of 8.8% was 

found between the first day (19.4 GPa) and the plateau region of the curve (21.1 GPa). The 

first day was approximately eight hours from a soaked bone state. 

The correlation between dry and wet modulus provided a fairly significant correlation 

coefficient (R = 0.72). A higher correlation coefficient was expected, as the mineral phase 

was thought to contribute the most to the material properties of bone. The two main 

constituents of bone in dry state are the collagen fibres and the carbonated apatite minerals. 

Possibly, after rehydration, the collagen fibres became more malleable, and as a result, bone 

became less stiff as a structure. Consequently, from a brittle material in dry state, bone 

became a more ductile, viscoelastic material in re-wet state. 

A drawback of wet measurements was that it is extremely time-consuming and complex to 

keep bone moist without affecting the stability of the nanoindenter. In addition to that, the 

safety of the nanoindenter drove the research to be conducted in a controlled dry state. 
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4.2 Modulus and Bone Mineral Content Distribution 

qBSEi technique was chosen over contact microradiography in this work. The setting of the 

electron beam energy to 20 kV created a backscattered electron that is scattered back from 

the top 3 pm of the bone surface. Consequently, this data was in the same range as the 

penetration depth in nanoindentation testing. Contact microradiography also provided the 

bone mineral content; however required a bone cross section of approximately 100 pm. The 

main advantage of contact microradiography was that it required only one radiographic 

image to map the entire cross-section of human tibial bone. Using qBSEi, even at a low 

magnification, it is required to take few images to cover one entire anatomical site. 

The stability of the current in the S E M instrument was a great concern as it can drastically 

alter the beam energy. However, the current was monitored which allowed us to quantify the 

bone mineral content to correlate to nanoindentation modulus, and also the degree of porosity 

for pQCT correlation. 

Comparing the distribution curves for elastic modulus and bone mineral content, it is 

observed that they do not present the same trend. At first, this was thought to be due the 

different number of samples that could perhaps be affecting the statistical analysis (elastic 

modulus: n - 13; bone mineral content: n = 4). Thus, the data for elastic modulus distribution 

across the cortex was re-analyzed for the same four samples as in the bone mineral content 

distribution (Figure 4.1). The P-values of the statistical analysis were less significant than 

before, but the same trend was remarked and the P-values still highly significant. The 

microstructure factor had a highly significant P-value of 0.005. The position factor had a 
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significant P-value of 0.001. The interaction between both factors also resulted in a highly 

significant P-value of 0.005. 

-6- Osteonal j 

~Q~ Interstitial 

0-20% 20-40% 40-60% 60-80% 80-100% 
CORTEX SUBREGIONS 

Figure 4.1 Modulus two-way repeated measures ANOVA. 

The linear regression between nanoindentation modulus and bone mineral content measured 

by qBSEi showed a fairly significant correlation coefficient (R = 0.67 and P < 0.0001). 

However, these results are more accurate than the previous research done in the literature. 

Based on their set of data, the correlation coefficient found by Roschger et al. [37] was 

approximately R = 0.48. 

A log-log plot with logarithmic regression (Figure 4.2) was also fit to the scatterplot and 

provided a slightly higher correlation coefficient (R = 0.69 and P < 0.0001). The correlation 

was not completely linear; however there was a clear trend, especially when analysing the 
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cortical bone microstructure, where the higher mineralized interstitial bone also had higher 

modulus of elasticity. 
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Figure 4.2 Log-log correlation between modulus and bone mineral content. 

4.3 pQCT Imaging - qBSEi Correlation 

pQCT is an excellent instrument to assess bone mineral density and to provide clinical 

evaluation of bone health quality. As it measures an apparent density of bone, due to the 

porous structure of bone, it becomes necessary to understand what pQCT is measuring in 

reality. 

With a correlation coefficient of -0.79, porosity appeared to be an important indicator of 

bone health macroscopically. The pQCT data of sample 1069L (Figure 4.3) was a clear 

example of this observation. From Figure 3.23, which shows the qBSEi of sample 1069L, 
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and Figure 4.3, which shows the pQCT data of the same sample, the decrease in apparent 

density caused by the highly porous structure was observed. Overall, all the bones presented 

high average apparent density (higher than 1140 mg/ccm). Sample 1069L, as expected due to 

its excessively porous microstructure had the lowest density (1034 mg/ccm). The sample 

1096L, which contained only 6% of porosity, exhibited the highest average apparent density 

(1194 mg/ccm). 

c 

D i s t a n c e [ rri m ] 

Figure 4.3 Bone density reading provided by pQCT- sample 1069L 

From the endosteal zone and the adjacent zone, where porosity was not excessive, the 

apparent density was just as high as any other sample, meaning that bone mineral content had 

a minor influence in the overall bone density. 

The apparent density provided by pQCT was approximately 20% higher than the calculated 

density based on the experimental measures of bone mineral content and porosity. The 
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calculated density was based on a surface measurement of bone mineral content using 

qBSEi. pQCT had a voxel depth of 2.2 mm. The microstructure changes possibly affected 

these results. Furthermore, pQCT data was measured in fresh unembalmed cadaveric bone, 

which was still moist. For qBSEi technique, bone was dry, after dehydration in 100% ethylic 

alcohol. The water content might also affect these results. 

The coefficient correlation for the calculated density (R = 0.72) was less that what was found 

for porosity factor only (R = -0.79). This is possible due to the fact that the calculated density 

formula takes into account the bone mineral content. As bone mineral content did not vary 

across cortical wall thickness as pQCT did, a weak correlation was found (R = 0.44), which 

reduced the calculated density correlation coefficient. 
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Chapter 5 Conclusions 

1. The material properties measured in this research work appear to be well characterized 

using a depth dependence measurement provided by continuous stiffness measurement 

(CSM) mode. This technique allows us to carry out faster and more reliable 

measurements of both elastic and viscoelastic properties of bone tissue. 

2. It can be concluded that water content is very important to the mechanical behaviour of 

bone, not only from the elasticity aspect, but also the viscoelasticity of bone. The water 

content during experimental testing enhanced the loss tangent of bone. Bone is 

viscoelastic down to the level of the individual Haversian system and interstitial bone. 

The presence of water and the viscoelasticity of bone may thus play important roles in 

dissipating energy and resisting fracture. 

3. Nanoindentation and qBSEi tests found that the elastic modulus of bone increases with 

the bone mineral content. Regression analyses showed that the relationship between the 

two parameters was not completely linear. Therefore, the bone mineral content present in 

bone microstructure is an indicator of quality at the microscale level. 

4. It is concluded that interstitial bone was more mineralized than osteonal bone and also 

had higher elastic modulus. 
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5. The modulus and bone mineral content distribution across cortical wal l presented a 

different trend, which confirmed the non-linear relationship between these two 

parameters as seen in the regression analyses. The elastic modulus of bone greatly varied 

across the cortex; however, the B M C distribution across the cortical wall thickness was 

fairly uniform. 

6. The degree of porosity in bone greatly influenced the p Q C T measurement o f apparent 

density; however, B M C did not contribute as much as porosity. It is concluded that even 

though the bone mineral content appeared as an indicator o f bone quality at the 

microscale level, it becomes less obvious at the macroscale level. A t this level porosity 

becomes the major factor affecting bone density. 
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Chapter 6 Recommendations for Future Work 

Based on the previous work published on the literature of bone and this current research 

work, some recommendations for future work can be recommended: 

• Femoral neck investigation of bone response on the microstructural level to evaluate 

the effect that bone response to load has in the material properties of bone tissue 

(Appendix B); 

• Conduct the qBSEi analysis of bone mineral content and porosity in all the tibia 

samples to provide more statistics regarding these data; 

• Correlate the pQCT data to all the samples analyzed by qBSEi to enable a more 

statistical significant correlation; 

• Apply the nanoindentation and quantitative backscattered electron imaging 

techniques as described in this research work to investigate femoral human bone at 

the hip site, which is one of the main sites of fractures due to osteoporosis disease. 
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Appendices 

Appendix A - Contact Microradiography 

Even though contact microradiography was not fully used in this research work, a 

preliminary study was conducted with this technique. The following picture was taken with 

an exposure of 30 minutes using a radiographic beam of 25 kV and 50 mA. The x-ray source 

was located 30 cm away from the sample. Following the exposure to the radiographic beam, 

the radiographic film was developed in a Kodak D-19 developer for 5 minutes. Rinsed, fixed 

in an acidic fixative for 15 minutes and rinsed again in water. 

Figure A1 Contact microradiograph picture with aluminium step-wedge calibration. 

However, the thickness of 100 um was much larger than the thickness penetrated by the 

indenter tip (2 urn). There was also technical difficulty of achieving homogeneous irradiation 

across the specimen as the x-ray source did not emit parallel beams. 
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Appendix B - Anatomical Site Testing 

In addition to the Medial Analysis described above, two samples were tested on six 

anatomical sites, including the three extremity tips and the three uniform flat areas (medial, 

posteromedial, posterior, posterolateral, lateral, and anterior - Figure 2.2a). The selected 

specimens had very distinct characteristics (Table B l ) . Sample 1096R was a large and 

strong, while 1067R was a small and weaker specimen. Each of the six sites in the sample 

1067R had 75 indentations and in the sample 1096R had 96 indentations. A total of 1026 

indentations were made for this set of measurements. 

The area measurement in Table B l comes from Peripheral Quantitative Computed 

Tomography (pQCT) measurements and the energy to failure values from macromechanical 

compressive testing. These two measurements were provided by Cecilia Tang at the 

Vancouver General Hospital. 

Table Bl Bone specimens for anatomical site testing. 

Sample Gender Age Area, mm 2 Energy to Failure (mJ) # of indentations 
1067R F 73 304.4 4528.1 450 
1096R M 73 402.7 18576.1 576 

A n essential and remarkable feature of bone is its ability to respond to load. Bone is able of 

adapting its macrostructure to external loading in order to avoid fracture. However, little is 

known about that bone adaptation in a material level, the response of an individual osteon or 

interstitial bone to loading. This appendix provides a preliminary study on this topic. 
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Figures B l and B2 present the elastic modulus distribution for sample 1067R and 1096R, 

respectively. The distribution curves cover the six anatomical sites of the 25% distal tibia, 

namely, medial, posteromedial, posterior, posterolateral, lateral, and anterior. 
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Figure Bl Modulus distribution — 1067R- all anatomical sites. 

The modulus distribution curves for specimen 1067R (Figure B l ) revealed a large scattering 

of data, from 11 GPa to 26 GPa; however, most of the data were between 16 GPa and 22 

GPa. There was no remarkable alteration among the six different anatomical sites. The same 

tendency was observed for sample 1096R (Figure B2). A n increase of about 2 GPa was 

found in sample 1096R, where most of the data were between 18 GPa and 24 GPa. There 

were some indications that the intraindividual variation (among different anatomical sites) 

was less significant that the interindividual variation (person to person). 
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Figure B2 Modulus distribution - 1096R — all anatomical sites. 

Figure B3 shows the mean value and standard deviation for elastic modulus according to 

anatomical site. Interstitial bone had higher elastic modulus than osteonal bone for both 

samples and for all anatomical sites. However, little can be concluded from the variation in 

material properties according to anatomical site. Besides the lateral site, the variation among 

the other anatomical sites appeared to be very small. More data should be acquired to provide 

a reliable statistical analysis. 
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Figure B3 Mean (±SD) elastic modulus - anatomical sites. 
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Appendix C - Newman-Keuls Post-hoc analysis 

Table CI Modulus Post-hoc analysis - Newman-Keuls test. 

Var 01 11 02 12 03 13 04 14 05 15 

01 0.00014 0.00024 0.00014 0.00020 0.00015 0.00023 0.00013 0.00027 0.00014 

11 0.00014 0.10614 0.00715 0.11744 0.00237 0.15482 0.00424 0.14050 0.72593 

02 0.00024 0.10614 0.00014 0.79867 0.00014 0.71687 0.00014 0.83498 0.06510 

12 0.00014 0.00715 0.00014 0.00021 0.59037 0.00016 0.97266 0.00017 0.01016 

03 0.00020 0.11744 0.79867 0.00021 0.00016 0.84861 0.00021 0.73658 0.13667 

13 0.00015 0.00237 0.00014 0.59037 0.00016 0.00014 0.83324 0.00014 0.00419 

04 0.00023 0.15482 0.71687 0.00016 0.84861 0.00014 0.00016 0.83591 0.10896 

14 0.00013 0.00424 0.00014 0.97266 0.00021 0.83324 0.00016 0.00016 0.00417 

05 0.00027 0.14050 0.83498 0.00017 0.73658 0.00014 0.83591 0.00016 0.11567 

15 0.00014 0.72593 0.06510 0.01016 0.13667 0.00419 0.10896 0.00417 0.11567 

Table C2 Bone Mineral content Post-hoc analysis — Newman-Keuls test. 

Var Ol 11 02 12 03 13 04 14 05 15 

01 0.00637 0.90287 0.01275 0.94065 0.06472 0.93427 0.08383 0.92640 0.15094 

11 0.00637 0.00644 0.59083 0.00813 0.25812 0.00745 0.25538 0.00648 0.15692 

02 0.90287 0.00644 0.01264 0.89965 0.06322 0.82387 0.07813 0.97398 0.13181 

12 0.01275 0.59083 0.01264 0.01507 0.28800 0.01432 0.36770 0.01313 0.26343 

03 0.94065 0.00813 0.89965 0.01507 0.06932 0.83541 0.06917 0.96152 0.07484 

13 0.06472 0.25812 0.06322 0.28800 0.06932 0.06969 0.77231 0.06721 0.69408 

04 0.93427 0.00745 0.82387 0.01432 0.83541 0.06969 0.07987 0.96904 0.11847 

14 0.08383 0.25538 0.07813 0.36770 0.06917 0.77231 0.07987 0.08984 0.60526 

05 0.92640 0.00648 0.97398 0.01313 0.96152 0.06721 0.96904 0.08984 0.16783 

15 0.15094 0.15692 0.13181 0.26343 0.07484 0.69408 0.11847 0.60526 0.16783 
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