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Abstract 

Osteoporosis is a bone degenerative disease characterized by reduced bone mass, 

quality and strength, along with changes in microarchitecture and increased incidence of 

fracture. The significant economic and social costs associated with osteoporotic fractures 

of the hip and spine have resulted in extensive research efforts directed towards 

developing an improved understanding of this disease, along with the relationships 

between osteoporotic bone degradation and fracture risk assessment. 

The current study investigates the failure behaviour of rat vertebral bodies 

collected from normal and osteoporotic donors based on the ovariectomized rat model 

(SHAM and OVX study groups, respectively), along with an additional control group 

intended to simulate postmenopausal patients with estrogen repletion (OVX+E study 

group). Simultaneous uniaxial compression testing and X-ray Micro-Computed 

Tomography (XμCT) were used to visualize and describe the failure behaviour of 

prepared vertebral body samples during mechanical testing, while providing standard 

measures of mechanical properties and bone geometry. In tandem with the incremental 

loading protocol required for simultaneous mechanical testing and XμCT imaging, a 

continuous loading protocol was also included. 
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Three distinct failure behaviours were observed without bias in the three 

different study groups and two loading protocols. The primary and secondary failure 

modes involved fracture initiation in the direct vicinity of vascular apertures present in 

the dorsal surface of the cortical shell, with failure progression through the sample 

towards the ventral surface of the cortical shell (primary) or the cranial endplate 

(secondary). The tertiary failure mode involved localized rupture of the cranial endplate, 

likely resulting from end-effect related stress-concentrations. Diminished trabecular 

bone geometry (reduced BV/TV and Tb.N, along with increased Tb.Sp) was accompanied 

by reduced mechanical properties (reduced ultimate force and ultimate strength) in the 

OVX study group when compared with the SHAM and OVX+E study groups. Linear 

regression analyses revealed a shift in the determinants of failure initiation between the 

SHAM/OVX+E study groups and the OVX study group. In the SHAM and OVX+E study 

groups, ultimate force was best predicted by indices describing the vascular apertures 

present in the dorsal cortical shell. In the OVX study group, ultimate force was best 

predicted by indices describing trabecular bone geometry. 
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Chapter 1 

Introduction 

1.1 Motivation 

Osteoporosis is a bone degenerative disease characterized by reduced bone mass, 

quality and strength, along with changes in microarchitecture and increased incidence of 

fracture [1]. Due to its porous structure and elevated rate of bone turnover, the effects of 

osteoporosis are most dramatic in skeletal sites dominated by trabecular bone, such as 

the hip, forearm, and spine. As a result of the increased bone degradation in these areas, 

combined with the complex loading experienced during everyday activities, these sites 

are the critical anatomical locations when considering osteoporotic fractures. Prevention 

of these fractures is problematic, as they often occur under non-traumatic loading 

conditions. Vertebral fractures are among the most common injuries associated with 

osteoporosis, and often lead to serious complications. While this disease mainly affects 

post-menopausal women and the elderly, it can develop regardless of age or gender [2,3]. 

In addition to the major risk factors associated with vertebral fracture (age and bone 

density), there are a large number of secondary risk determinants, including genetic, 

environmental and hormonal factors [4]. 
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The impact of this disease is immense, with a recent study finding that over 75 

million individuals suffer from the effects of osteoporosis in North America, Europe and 

Japan alone. The economic burden associated with osteoporotic fractures is extensive, 

with an annual cost of over $23 billion in the United States and Europe [3]. With an 

ageing global population, the social and economic costs of this disease are expected to 

increase significantly in the coming decades, making the value of information 

contributing towards the improved understanding of this disease and its associated 

effects undeniable. For example, in Canada alone, the annual cost of hip fractures was 

estimated to be nearly $650 million in 2001. By 2041, it is expected that this figure will 

explode to over $2.4 billion [5], representing an approximate increase of 370% in only 

four decades for a figure which already represents a significant economic burden at its 

current state. 

While these figures are significant, they only begin to describe the overall impact 

that this disease is responsible for, with individuals who have experienced osteoporotic 

fractures also living with significant social impairments. In addition to an increased 

mortality rate as a result of osteoporotic vertebral and hip fractures, these injuries are 

associated with reduced independence due to higher morbidity, along with impaired 

quality of life [6]. While morbidity associated with a single vertebral fracture is often low, 

these fractures have been shown to recur. Multiple vertebral fractures have been linked 

to progressive height loss in aged individuals along with kyphosis (over-curvature of the 

thoracic vertebrae as a result of compression fractures) and severe back pain in both the 

acute and chronic stages of the disease [7]. In the resulting self-destructive cycle, these 

physical ailments have been seen to result in reduced mobility, leading to more severe 

osteoporotic bone degradation and increased risk of subsequent fractures [8]. The severe 

pain and reduced mobility associated with osteoporotic fractures has been shown to 
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interfere with patients’ ability to function at their normal level of physical activity, 

resulting in a significant decline in both short and long term quality of life, as indicated 

by lower scores in all social and physical domains of the health-related quality of life 

assessment (HRQOL), among other metrics of quality of life [9,10]. 

The currently accepted method of assessing osteoporosis related fracture risk 

involves measurement of bone mineral density (BMD) as a surrogate measure of bone 

strength. Although other techniques have been used historically, the preferred method of 

BMD measurement in current practice involves analysis of the femoral neck using Dual 

Energy X-ray Absorptiometry (DEXA). BMD measurements are typically converted to 

unit-less T-Scores, allowing for direct comparison between different units and systems of 

measurements. The T-Score is defined as follows: 

        
         

  
 1.1 

where BMD represents the measured bone mineral density, BMDYN represents the 

average BMD of a young normal adult, and SD represents the standard deviation of the 

population [11]. The recommended reference range is taken from the Third National 

Health and Nutrition Examination Survey (NHANES III) reference database for femoral 

neck measurements [12]. Diagnosis of osteoporosis is performed based on the resulting 

T-Score as calculated using Equation 1.1. Four general descriptive categories have been 

proposed for diagnostic purposes, summarized in Table 1.1: 

Table 1.1 – Descriptive categories developed for 

diagnosis of osteoporosis 

Category T-Score 

Normal ≥ -1 

Low bone mass - Osteopenia < -1 and > -2.5  

Osteoporosis ≤ -2.5 

Severe Osteoporosis > -2.5 
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Although this method of diagnosis has seen widespread application due to its 

convenience and apparent success in predicting osteoporosis related fracture risk, 

patients with BMD levels outside of the range for clinical diagnosis regularly present 

with symptoms of osteoporotic fracture, suggesting that there are additional factors to be 

considered. More recent studies have begun to shed light on the complex nature of 

osteoporotic fractures, indicating three major factors contributing to the overall risk of 

fracture for a given bone structure: bone geometry, bone composition, and bone defects. 

In addition to the amount of bone tissue present (as indicated by measurements 

of BMD), the arrangement of this material within the 3D volume occupied by the overall 

structure has also been shown to have a significant impact on the strength and failure 

properties of whole bones. These two components, referred to as bone quantity and bone 

architecture, can be described holistically as the bone geometry. The second component 

associated with fracture risk can be described as the bone composition, which refers to 

the makeup of the bone tissue at the lower levels of hierarchy. It is well understood that 

bone is primarily a three part composite material, composed of collagen, hydroxy-

apatite, and water. The mechanical properties of these components, along with the 

relative proportions and interactions between them can have a significant impact on the 

mechanical properties and failure properties of bone tissue. Finally, bone defects present 

in the overall bone structure have been shown to significantly impact the resulting failure 

properties, making them a key factor when considering fracture risk assessment. This 

term refers to a variety of naturally occurring features present in bone structures 

depending on the anatomical site, along with features that develop over time as a result 

of ageing, disease and trauma. 

In order to fully understand and predict an individual’s risk of fracture, all three 

factors must be considered. An improved diagnostic model incorporating all of these 
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aspects is needed to accurately determine the nature and severity of one’s risk of incident 

fractures as a result of osteoporotic bone degradation. 

1.2 Research Objectives 

The findings presented in this thesis represent foundational work with the overall 

objective aimed at developing an improved understanding of the failure behaviour of 

vertebral bodies, and its relationship with the three key components of fracture risk 

described in Section 1.1. The scope of this thesis involves comparison of the global failure 

behaviour of normal and osteoporotic vertebral bodies collected from a well-defined 

animal model (i.e. rat), along with samples collected from a postmenopausal animal 

model with estrogen repletion. Uniaxial compression testing was used along with 

simultaneous X-ray Micro-computed Tomography (XμCT) in order to allow for 

visualization and analysis of the macroscopic and microscopic mechanisms of failure 

associated with the three groups of tissue included in this study. Completion of XμCT 

imaging cycles requires a finite amount of time where the sample is stationary in order to 

avoid artifacts that greatly reduce the quality of the resulting images. As a result, it was 

necessary to use an incremental loading protocol during mechanical testing, where 

samples were loaded to pre-determined increments of strain before holding the 

displacement constant for XμCT imaging. 

The current study involved two specific objectives, summarized as follows. The 

first objective was centered on validation of the incremental loading protocol designed to 

allow simultaneous mechanical testing and XμCT imaging of whole vertebral body 

samples. The second objective was to perform qualitative and quantitative analysis of the 

failure behaviour of whole vertebral bodies subjected to uniaxial compression, along with 

analysis of mechanical properties and bone geometry. These analyses allowed for 

correlations to be drawn between the observed failure behaviour and mechanical 
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properties, and the underlying structural properties of the vertebral bodies, as described 

through indices of bone geometry. 

The combination of mechanical testing and XμCT imaging of whole vertebral 

bodies provides new insight into the failure behaviour of normal and osteoporotic bone 

tissue. Simultaneous XμCT imaging and mechanical testing of osteoporotic bone 

represents a novel approach in the study of failure behaviour and related mechanical 

properties and bone morphometric indices. The use of whole vertebral bodies in such an 

analysis represents further innovation, as previous studies have focused on cored 

cylindrical samples. Since vertebral fractures are among the most common osteoporosis 

related injuries, the failure behaviour of the vertebral body in particular is an area of 

high relevance in the study of osteoporosis. 

1.3 Organization 

The remainder of this thesis is divided into the following five chapters: 

 Chapter 2 presents a review of the existing literature pertinent to the work 

presented in this thesis, along with a description of the underlying principles 

associated with the various analysis techniques employed. 

 Chapter 3 describes the animal model selected for the experiments in this study 

(i.e. rat), along with the surgical procedures required to produce samples with the 

desired characteristics. The sample preparation techniques are detailed, along with 

the methods used for conducting mechanical testing and simultaneous XμCT 

imaging. Finally, the approaches used for data processing and statistical analysis 

are presented. 

 Chapter 4 presents the results of the investigations outlined in Chapter 3. 
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 Chapter 5 includes a discussion of the results and experimental methods used, 

along with their significance and relationship with respect to the existing literature 

in this field. 

 Chapter 6 presents the primary conclusions of this study, along with providing 

recommendations for future work in this area based on findings and observations 

collected during this study. 



 

 

 

 

 

 

 

 

 

Chapter 2 

Literature Review 

This chapter summarizes the literature as it pertains to the work presented 

herein. It focuses on the following four specific areas: 

 Section 2.1 provides an overview of the composition and hierarchical structure of 

bone tissue, covering both trabecular and cortical bone; 

 Section 2.2 summarizes the characterization and importance of bone geometry for 

both trabecular and cortical bone; 

 Section 2.3 addresses some of the issues associated with quantifying the 

mechanical behaviour of whole vertebral bodies;  

 Section 2.4 introduces the current understanding of bone degradation as a result of 

postmenopausal estrogen deficiency; and, 

 Section 2.5 reviews the state-of-the-art in terms of assessing failure behaviour of 

bone structures under load. 
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2.1 Hierarchical Structure of Bone 

Bone is a hierarchical material, with many different factors contributing to its 

strength and deformation behaviour, at a variety of length scales. The specialized 

structural elements found within this hierarchy are designed to produce the optimal 

balance between strength and flexibility required for the proper functioning of the 

skeletal system. In addition to its mechanical responsibilities, bone tissue also serves 

vital biological and chemical roles, increasing the required intricacy of the underlying 

structure [13]. 

The complex structure of bone tissue has been explored extensively, using a 

variety of optical and radiological methods; these include optical microscopy, 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), micro-

computed tomography (micro-CT) and synchrotron radiation. In general, there are three 

length scales used to describe the structure and properties of bone tissue, each of which 

will be discussed in the following sub-sections. These levels are: (1) macrostructure; 

structural elements greater than 500μm, (2) microstructure; structural elements 

between 1μm and 500μm, and (3) nanostructure; structural elements below 1μm. These 

broad levels are often further sub-divided, to accurately capture some of the more 

intricate elements which are included within the hierarchical structure of bone tissue 

[14]; common sub-divisions include the sub-microstructure (between 1μm and 10μm) 

and sub-nanostructure (below a few hundred nm). 

At the level of the macrostructure, an important distinction can be made between 

two distinct forms of bone tissue. These two structures are commonly referred to as 

compact and spongy bone, or more technically, cortical and trabecular bone, 

respectively. There is some debate over the differentiation of cortical and trabecular 

bone, with some researchers considering the two structures to be a single morphological 
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material, located on opposite ends of a highly variable spectrum of porosity or apparent 

density [15–17]. Others maintain that these two structures are composed of entirely 

different materials [18–20], an argument which is supported by the increased metabolic 

rate of trabecular bone in comparison with cortical tissue. Regardless of their specific 

geometry and function, all whole bone structures contain both cortical and trabecular 

bone, with the relative proportions varying significantly depending on the anatomical 

location and loading experienced in that region. For the purposes of this thesis, this 

section will focus on the structure and composition of trabecular bone, with key 

differences between cortical and trabecular bone highlighted throughout. 

As a result of the complex hierarchical structure of bone tissue, along with the 

porosity present at all structural levels, there is a significant degree of anisotropy present 

from the sub-nanostructural level to the macrostructural level. To understand and 

appropriately account for these anisotropy considerations, it is first necessary to fully 

document the underlying structure of the tissue. Anisotropy at the lower hierarchical 

levels is a result of the varied responses of the basic structural elements to different types 

of loading [21]. In general, it can be assumed that trabecular tissue is transverse isotropic 

[13]. At the higher levels of hierarchy, the individual trabeculae that form the 

macrostructure of trabecular bone are generally arranged such that there is a preferred 

mechanical axis within the specimen, aligned with the dominant loading axis in the 

respective anatomical location [22]. This arrangement leads to significant orthotropic or 

transverse anisotropy at the macrostructural level, depending on the anatomical location 

[23]. A visual depiction of the five main hierarchical levels of bone can be found in Figure 

2.1 (please note that the term cancellous bone is synonymous to trabecular bone). 
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Figure 2.1 – Hierarchical structural organization of bone [14] 

 

2.1.1 Sub-nanostructure 

At the lowest hierarchical level, bone tissue is a three phase composite, consisting 

of an organic phase (primarily composed of collagen), an inorganic mineral phase, and 

water. The organic phase is composed of Type I collagen molecules secreted by 

osteoblasts before self-assembling into collagen fibrils with a well-defined tertiary 

structure [14]. The inorganic phase is composed of plate-like apatite crystals (calcium 

phosphate), which grow with a specific crystalline structure, defined by the long axes of 

the collagen molecules [24,25]. These crystals have well defined size and thickness 

[26,27], and occur at regular intervals along the collagen fibrils, with an approximate 

repeat distance of 67 nm, as determined by high-resolution atomic force microscopy 

(AFM) measurements [28]. The collagen molecules, known to be triple helices with an 

average length of 300 nm, and thickness of approximately 1.5 nm [22], are arranged 

parallel to one another with subsequent layers offset by the same repeating distance as 
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seen in the mineral crystals [14]. The regularly sized mineral crystals periodically 

reinforce the collagen molecules along the axial direction, creating a banded structure 

with a well-defined arrangement of gap zones and overlap regions, clearly observed 

using TEM [29] and neutron scattering [30] techniques. These gap zones are filled by 

water. This mineralized collagen fibril forms the basic building block of both trabecular 

and cortical bone. A detailed representation of the sub-nanostructure of bone tissue can 

be found in Figure 2.2. 

 

Figure 2.2 – Schematic representation of the 

underlying structure for the mineralized 

collagen fibril, illustrating the regular size and 

arrangement of the primary components. It 

should be noted that the 67 nm repeating 

distance for the collagen molecules and mineral 

crystals consists of a 40 nm gap region, along 

with a 27 nm overlap region [14] 

 

2.1.2 Nanostructure 

Mineralized collagen fibrils combine to form bundles of parallel strands, 

embedded in an extra-fibrillar mineral matrix having a foam-like structure [31,32]. 

These fibril arrays are known as collagen fibers. 
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2.1.3 Sub-microstructure 

The first major structural distinction between cortical and trabecular bone 

becomes apparent at this hierarchical level. In trabecular bone, collagen fibers are 

arranged in thin sheets or lamella. These layers are subsequently arranged in concentric 

layers with an approximate thickness between 3μm and 7μm [33,34], forming the well-

known lamellar structure of bone tissue. The orientation of the collagen fibers and 

mineral particles within these layers has been well documented using a variety of 

techniques, including pole-figure analysis [35] and scanning small-angle scattering [36–

38]. In trabecular bone, the mineral particle arrangement has been found to correspond 

to a fiber texture, such that the mineral particles are arranged parallel to a common 

direction; this direction is defined by the fiber direction of the collagen [13,22,35]. In 

contrast, collagen fibers in cortical bone are arranged in a rotated plywood structure. In 

this arrangement, fibers within a given layer are parallel, and the fiber direction in 

subsequent layers is rotated about an axis perpendicular to the previous layer [39,40]. 

2.1.4 Microstructure 

At the microstructural level in trabecular bone, concentric lamellae form 

individual structural elements called trabeculae. In these elements, the individual layers 

are overall tangential to the outer surface of the bone, with typical overall thicknesses 

between 50 μm and 300 μm [14]. Individual trabeculae can be either rod-like in shape, 

or plate-like. In cortical bone, concentric lamellae wrap around blood vessels, forming a 

structure known as the osteon. The overall structure of cortical bone is then produced as 

an arrangement of individual osteons running roughly parallel to the long axis of the 

bone [14]. 
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2.1.5 Macrostructure 

At the highest hierarchical level, individual trabeculae combine to form a network 

of interconnected rods and plates, producing the overall macrostructure of trabecular 

bone. The orientation of trabeculae within this network depends on the loading 

conditions present in the given anatomic location, with trabeculae being arranged such 

that there is a preferred mechanical axis within the macrostructure, aligned with the axis 

of loading [22]. The porous space between trabeculae is filled with bone marrow, which 

has been found to contribute to the mechanical performance of the bone; apparent 

strength of trabecular bone samples has been shown to increase when bone marrow is 

removed before mechanical testing [41]. A visual representation of the porous 

macrostructure of trabecular bone can be found in Figure 2.3. 

 

Figure 2.3 – Porous macrostructure of trabecular bone [22] 
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2.2 Bone Geometry 

In addition to the complex hierarchical structure, bone’s highly variable geometry 

can have a significant impact on the resulting mechanical properties. This is especially 

true when considering trabecular bone, due to its highly porous nature. Furthermore, 

when performing mechanical testing on whole bone specimens containing both cortical 

and trabecular tissue, it is necessary to consider the geometry of both structural 

components, as each will contribute to the apparent mechanical properties of the overall 

structure. The interaction of the two components must also be considered, in order to 

understand the loading behaviour of the composite material. The general geometric 

features of both trabecular and cortical bone are discussed in the following sub-sections, 

along with the accepted methods of quantifying key morphometric indices. 

2.2.1 Trabecular Bone 

As briefly described in Section 2.1.5, trabecular bone at the macrostructural level 

is composed of a highly porous network of interconnected rod- and plate-like structures, 

seen in Figure 2.4. The porosity of trabecular bone is approximately 80%, although this 

value shows some variation between species and anatomical site. The vacant space 

surrounding the trabecular bone tissue is occupied by bone marrow containing nutrient 

rich blood cells required by bone osteocytes for bone remodeling [22]. The individual 

rods and plates of the trabecular network are arranged with a distinct orientation in 

response to the dominant loading distribution and direction in the respective anatomical 

site, resulting in the development of a distinct mechanical axis within most regions of 

trabecular bone [22]. As a result of the highly porous nature of trabecular bone, a large 

number of morphological indices have been proposed for the purpose of describing the 

geometry of this complex biological structure. In general, these indices can be divided 
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into two distinct categories: bone quantity and architecture. The former serves to 

quantify the amount of bone present in a given volume, while the latter describes the 

spatial distribution of trabecular bone tissue within the given three-dimensional volume. 

It is necessary to consider key indices from each of these general categories in order to 

fully understand the geometry of trabecular bone. 

 

a) b) c) 

Figure 2.4 – X-ray Micro-computed Tomography (XμCT) volume renderings illustrating the 

variation of trabecular structure, a) Plate-like trabecular network, b) Hybrid trabecular network, 

and c) Rod-like trabecular network – adapted from [42] 

 

2.2.1.1 Bone Quantity 

Due to its highly variable and porous nature, trabecular bone exhibits the 

characteristics of both a structure and a material [43]. As a result, the apparent 

mechanical properties – those describing the behaviour of a cube or cylinder of 

trabecular bone containing many trabeculae forming a network or structure – are highly 

variable. Direct comparison of apparent mechanical properties is problematic, with no 

universally accepted values for the mechanical properties of trabecular bone existing in 

the literature. In an effort to introduce some consistency to this area of material science, 

the measured apparent mechanical properties of a volume of trabecular bone are often 
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related to the amount of bone tissue present in the sample being examined. There are a 

number of morphometric indices that are commonly used to describe the amount of 

trabecular tissue present in a given sample of trabecular bone, summarized in Table 2.1. 

Table 2.1 – Definition and description of 3D trabecular bone quantity indices – adapted from [44] 

Abbreviation Variable Description 
Standard 

Unit 

TV Total volume Volume of the entire region of interest mm3 

BV Bone volume Volume of the region segmented as bone mm3 

BS Bone surface Surface of the region segmented as bone mm2 

BV/TV 
Bone volume 

fraction 
Ratio of the segmented bone volume to the total 
volume of the region of interest 

% 

BS/TV 
Bone surface 

density 
Ratio of the segmented bone surface to the total 
volume of the region of interest 

mm2/ mm3 

BS/BV 
Specific bone 

surface 
Ratio of the segmented bone surface to the segmented 
bone volume 

mm2/ mm3 

 

When relating mechanical properties to bone tissue quantity, the preferred index 

is the bone volume fraction (BV/TV). For small ranges of BV/TV, linear regressions have 

produced strong regression models; however, when considering populations with a 

wider range of geometric properties, a power-law relationship has been shown to 

produce more accurate results [15]. Theoretical findings based on the behaviour of 

various idealized unit cells further support the use of a power-law relationship for this 

purpose [45]. When considering elastic modulus (E), this relationship takes the 

following form: 

   (     )  2.1 

where a and b are fitting terms. Experimental studies in this area have reported an 

approximate value for of 2 for the exponent b [46–48]. The value of the product a varies 

significantly with mechanical testing protocol and anatomical location. Although there is 

general agreement that the elastic modulus (and failure stress) of trabecular bone is 

strongly dependent on apparent density (the product of volume fraction and trabecular 

tissue density), the precise form of this relationship is still controversial [49] (the power-
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law presented above represents the most commonly accepted form). Supporting studies 

have shown that this relationship is dependent on a number of significant factors, 

including anatomic site and loading direction [50,51], and can be heavily influenced by 

the imprecision introduced by ignoring anisotropy and end-artifact effects [52–59] 

during mechanical testing. 

2.2.1.2 Architecture 

In addition to the significant variation possible in the amount of bone tissue 

present in a given volume of trabecular bone, the arrangement of this tissue within the 

3D volume of the trabecular network can show significant variation both throughout the 

given volume, and between samples. Trabecular bone architecture varies significantly 

between anatomical sites as a result of loading and disease, and this variation can have a 

significant impact on the resulting mechanical properties of the overall structure. A large 

number of morphometric indices have been developed for describing the architecture of 

trabecular bone, with a subset of the most common indices described in Table 2.2. 

Table 2.2 – Definition and description of 3D trabecular bone architecture indices – adapted from [44] 

Abbreviation Variable Description 
Standard 

Unit 

Tb.Th 
Trabecular 
thickness 

Mean thickness of trabeculae mm 

Tb.Sp 
Trabecular 
separation 

Mean distance between trabeculae mm 

Tb.N 
Trabecular 

number 
Measure of the average number of trabeculae per unit 
length 

1/mm 

Conn.D 
Connectivity 

density 
A measure of the degree of connectivity of trabecular 
normalized by TV 

1/mm3 

SMI 
Structural model 

index 
An indicator of the structure of trabeculae; 0 for 
parallel plates, 3 for cylindrical rods [60] 

* 

DA 
Degree of 

anisotropy 
An indicator of the anisotropy of the structure; 1 for 
isotropic, >1 for anisotropic 

* 

MIL 
Mean intercept 

length 
Measurements of structural anisotropy * 

* - Indicates a dimensionless variable 
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The role of architecture in describing the mechanical properties of a given volume 

of trabecular bone has been studied at length, showing a strong relationship between 

these two factors. Inclusion of architectural indices describing trabecular orientation and 

anisotropy in models relating elastic modulus and bone volume fraction has shown that 

these composite measures are able to explain greater than 90% of the observed variation 

in mechanical properties [46,61–63]. 

2.2.2 Cortical Bone 

In comparison to trabecular bone, cortical bone geometry is relatively simple. 

Cortical bone is far more dense than trabecular bone, with porosity on the order of 6%, 

largely due to the presence of blood vessels [22]. As a result, morphometric indices for 

describing cortical bone geometry focus on quantifying the amount of cortical bone 

present, along with the thickness of the cortical tissue, with little emphasis on the 

arrangement of cortical tissue within a given 3D volume. Despite imaging a volume of 

interest during the analysis of a given sample, many of the indices describing cortical 

bone geometry are based on 2D measurements of average cross-sectional area. This 

approach allows for direct comparison between studies using different sized volumes. A 

number of important morphometric indices for cortical bone are summarized in Table 

2.3. When considering mechanical properties of whole bones (often containing both 

trabecular and cortical bone), it is important to consider the geometry of both 

components in order to fully understand the resulting mechanical behaviour. 
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Table 2.3 – Definition and description of cortical bone morphometric indices – adapted from [44] 

Abbreviation Variable Description 
Standard 

Unit 

Tt.Ar Total area 
Total cross-sectional area inside the periosteal 
envelope 

mm2 

Ct.Ar Cortical bone area Average cross-sectional area of cortical bone mm2 

Ct.Ar/Tt.Ar 
Cortical area 

fraction 
Ratio of the cortical bone area to the total area % 

Ct.Th Cortical thickness Mean cortical bone thickness mm 

 

2.2.3 Quantitative Morphometry 

Traditionally, bone architecture was assessed using quantitative histologic 

techniques (known as histomorphometry). Until recently, these techniques represented 

the gold standard for both trabecular and cortical bone architecture analysis. While these 

methods produce unique information related to cellularity and dynamic indices of bone 

remodeling [44,64], they suffer from a number of limitations which have led to the 

development of new techniques based on modern imaging modalities. In addition to 

employing destructive and labour intensive sample preparation methods [65], 

histomorphometric analysis relies on the application of stereologic models for 

determining structural parameters. Variation of bone geometry throughout a volume of 

interest cannot be accurately determined using these methods, as they are based on the 

analysis of only a small number of 2D sections within the volume [66]. In addition, a 

number of assumptions must be applied, which represent an unrealistic idealization of 

the complex bone architecture [60,67–69]. Finally, as a result of the labour intensive 

point-sampling procedure required to complete the stereologic analyses associated with 

histomorphometry, high intraobserver variability has been reported in association with 

this technique [70]. 
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The use of X-ray Micro-computed Tomography (XμCT) for evaluation of bone 

morphology and microarchitecture was first proposed by Feldkamp and colleagues in the 

late 1980’s [71], and has since become the preferred method of analysis in this field. 

Early studies using this method proved the excellent repeatability and accuracy of XμCT 

based quantitative morphometry by comparing findings with traditional 2D 

histomorphometry measurements over a variety of specimens, including tissue 

specimens collected from both human [72–76], and animal sources [77–81]. Strong 

agreement was seen between the 2D and 3D measurements produced using XμCT, and 

those produced using 2D histomorphometry. It was also shown that the results of XμCT 

measurements are sensitive to image resolution and bone tissue segmentation. XμCT 

based quantitative morphometry has been successfully used in studies across a number 

of fields, including the detection of structural changes in bone as a result of 

postmenopausal osteoporosis [80–83], and assessment of the effects of various therapies 

including antiresorptive drug treatments [84–86], and mechanical loading and 

unloading [87,88]. 

Using XμCT for assessment of bone morphology has a number of significant 

advantages when compared with traditional histomorphometry. The direct measurement 

of 3D trabecular morphology eliminates the need for idealized 2D stereologic models. 

Also, a significantly larger volume can be analyzed when compared with 2D histology, 

providing a better understanding of the overall bone geometry. The analysis process is 

much less time consuming, requiring very little operator input to complete; this also 

reduces the potential for intraobserver variability. Finally, since assessment of bone 

morphology through XμCT is nondestructive, samples can be included in subsequent 

analysis protocols including mechanical testing. This allows for direct comparison 

between bone morphology and results of additional studies [44]. 
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2.2.3.1 X-ray Micro-computed Tomography 

As outlined in [89], XμCT is based on the fundamentals of X-ray radiography. X-

ray photons emitted by a micro-focus X-ray source are directed towards the sample of 

interest for a defined period of time, known as the integration time. A detector on the 

opposite side of the sample records the number and position of photons that are 

transmitted through or around the sample over the course of the integration period. 

Charge-coupled devices (CCDs) are most commonly used as the detector for XμCT. 

Before reaching the CCD, the wavelength of the transmitted photons is converted from 

the X-ray spectrum to the visible light spectrum by a scintillating screen positioned 

between the sample and the detector. The photon counts collected by the CCD 

(representing a 2D, N x N pixel array) are recorded at each pixel, before being 

transposed into grey level intensities based on the number of counts recorded. In most 

commercial XμCT systems, interchangeable optical objectives are placed between the 

scintillating screen and the CCD for magnification purposes, allowing for a larger variety 

of samples to be imaged while maintaining optimum source-sample and sample-detector 

distances. By changing the objective, the resulting field of view (FOV) will be altered, 

leading to a change in the spatial resolution of the final 3D data set. A schematic 

representation of a typical XμCT system can be seen in Figure 2.5. 

During an XμCT imaging cycle, a large number of individual X-ray projections 

are recorded, as the sample is rotated about an axis perpendicular to the source-detector 

axis. In a typical XμCT scan, the sample will be rotated by at least 180°, with slight over-

rotation being preferred in order to avoid potential scanning artifacts. This series of 2D 

projections is subsequently used to produce a 3D representation of the sample being 

imaged, in the form of a series of stacked 2D slices. A filtered back-projection algorithm 
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is employed in this operation. Significant qualitative and quantitative information can be 

extracted from this data set, with very high spatial resolutions possible (below 1 μm). 

 

Micro-focus X-Ray Sources 

The micro-focus X-ray sources used in most commercially available XμCT 

systems produce polychromatic, conical X-ray beams. In these sources, X-rays are 

produced as a result of high potential differences (on the order of tens of kV) between the 

cathode and anode of an X-ray tube, otherwise known as characteristic X-ray generation. 

Driven by this potential difference, electrons travel from the cathode to the anode and 

impact the atoms of the target (anode). This interaction between the incident electrons 

and the shell electrons of the target atoms can cause a shell electron to be ejected, while 

the incident electron is scattered. The net result is the creation of an electron vacancy in 

the affected shell, to be filled by an electron transitioning from a higher energy shell. This 

 

Figure 2.5 – Simplified schematic of a typical XμCT system setup 
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transition will produce an X-ray photon of a discrete energy level as a result of the 

difference in shell energies. The X-ray beam generated through this process consists of a 

spectrum of energy levels (generally between 0 keV and 150 keV), based on the energy 

level of the individual photons produced by the interaction of incident and shell electrons 

of the cathode and anode [89,90]. 

X-ray Attenuation 

As an X-ray beam travels through the sample of interest, it is exponentially 

attenuated according to the material present along its path. The concept of attenuation 

can be more easily understood when considering monochromatic X-ray beams, as found 

in synchrotron radiation sources, due to the singular photon energy. The grey level 

intensities in an X-ray projection generated using this type of source are directly related 

to the absorption coefficient of the distinct phases in the sample being imaged [91], 

allowing for quantitative phase analysis. For a given material, the absorption coefficient 

is proportional to its density and atomic number, in addition to the energy level of the 

incident X-rays. As a result, for a monochromatic beam, the absorption coefficient can be 

determined using the following expression [92]: 

 (     )    
  

  
 2.2 

where K is a constant, ρ and Z represent the material density and atomic number, 

respectively, and E represents the X-ray energy. For polychromatic beams, grey level 

intensities in projections are not purely a function of material density, meaning that this 

relationship represents only an approximation of the attenuation coefficient. As a result, 

reconstructions from these projections are subject to slightly increased noise. 

In the typical energy range for X-ray photons generated in micro-focus X-ray 

sources, there are two primary modes in which X-rays interact with matter: photoelectric 
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absorption, and the Compton effect. Material density and atomic number are the 

dominant factors in determining which interaction mode will be experienced. The 

relative probability of each mode of interaction is directly related to the probability of X-

ray attenuation in the given material. Based on these principles, the Beer-Lambert law is 

used to relate the photoelectric and Compton scattering interactions of the material to 

the ratio of transmitted and incident photons using the following expression [90]: 

 

  
      2.3 

where I and Io are the transmitted and incident photons at energy E, respectively, μ is the 

attenuation coefficient of the material as expressed in Equation 2.2, and L is the 

thickness of the material. 

2.2.3.2 Direct Assessment of Bone Geometry 

Unlike histomorphometry, XμCT based quantitative morphometry allows for 

direct assessment of 3D bone geometry, instead of requiring the application of idealized 

2D stereologic models. While the basic bone quantity measurements, such as bone 

volume and bone surface, can be obtained directly from 2D images, many key 

architectural parameters can only be obtained from 2D slices through the application of 

a highly idealized fixed-structure model, resulting in unpredictable errors in the 

quantification of bone architecture. As a result, it is recommended that 3D model-

independent algorithms be used for computing bone architecture from XμCT images 

[44]. The methods used for assessing the primary trabecular bone morphometric indices 

are described in the following paragraphs. 

Bone volume (BV) and total volume (TV), the basic morphometric indices of 

trabecular bone quantity can be derived from a simple voxel-counting method. In 

situations involving very small or complex structures, a more advanced volume 
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rendering method known as volumetric marching cubes (VOMACs) may be applied for 

improved accuracy [93]. The bone volume fraction (BV/TV) is defined as the ratio of 

these two indices. Triangulation of the object surface using a marching cubes algorithm 

is used to determine the bone surface (BS) in the volume of interest [94], which can 

subsequently be used to determine a number of secondary bone quantity measures, such 

as bone surface density (BS/TV) and specific bone surface (BS/BV). 

The key architectural indices of mean trabecular thickness (Tb.Th) and mean 

trabecular separation (Tb.Sp) are both calculated using direct a 3D method, commonly 

referred to as sphere fitting. The basic methodology employed by this method involves 

determining the diameter of the largest possible sphere that can be contained within the 

material of interest for each voxel. When determining the Tb.Th, the spheres are fit 

within voxels segmented as bone tissue, and for Tb.Sp, the spheres are fit within voxels 

segmented as non-bone tissue [68], as illustrated in Figure 2.6. The average diameter is 

then calculated, producing the mean value for each parameter, along with an indication 

of the variation within the structure through determination of the standard deviation. In 

order to determine the trabecular number (Tb.N), the mean distance between the mid-

axes of the structure must first be evaluated using the distance-transformation method 

[95]. The Tb.N is then expressed as the inverse of this value. 

A description of the algorithms used for calculation of more advanced trabecular 

bone architectural indices such as Conn.D, DA, and SMI is beyond the scope of this 

thesis. Interested readers are directed to the excellent review by Bouxsein et al. [44]. 
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2.3 Mechanical Properties of Vertebral Bodies 

Trabecular bone is both a material and a structure, with complex mechanical 

properties at both the local (tissue) and global (apparent) levels of hierarchy. When 

discussing the mechanical properties of bone, it is important to distinguish between 

these two distinct levels, where tissue properties refer to the mechanical behaviour of 

single trabeculae, and apparent properties refer to the mechanical behaviour of a larger 

volume of trabecular bone, containing multiple trabeculae. A complete understanding of 

the mechanical properties and failure behaviour of whole bone complexes containing 

regions of trabecular bone requires quantification of the mechanical behaviour of both 

the tissue level and apparent properties of trabecular bone. Common practices for 

evaluating the mechanical properties at both levels of hierarchy are presented in the 

following sub-sections. 

 

a) b) 

Figure 2.6 – Schematic representation of the sphere fitting method used for direct 3D 

assessment of key trabecular bone architectural indices a) Trabecular thickness (Tb.Th), and b) 

Trabecular separation (Tb.Sp) [44] 
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2.3.1 Tissue Properties 

2.3.1.1 Microtensile 

The basic uniaxial tensile test has been adapted for application to the testing of 

individual trabeculae on several occasions. As a result of the extremely small size of 

individual trabecular elements, along with the variable geometry between samples, 

development of specialized grip assemblies was required for mechanical testing. 

Furthermore, in order to achieve the resolution necessary to produce useful 

experimental data, the testing stage used must be capable of applying extremely small 

loads and displacements. Microtensile studies generally have high variability and low 

repeatability as a result of the geometry assumptions required, along with the artifacts 

associated with the small sample size. 

Using a tensile testing stage with mechanical grips specifically designed to 

accommodate the intricate geometry of individual trabeculae, Ryan and Williams [96] 

were the first to successfully perform microtensile testing of trabecular tissue. More 

recent studies have used a variety of chemical adhesive methods to secure the individual 

trabeculae in place during mechanical testing [20,97,98]. As mentioned earlier, although 

individual trabeculae have a generally cylindrical geometry, they often possess physical 

irregularities (protrusions and cavities along their length), making it difficult to estimate 

cross-sectional dimensions of a given sample. To eliminate the influence of geometrical 

irregularity, one study compared the mechanical properties of machined 

microspecimens of cortical tissue (of the same approximate dimensions as individual 

trabeculae), with those of intact individual trabeculae extracted from the same donor and 

anatomical location. It was shown that the Young’s modulus of individual trabeculae was 

significantly less than the cortical microspecimens, most likely due to the differences in 

mineralization and collagen fiber orientation of the two tissues [20]. A number of 
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techniques have been used to accurately determine the cross-sectional dimensions of 

microtensile specimens, including hemacytometry [96], and microscopy [20,97,98]. The 

reported range of elastic modulus values using microtensile testing is 0.76 GPa – 10.4 

GPa. An example of a typical microtensile testing apparatus can be found in Figure 2.7. 

 

2.3.1.2 Microbending 

Based on the macroscale observation of trabecular bone post-yield behaviour, it 

has been established that bending and buckling of individual trabeculae is an important 

deformation mode of trabecular bone [99,100]. As a result, microbending has become a 

commonly used method for evaluating the mechanical properties of trabecular tissue. 

Facing many of the same problems as microtensile testing (small sample size and 

variable geometry), microbending studies often have highly variable results and low 

repeatability. 

 

Figure 2.7 –  Microtensile apparatus developed for testing of individual trabeculae, illustrating 

a) The overall design of the loading fixture, and b) The specially designed grip assembly [96] 
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Various three- and four-point microbending testing stages have been developed 

for the purposes of testing individual trabeculae. Again, for the purpose of reducing the 

effects of geometric irregularity, several studies [19,101] have opted to use machined 

samples collected from both trabecular and cortical tissue, producing regular cylindrical 

specimens. In contrast to the findings of Rho et al. [20], these studies reported similar 

elastic properties between the trabecular and cortical specimens. More recently, three-

point microbending has been used in the study of microdamage initiation and 

progression within individual trabeculae [102,103]. The range of reported elastic 

modulus values using microbending is 3.03 GPa – 4.59 GPa. A typical microbending 

testing apparatus can be found in Figure 2.8. 

 

2.3.1.3 Nanoindentation 

This relatively new technique offers excellent resolution, allowing for the 

investigation of the elastic modulus not only of individual trabeculae, but also 

throughout the cross-section of a given trabeculae [104]. This added capability is of great 

value, as it has been suggested that the biomechanical properties of trabecular bone may 

 

Figure 2.8 –  a) Microbending 

apparatus developed for testing of 

individual trabeculae, and b) Detail 

view of sample supports with load 

application plunger [103] 
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be dependent on the tissue modulus variation within the tissue [105]. As a result, a 

significant number of studies have used the nanoindentation technique for the purpose 

of evaluating the elastic properties of trabecular tissue. A consequence of the high 

resolution associated with this testing method is that it may be possible to inadvertently 

evaluate the elastic properties of one of the lower hierarchical structures that are present 

within trabecular tissue, possibly leading to added variability in collected data. 

Although the nanoindentation method does not require the isolation of individual 

trabeculae, simplifying the protocol in this respect, the multi-step preparation procedure 

required for this type of mechanical testing is very complex and time consuming [106]. 

Furthermore, maintaining sample hydration during mechanical testing can be difficult, 

and the effect of sample dehydration on the resulting measured elastic properties has 

been shown to vary significantly [107]. In general, elastic properties of trabecular tissue 

evaluated using the nanoindentation technique are significantly greater than those 

measured using either microtensile or microbending techniques, with the range of 

reported elastic modulus values between 8.9 GPa and 21.3 GPa, showing significantly 

less variation within a given study. The unusually high elastic modulus reported by some 

studies is likely a result of the preparation procedure used during mechanical testing. It 

has previously been shown that dehydration of samples prior to testing can increase the 

elastic modulus significantly, although there is debate on the amount of increase 

[108,109]. Since the nanoindentation procedure is closely controlled and well defined, 

the variability resulting from this technique is much smaller than other methods, 

achieving much greater repeatability. 

2.3.1.4 Alternative Methods 

A number of secondary techniques have been developed for the purpose of 

evaluating the mechanical properties of trabecular tissue, discussed briefly here. Early 
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studies focused on the buckling behaviour of individual trabeculae under compressive 

loads [110,111], or cantilever bending of individual trabeculae [112], however these 

techniques were later abandoned for the superior three- or four-point bending methods. 

In addition, a number of ultrasonic techniques have been proposed, which evaluate the 

elastic properties of bone by determining the time delay as an ultrasonic wave 

propagates through the sample [20,113,114]. These methods are limited in their 

application, since they are only able to evaluate the elastic properties of a material, with 

no insight into the strength properties. 

2.3.2 Apparent Properties 

2.3.2.1 Uniaxial Compression 

The preferred method of assessing the apparent properties of trabecular bone 

involves uniaxial compression of prepared samples between two flat platens. Typically, 

volumes of trabecular bone are isolated by producing cylindrical or cubic samples, 

allowing for investigation of the apparent properties of the trabecular bone itself, without 

the influence of the surrounding cortical tissue [43]. These volumes are extracted from a 

larger region of trabecular bone (typically from the femoral head or the vertebral body) 

using a variety of procedures depending on the desired final specimen geometry. From 

the known sample geometry and applied load, the apparent stress (σapp) can be 

determined using the following expression: 

     
 

    
 2.4 

where F represents the applied load and Aapp is the apparent cross-sectional area of the 

sample, equal to the nominal cross-sectional area of the chosen sample geometry. 

The stiffness and ultimate load can be determined from the force-deformation 

loading curve produced during the uniaxial compression test, with the stiffness defined 
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as the slope in the linear-elastic region of the curve, and the ultimate load defined as the 

maximum load sustained by the sample. After converting the force-deformation loading 

curve to engineering stress-strain using Equation 2.4 and the known sample geometry, 

the elastic modulus and ultimate strength can be determined, with the elastic modulus 

defined as the slope in the linear-elastic region of the curve, and the ultimate strength 

defined as the maximum apparent stress seen in the sample. 

Sources of Error 

Despite the theoretical simplicity of the uniaxial compression loading mode, 

there are a number of potential sources of error which must be considered during the 

design of sample preparation and loading protocols, in order to minimize their adverse 

effect on the mechanical testing results, as presented in [43]. If not properly mitigated, 

these sources of error can lead to underestimation of mechanical properties, along with 

possible violation of fundamental assumptions required when determining key 

mechanical properties from the collected force-deformation loading curves. 

Uniaxial compression requires that the loading surfaces of the mechanical testing 

specimens be both parallel to one another and perpendicular to the loading axis, in order 

to ensure that the load applied to the sample is truly uniaxial (no shear or moment loads 

transferred to the loading surfaces). Failure to meet this requirement can produce stress-

concentrations in the sample, resulting in an underestimation of modulus and strength 

[115], as well as the potential for translation and rotation of the samples during load 

application [116]. Careful sample preparation protocol design, along with the use of 

pivoting platens designed to account for any misalignment of sample loading surfaces 

during mechanical testing  can reduce or eliminate these adverse effects [117,118]. 

Calculation of elastic modulus and strength from force-deformation loading 

curves requires the assumption of homogeneous deformation throughout the length of 
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the sample (along the loading axis). Friction at the interface between sample and 

compression platen can produce a barreling artifact [119], leading to the development of 

a strain gradient within the sample. As a result, the strain will be overestimated, and the 

mechanical behaviour is underestimated. Lubrication of platen surfaces using mineral oil 

[120] or grease [121] is often used to minimize this artifact during mechanical testing. 

A similar end artifact unique to porous structures such as trabecular bone, known 

as the structural end effect, must also be considered. During sample preparation, the 

trabecular network is inevitably severed, resulting in increased compliance of the 

trabecular elements near the cut surface. It has been shown that these regions will 

deform preferentially during mechanical testing, causing a strain gradient that leads to 

strain overestimation and underestimation of mechanical properties [53,56], as seen 

with the barreling artifact. Mitigation of this artifact is best achieved through selection of 

an end preparation protocol which minimizes or eliminates the disturbance of the 

trabecular network by requiring little or no material removal from the loading surfaces. 

When calculating sample strains directly from crosshead displacement, it has 

been shown that machine compliance can lead to an overestimation of strain [58]. A 

common practice for overcoming this limitation involves the use of a sample (or platen) 

mounted extensometer or linear variable displacement transformer (LVDT) for direct 

measurement of sample deformation. In studies where the implementation of an 

extensometer or LVDT is not practical (due to physical limitations or hydration 

requirements), machine compliance can be accurately characterized and accounted for 

during data analysis using the method presented by Kalidindi et al. [122], in order to 

eliminate strain overestimation. 
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2.3.2.2 Whole Bone Mechanical Testing 

Anatomically, trabecular bone is rarely found at the surface of whole bones, 

nearly always being enclosed within at least a thin outer layer of cortical bone. 

Trabecular bone is found in four primary locations within skeletal anatomy: in the ends 

of long bones, through the entire length of short bones (including vertebrae), in large 

flat/irregular bones (such as the scapula, ischium and ilium), and in protuberances 

where muscle attaches to bone [123]. While this composite structure of trabecular and 

cortical bone serves different functions depending on the direction and magnitude of 

loading in the respective anatomical location, it is clear that the interaction of the two 

components is important for understanding the true mechanical properties of these 

trabecular bone/cortical bone complexes. As a result, a number of studies have 

developed whole bone mechanical testing procedures for evaluating the apparent 

mechanical properties of these composite structures. The most common method involves 

a modified uniaxial compression test, using isolated vertebral bodies from the lumbar 

region of the spine as the mechanical testing specimen. The geometry of the vertebral 

body in the lumbar region lends itself to this type of mechanical testing due to its 

preferable size and shape. For the purposes of this thesis, the review in this section will 

focus on studies involving biological tissue collected from animal models, specifically 

rats. 

Vertebral Body Isolation 

The complete anatomical structure of intact vertebrae includes the posterior 

elements, in addition to the vertebral body. These structures are highly variable in both 

size and geometry, and are not directly involved in the load handling of the overall 

structure [124,125]. With these features still attached, the logical loading surfaces of the 
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vertebral body (the caudal and cranial endplates) will be obstructed, making even load 

application nearly impossible. As a result, mechanical testing protocols involving whole 

vertebral bodies require the removal of the posterior elements (along with any soft 

tissue) prior to mechanical testing. This procedure typically involves severing the pedicle 

material of the posterior elements on both sides of the neural canal using a scalpel blade, 

allowing for complete removal of the entire posterior structure. 

End Preparation 

In their intact state, the caudal and cranial endplates of the lumbar vertebrae are 

somewhat parallel to one another; however they are far from being perpendicular to the 

major axis of the vertebral body, which would be the preferred loading axis for 

mechanical testing. As a result, it is necessary to modify these features in order to 

produce viable loading surfaces to be used in a uniaxial compression test. A number of 

different techniques have been developed for this purpose, with no true consensus on 

which method should be adopted as the standard protocol for this field of research. Early 

investigations involving mechanical testing of rat vertebral bodies sought to leave the 

ends of the vertebral body intact in order to avoid disturbing the underlying trabecular 

network. Plano-parallel loading surfaces were created by augmenting both the caudal 

and cranial endplates with either poly (methyl-methacrylate) (PMMA) [126–129] or 

dental cement [130,131]. In the interest of producing compression samples of more 

uniform height and geometry, many studies resort to endplate removal using a diamond 

wafering saw, allowing for plano-parallel loading surfaces to be formed using the original 

structure of the vertebral body, without PMMA augmentation [132–136]. This operation 

inevitably disturbs the underlying trabecular network of the vertebral body, introducing 

loading artifacts discussed in Section 2.3.2.1. In one unique study, a complete vertebra 

(including posterior elements) was loaded in compression without any prior end 
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preparation [137]. It was seen in this study that the inclusion of the posterior elements 

can produce uneven loading within the sample, with minimal load transferred directly to 

the vertebral body. This loading mode fails to accurately represent the in vivo loading 

seen in the vertebrae, greatly limiting its range of application when studying the 

apparent mechanical properties of vertebral bodies. 

Platen Configuration 

Despite careful end preparation procedures, a degree of misalignment in the 

loading surfaces of the prepared vertebral body is often unavoidable. In addition, any 

misalignment present in the load application surfaces of the compression platens will 

produce secondary loading behaviours within the sample, undesirable when conducting 

a uniaxial compression test. As a result, a number of different self-aligning platen 

designs have been incorporated into the mechanical testing protocols used in this field. 

Although details of the specific designs are often omitted, common concepts used are 

those of a freely pivoting plate inserted between the compression specimen and one 

compression platen, ensuring that the load is applied to the vertebral body as a point 

load, eliminating any moment or shear loads on the sample [133]. Locking adjustable 

ball joint style platens are commonly used for this purpose in other fields, however their 

application in the mechanical testing of rat vertebral bodies is somewhat limited due to 

the small sample size in comparison to the mechanisms required for these platen 

configurations to function properly. Elaborate potting fixtures have also been developed 

in order to merge the end preparation and load application procedures [129]. This 

technique involves the use of two aluminum plates with machined cavities used for 

potting the ends of the vertebral bodies. Set screws are used to align the mechanical axis 

of the vertebral body such that it is perpendicular to the lower potting fixture, while an 

external mount ensures that the upper potting fixture is parallel to the lower. This whole 
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assembly is subsequently loaded into the mechanical testing stage, with load applied 

directly to the upper and lower potting fixtures. This technique has seen limited 

application, and has since been replaced by the use of simpler self-aligning platen 

configurations. 

2.4 Postmenopausal Bone Degradation 

In Type I osteoporosis, bone degradation results from diminished estrogen 

production following menopause [138]. The high prevalence of osteoporotic fractures 

and their related ailments, along with the significant associated social and economic 

costs have prompted extensive research into the underlying cause of this disease, along 

with the subsequent changes in bone architecture and mechanical properties, as 

presented in [139] and summarized in the following sub-sections. 

2.4.1 Mechanism 

During normal physiology, healthy bone undergoes a constant cycle of resorption 

and formation, a process which allows for the maintenance of bone strength and mineral 

equilibrium by replacing aged and damaged bone with newly formed bone tissue. This 

process, known as the bone remodeling cycle, is driven by coordinated cellular activity, 

carried out primarily by four fully differentiated cellular structures called osteoclasts, 

mononuclear cells, osteoblasts, and osteocytes [140]. 

In healthy bone, the remodeling cycle is triggered in response to the presence of 

aged or damaged tissue within the structure of a given whole bone complex, leading to 

osteoclast recruitment. The primary function of the osteoclast in the remodeling cycle is 

the erosion of damaged bone tissue through the dissolution of the mineral phase, while 

digestion of the collagen phase is believed to be accomplished by secondary mononuclear 

cells [141]. The collective erosion of all recruited osteoclasts is referred to as resorption, 
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and will continue until the newly formed cavity has reached a characteristic depth, 

depending on the anatomical site of the original damaged tissue [142]. 

Following resorption, during the reversal phase, mononuclear cells occupy the 

newly formed cavity. These cells partly smooth the ragged surface produced by the 

osteoclasts during resorption through deposition of a highly mineralized, low collagen 

bone matrix referred to as the cement substrate in preparation for bone formation [143]. 

Osteoblasts are recruited to the area at the start of the bone formation phase, before 

assembling on the freshly deposited cement substrate layer. Among other constituents, 

the osteoblast is responsible for producing the collagen phase of the bone matrix, along 

with orienting the individual fibers in order to produce the well documented lamellar 

structure seen in bone tissue [144–147]. Following a maturation period, this young, 

collagen rich bone tissue is transformed into the rigid three part composite material 

described in Section 2.1 through the mineralization process, driven by osteocyte cells. 

The complete bone remodeling cycle is illustrated in Figure 2.9. 

 

Estrogen deficiency leads to excessive bone erosion by osteoclasts in the 

resorption phase, without adequate bone formation by osteoblasts [148]. The net result 

 

Figure 2.9 – Schematic representation of the bone remodeling cycle, illustrating the distinct 

phases of the process, along with the coordinated cellular activity associated with the cycle – 

adapted from (http://www.ns.umich.edu/Releases/2005/Feb05/img/bone.jpg) 

http://www.ns.umich.edu/Releases/2005/Feb05/img/bone.jpg
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of this disruption in cellular activity is a reduction in bone quantity and quality, 

primarily seen in regions with large concentrations of trabecular bone. The basic units of 

the trabecular bone structure (individual trabeculae) become thin, and may even resorb 

completely, leading to reduced connectivity in the structure. 

2.4.2 Mechanical Properties 

Trabecular bone loss as a result of estrogen deficiency is the characteristic 

determinant of osteoporosis. This bone loss has been shown to produce diminished 

mechanical properties in the affected tissue, with the end result being increased 

incidence of fracture under normal loading conditions not associated with fractures in 

healthy bone, as presented in [139]. This reality is of great clinical concern, as 

osteoporotic fractures are responsible for significant social and economic costs, leading 

to severe pain and deformity in the affected individual, along with a number of 

secondary complications that can, in some cases, result in fatality [149]. As a result, 

significant research has been dedicated to developing an understanding of the 

relationship between osteoporotic bone degradation and the subsequent alteration in 

bone strength. 

In whole bone studies involving compression of osteoporotic human vertebrae, 

significant reductions in ultimate strength and maximum elastic modulus were reported, 

when compared with healthy control samples [150,151]. The ultimate compressive 

strength of vertebral bodies from ovariectomized animal models was significantly 

diminished when compared with healthy controls [152,153]. Mechanical testing of 

isolated trabecular bone volumes has produced similar findings, with osteoporotic tissue 

having significantly reduced ultimate strength and elastic modulus when compared with 

normal tissue [153–156]. At the tissue level, mechanical testing of individual trabeculae 

indicates a trend in opposition to that seen at the apparent or whole bone level, with 



CHAPTER 2 – LITERATURE REVIEW 

 

41 

 

increased ultimate strength and elastic modulus in osteoporotic tissue when compared 

with normal or drug-treated tissue [98]. This seemingly contradictory finding sheds light 

on the complex nature of osteoporosis related mechanical property alteration in 

trabecular bone. The causes of the changes seen in the mechanical properties of 

osteoporotic tissue can be traced back to the overall determinants of trabecular bone 

strength introduced in Sections 2.1 and 2.2, namely the bone quantity and bone quality. 

The effects of osteoporosis on these factors of trabecular bone strength are discussed in 

the following sub-sections. 

2.4.3 Trabecular Bone Quantity 

The standard clinical measure of bone quantity used in the diagnosis of 

osteoporosis is bone mineral density (BMD). BMD is a quantitative measurement of 

bone mass, which represents the total mineral content in a selected volume of trabecular 

bone in the hip or spine. Typically measured using dual energy X-ray absorptiometry 

(DEXA), a patient is diagnosed as having osteoporosis when their BMD is greater than 

2.5 standard deviations below the average BMD of a healthy young adult [157,158]. The 

reduction in BMD as a result of estrogen deficiency has been well documented [159], 

although further studies have shown that this metric alone is a poor predictor of 

osteoporotic fracture risk; only 10-53% of bone fractures occurring in female post-

menopausal patients over the age of 65 are attributable to a BMD level low enough for 

clinical diagnosis [160–162]. Thinning and complete resorption of trabecular elements 

during osteoporosis leads to decreases in other measures of bone quantity including BV 

and BV/TV [76]. The relationship between these indices and decreased mechanical 

properties has also been well documented [163,164], although it is still clear that metrics 

describing bone quality must also be considered when investigating fracture risk 

associated with osteoporosis. 
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2.4.4 Trabecular Bone Quality 

In order to formulate a complete understanding of the reduction in mechanical 

properties seen in osteoporotic trabecular bone, measures of bone quality must be 

considered in addition to bone quantity metrics. The term bone quality refers to a 

number of features of the bone tissue, including: architecture, composition, and micro-

damage. The effect of osteoporotic degradation on each of these factors is discussed in 

the following sub-sections. 

2.4.4.1 Architecture 

The primary architectural indices used in quantifying the reduction in trabecular 

bone quality as a result of osteoporosis are the trabecular number (Tb.N), trabecular 

thickness (Tb.Th), and connectivity. Connectivity is a stereological measurement used to 

describe the topology of various cellular structures by quantifying the number of 

redundant connections between locations [165]. Using various imaging techniques, it has 

been shown that trabecular thinning and loss of connectivity can occur at the onset of 

postmenopausal osteoporosis, along with the development of micro-fractures and deeper 

resorption cavities [166–168]. Through finite element method (FEM) modeling, it has 

been shown that these larger resorption cavities lead to the development of stress-

concentrations under loading, reducing the mechanical behaviour of the affected tissue 

[169]. In addition, the anisotropy of the trabecular network has been shown to 

significantly increase as a result of osteoporotic degradation, with preferential thinning 

of trabeculae perpendicular to the primary loading axis being reported [156]. The advent 

of modern 3D imaging techniques allowing for direct assessment of architectural indices 

throughout the entire volume of a selected region of trabecular bone has shown that 

bone loss occurs heterogeneously throughout the trabecular architecture. A number of 



CHAPTER 2 – LITERATURE REVIEW 

 

43 

 

studies have shown that, following the initial thinning of trabecular elements, the 

remaining tissue may experience a gradual increase in thickness, while merging of 

thinner trabecular elements to form larger struts was also reported [170,171]. 

While less prominent than the described changes in trabecular bone architecture, 

diminished cortical bone architectural properties have also been reported in certain 

anatomical sites. Increased porosity in the cortical tissue of the femoral neck in 

osteoporotic tissue when compared with healthy bone has been shown to contribute to 

hip fracture [172], along with localized thinning of the cortical layer in this region [173]. 

High-resolution computational FEM models have been developed in order to 

study the impact of including trabecular bone architecture in the prediction of fracture 

risk [174–177]. These models incorporate the complete 3D trabecular architecture using 

data produced from high-resolution micro-CT scanning. Fracture risk prediction has 

been improved by approximately 13% through the application of these models, when 

compared with prediction by BMD alone [177]. 

2.4.4.2 Tissue Composition 

The increase in mechanical properties seen at the tissue level as a result of 

estrogen deficiency described earlier suggests that postmenopausal osteoporosis may 

alter the primary constituents of bone tissue. As described in Section 2.1, the mechanical 

properties of bone tissue are dependent on the quantity and mechanical integrity of each 

constituent of this three-phase composite material, along with the structural 

arrangement of the unique phases, and their various interactions. Each phase is 

responsible for a different aspect of load handling, with the collagen component 

dominating the post-yield behaviour and strength, while the mineral component is 

largely responsible for resisting deformation under load in the elastic region 

(contributing to the stiffness of the material) [139]. 
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Collagen Phase 

A number of changes in the composition of the organic collagen phase of bone 

tissue as a result of estrogen deficiency have been reported, although their impact on the 

mechanical properties of the bone tissue are not well understood. The collagen phase of 

healthy bone is primarily composed of Type I collagen, while Types III, IV and VI are 

also present [178,179]. In osteoporotic tissue, the differential between these distinct 

types is increased, with increased Type I collagen synthesis accompanied by a reduction 

in the amount of Type III and Type VI collagen [180]. Cross-links formed during 

collagen synthesis contribute to the formation of collagen fibrils, which act as a scaffold 

during mineralization, and serve to provide strength to the overall structure [181,182]. 

Increased hydroxylation of lysine residues can occur during osteoporosis, which may 

interfere with the formation of these cross-links [183,184]. It is hypothesized that such 

changes may alter the natural mineralization process, along with the strength of the 

collagen network, resulting in increased fracture susceptibility [180,185]. 

Mineral Phase 

The relationship between bone tissue mechanical properties and the degree of 

mineralization has been well documented, showing a strong positive correlation between 

the two factors [186]. Although some contradictory results have been presented [187], an 

increase in mineral content of bone tissue has been widely reported as a result of 

estrogen deficiency [98,188,189]. There is also evidence that the mineral crystal size may 

be affected during osteoporosis, although the exact nature of this relationship is 

questionable, with some studies reporting increased crystal size [187,190], while others 

report either a decrease or no significant difference [191]. Some of the variation in these 
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findings may be explained by the selection of experimental methods and animal model 

or anatomical location between the various studies represented. 

2.4.4.3 Microdamage 

The term microdamage refers to the accumulation of μm scale cracks and diffuse 

damage within bone tissue as a result of everyday loading and activities. Microdamage 

accumulation beyond the bone’s capacity to repair has been shown to greatly reduce the 

mechanical properties of the affected tissue [192,193]. In healthy tissue, microdamage is 

repaired through the remodeling process, ensuring that microdamage accumulation is 

maintained at a manageable level, limiting the adverse effect on the load handling 

capability of the tissue. Increased tissue mineralization as a result of estrogen deficiency 

may lead to reduced fracture toughness, resulting in an overall structure which is more 

brittle and susceptible to damage [194–196]. Additionally, following initial thinning of 

the trabecular network, the remaining tissue will experience increased loading and 

deformation in response to daily loading and activities, possibly contributing to 

increased microdamage accumulation. 

2.5 Failure Behaviour of Bone 

The culminating event of postmenopausal bone degradation is the occurrence of 

a fracture in the affected tissue. Osteoporotic fractures often occur under normal loading 

conditions experienced during daily activities, making them difficult to predict or avoid. 

Understanding the primary failure behaviours of bone tissue may contribute to further 

comprehension of the relationship between the well documented decreases in bone 

quantity and quality as a result of estrogen deficiency and the resulting changes in 

mechanical properties. Distinct failure behaviours for both trabecular and cortical bone 

are discussed in the following sub-sections. 



CHAPTER 2 – LITERATURE REVIEW 

 

46 

 

2.5.1 Trabecular Bone 

The complex hierarchical structure of trabecular bone requires that failure 

behaviour at both the tissue and apparent levels be considered when describing post-

yield behaviour of trabecular bone. The failure behaviour at higher levels of hierarchy is 

closely related to the dominant fracture mechanisms at the tissue level. 

2.5.1.1 Tissue Level 

At the microstructural level, when considering failure of individual trabeculae, 

the dominant failure mechanism is the accumulation of microdamage within the tissue, 

leading to significant reductions in the apparent modulus of the overall structure [197]. 

This finding is well supported, with several studies documenting the accumulation of 

microdamage in individual trabeculae subjected to various loading conditions [198]. 

Advanced imaging and staining techniques have reported the occurrence of microcracks 

at very small scales, down to approximately 10 μm in length in well-defined cross-hatch 

patterns [199,200]. A more recent approach using high-speed photography captured 

during three-point bending tests of individual trabeculae has correlated a physical stress-

whitening effect (Figure 2.10) seen during the overloading of bone tissue with the 

accumulation of microdamage, allowing for greater understanding of the initiation and 

progression of microcracks during loading [102,103,201]. 
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Overt fracture of individual trabeculae is far less common, and nearly exclusively 

reported in trabecular elements oriented perpendicular to the primary loading axis. 

Three distinct fracture events have been reported in relation to the complete failure of 

individual trabeculae, and can be summarized as follows (where horizontal refers to a 

trabeculae oriented perpendicular to the loading axis, and vertical refers to a trabeculae 

oriented parallel to the loading axis): (1) fracture of joint between horizontal and vertical 

trabeculae, (2) split fracture along axis of horizontal trabeculae, and (3) transverse 

fracture near middle of horizontal trabeculae [198]. These distinct failure events are 

illustrated in Figure 2.11. 

 

 

Figure 2.10 – Time-lapsed images illustrating the stress-whitening phenomenon seen during 

three-point bending of individual trabeculae. Plunger displacement indicated in bottom left 

corner of each frame, with red outlined area indicating the detected area of microdamage 

accumulation [201] 
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2.5.1.2 Apparent Level 

The use of simultaneous XμCT imaging and compression testing of trabecular 

bone volumes has provided significant insight into the failure of trabecular bone at the 

apparent level. The combination of incremental compressive loading and imaging allows 

for observation of the initiation and progression of macroscopic failure throughout the 

3D volume of a given sample. With this capability, the relationship between the failure 

modes of individual trabeculae and the global failure behaviour of trabecular bone can be 

established. Previous studies in this area have focused on cored cylindrical or cubic 

samples of trabecular bone, extracted from a variety of species and anatomical locations 

[99,100,125]. Using the reconstructed XμCT scans from the various strain increments, it 

is possible to create time-lapsed animations of failure initiation, clearly illustrating the 

characteristic failure behaviour of isolated trabecular bone under compressive loading. It 

was reported that failure occurred in localized bands within the overall structure, while 

trabecular elements outside of the direct vicinity of these failure bands remained largely 

unaffected. In regions of failure, buckling of individual trabeculae was reported, and it 

 

Figure 2.11 – Illustration of three distinct failure events witnessed in trabecular elements 

perpendicular to the direction of loading, a) Fracture of joint between horizontal and vertical 

trabeculae, b) Split fracture along axis of horizontal trabeculae, and c) Transverse fracture near 

middle of horizontal trabeculae – adapted from [198] 
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was also observed that local strains in the region of failure were significantly greater than 

the apparent strain exerted on the structure, as a result of the localized nature of failure. 

 

When combined with Individual Trabecular Segmentation (ITS), this method 

also allows for nondestructive monitoring of the deformation and failure of individual 

structural elements within a larger volume of trabecular bone, as illustrated in Figure 

2.13. This capability has allowed investigators to show that trabecular bone fails at its 

 

Figure 2.12 – Time-lapsed cross-sectional images of representative whale vertebral trabecular 

bone core including strain increments from 0% to 20% strain – adapted from [99] 



CHAPTER 2 – LITERATURE REVIEW 

 

50 

 

weakest point, with global failure often initiating as the result of the overt failure of a 

single trabecular element [99,202]. From this finding, the limitations of using global 

bone morphometry for fracture prediction can be seen, highlighting the importance of 

local bone morphology assessment. In addition, these findings also support the 

development of targeted treatments designed to preferentially treat the weakest 

elements within the trabecular network, as small improvements in the strength of these 

elements may have significantly greater impact on the global strength of the structure 

[202]. 

 

2.5.2 Cortical Bone 

In cortical bone, failure behaviour is largely dominated by the structure and 

orientation of the underlying collagen fibrils and mineral crystals, along with the 

presence of voids within the cortical bone tissue. Under load, these voids produce stress-

concentrations within the structure, leading to the initiation and propagation of crack 

 

Figure 2.13 – Illustration of how ITS and incremental compression and XμCT imaging can be 

used for nondestructive monitoring of the deformation of individual trabecular elements – 

adapted from [202] 
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features. The well-defined directionality of the underlying hierarchical structure in 

cortical bone produces anisotropy in failure behaviour of the tissue [203], with various 

different toughening mechanisms reported based on the direction of crack propagation 

relative to the material axis of the tissue being loaded. As a result of these orientation 

dependent toughening mechanisms, the fracture toughness of long bones has been 

shown to be significantly greater in transverse and radial directions, compared to the 

longitudinal direction [204–206]. 

2.5.2.1 Toughening Mechanisms 

In general, toughening of cortical bone tissue is achieved through two classes of 

mechanisms, depending on the direction of crack propagation and the local structure in 

the direct vicinity of the crack. Intrinsic toughening mechanisms operate ahead of the 

crack tip, representing the material’s inherent resistance to microstructural damage and 

cracking. These mechanisms serve to increase a materials supress to crack initiation, and 

are of greatest importance in ductile materials. Extrinsic toughening mechanisms 

primarily operate behind the crack tip, serving to reduce the local stress intensity at the 

crack tip, often referred to as the driving force. Their ability to minimize crack growth 

makes extrinsic mechanisms the dominant source of toughening in brittle materials 

[207]. Schematic representations of the dominant toughening mechanisms seen in 

cortical bone can be seen in Figure 2.14. 

In cortical tissue, osteons are known to travel parallel to the longitudinal axis of 

cortical bone structures. The interface between osteons and the surrounding interstitial 

matrix, referred to as a cement line, is a highly mineralized collagen-free layer 

[208,209]. Cracks initially running perpendicular to the longitudinal axis of the bone 

will experience crack deflection (or crack blunting) when they encounter the relatively 

weak interface of the cement line. This intrinsic toughening mechanism will result in a 
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change of crack propagation direction towards the longitudinal axis of the bone [210], as 

illustrated in Figure 2.14 a). 

A dominant toughening mechanism reported in cortical bone is commonly 

referred to as crack bridging. In this extrinsic toughening mechanism, uncracked 

ligament bridges and intact collagen fibrils (oriented perpendicular to the direction of 

crack propagation) present in the wake zone of the propagating crack serve to reduce the 

driving force at the crack tip by carrying a portion of the applied load [204,207,211]. This 

toughening mechanism can be seen in Figure 2.14 b) (collagen fibril bridging) and c) 

(uncracked ligament bridging). 

 

While lowering the intrinsic toughness of the material, the accumulation of 

microcracks near the crack tip as a result of stress-concentrations ahead of the leading 

edge of the crack can also serve to provide significant extrinsic toughening. As the 

 

Figure 2.14 – Schematic representations of dominant toughening mechanisms reported in 

cortical bone tissue, a) Crack deflection by osteons, b) Crack bridging by collagen fibers, c) Crack 

bridging by uncracked ligaments, and d) Diffuse microcracking – adapted from [212] 
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propagating crack travels through the tissue, a zone of microdamaged material is 

produced in the wake zone, resulting in a reduction of the elastic modulus in this region. 

When constrained by the surrounding rigid and undamaged material, this modulus 

reduction leads to crack tip load shielding, reducing the driving force and contributing to 

the toughness of the material [213–215]. This mechanism is illustrated in Figure 2.14 d). 

 

 



 

 

 

 

 

 

 

 

 

Chapter 3 

Experimental Methods and Materials 

This chapter describes the animal model selected for the experiments in this 

study, along with the surgical procedures that were used to produce samples with the 

desired characteristics. The sample preparation procedures are detailed, along with the 

methods used for collecting and analyzing data from uniaxial compression tests and 

XμCT imaging. 

3.1 Animal Model Preparation 

The ovariectomized rat model was selected to be used in this study, as it emulates 

the reduction in trabecular bone mass and strength seen in post-menopausal women. 

This model has been shown to correctly mimic the important clinical features of the 

estrogen deficient human skeleton, along with its response to therapeutic agents [216], 

making it one of the preferred preclinical methods for studying the effects of 

osteopenia/osteoporosis and its associated treatment methods. This animal model has 

been shown to produce site-specific bone degradation, with significant trabecular bone 

loss reported in the proximal tibial metaphysis, femoral neck, and the lumbar vertebral 

body  [217–220]. 
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3.1.1 Surgical and Handling Procedures 

A pool of 30 skeletally mature female Sprague-Dawley rats was randomly divided 

into three experimental groups at the age of 12 weeks. At this time, the three groups 

underwent the following surgical procedures: (1) sham bilateral ovariectomy operation 

(SHAM, n = 10), (2) bilateral ovariectomy operation (OVX, n = 10), or (3) bilateral 

ovariectomy operation with estrogen repletion treatment (OVX+E, n = 10). Estrogen 

repletion treatment was administered through slow release estrogen pellet implantation 

in the abdominal cavity during the bilateral ovariectomy surgical procedure. The slow 

release estrogen pellets used contained a 17β-Estradiol dose of 0.3 mg/kg, with a 90 day 

release period (Innovative Research of America, Florida, USA). This dosage has 

previously been shown to maintain the bone density and mechanical properties of 

samples from ovariectomized animals at a level indistinguishable from their control 

counterparts [129]. All surgical procedures were conducted by trained technicians at 

Charles River Laboratories (New York, USA). After a seven day recovery period at the 

surgical facility, the animals were transported to the Animal Care Services facility on 

campus at Queen’s University (Botterell Hall, Kingston ON), where animals were 

allowed to acclimatize to their new environment. 

While being housed at Botterell Hall, animals were provided a standard diet (ad 

libitum) in order to ensure proper nutrition. Animals were subjected to a standard 

12h:12h light-dark rotation. To minimize undue pain and distress during this time, 

animals were pair housed with another animal of the same experimental group, and 

handling was reduced to a minimum whenever possible. All three groups of animals were 

provided the same living and handling conditions. 

Animals were housed for a period of 16 weeks at Botterell Hall, in order to ensure 

that the effects of the ovariectomy operation were significant [221,222]. During the 16 
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week housing period, animals were weighed on a weekly basis. These weight 

measurements allowed investigators to determine any differences arising between the 

three experimental groups during this time, while also providing a quantitative metric 

for Animal Care Services technicians to closely monitor the health of the animals. At the 

end of the 16 week post-operative period, the animals were humanely euthanized by 

Sodium Pentobarbital injection, with the appropriate dose determined based on the 

animal’s bodyweight at the time of euthanasia. A summary outlining the handling and 

surgical procedures for all animals can be found in Table 3.1. 

Table 3.1 – Summary of handling and surgical procedures for three experimental groups 

Group Handling Housing Feeding Surgery Treatment 

SHAM Minimal Pair Standard SHAM Ovariectomy N/A 

OVX Minimal Pair Standard Ovariectomy N/A 

OVX+E Minimal Pair Standard Ovariectomy 17β-Estradiol 

 

3.1.2 Tissue Harvesting Procedure 

After euthanasia, the primary tissue of interest (complete spine), along with other 

secondary tissue (eg. femur, tibia, soft tissue, etc.) was excised by a qualified Animal 

Care Services technician. In order to ensure that the hard tissue of the skeleton was not 

damaged during the excising procedure, and to aid with maintaining adequate hydration 

during storage, the soft tissue surrounding the spine was left intact at this point. 

After tissue harvest, all material was wrapped in saline soaked gauze and stored 

at -20°C until the time of preparation for mechanical testing (minimum of 23 weeks, 

maximum of 26 weeks). In order to minimize artificial cracking and damage associated 

with excessive freezing and thawing of biological tissue, the number of freeze-thaw cycles 

was limited to one for all samples. All animal handling and euthanasia procedures were 
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performed by qualified Animal Care Services technicians, with all animal procedures 

approved by the University Animal Care Committee (animal use protocol 100717). 

3.2 Sample Preparation 

Individual samples were prepared for mechanical testing and simultaneous XμCT 

imaging 24 hours prior to the time that mechanical testing was to be completed, after 

being thawed at 5°C overnight. This 24h period between preparation and testing allowed 

for sufficient curing of embedding materials used during the end preparation procedure. 

The fourth lumbar vertebra (L4) was selected for mechanical testing, due to its 

favourable size and geometry when compared to vertebrae of the cervical or thoracic 

regions of the spine, or to vertebrae of other levels in the lumbar region. Figure 3.1 

illustrates the variation in size and geometry between the vertebrae of the various 

different spinal regions, with the vertebral body of the lumbar vertebrae being of 

significantly greater size when compared with the vertebrae of the cervical and thoracic 

regions. The vertebrae shown in Figure 3.1 are representative of human skeletal 

structure; however the general features and relative sizes/shapes of the vertebral bodies 

between the different regions are also applicable to rat skeletal anatomy. 
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1 Body 
2 Posterior tubercle of transverse process 
3 Pedicle 
4 Lamina 
5 Bifid spinous process 
6 Anterior tubercle of transverse process 
7 Foramen transversarium 
8 Superior articular facet 

9 Vertebral foramen 

a) 

 

1 Bone derived from anular epiphysis 
2 Body – bone derived from centrum 
3 Pedicle 
4 Superior articular facet 
5 Transverse process 
6 Spinous process 
7 Body – bone derived from neural arch 
8 Vertebral foramen 
9 Costal Facet 

10 Lamina 

b) 

 

1 Body 
2 Pedicle 
3 Transverse process 
4 Accessory process 
5 Mammillary process 
6 Spinous process 
7 Vertebral foramen 
8 Superior articular facet 
9 Lamina 

10 Inferior articular facet 

c) 

Figure 3.1 – General features of the human vertebrae, superior aspect of a) Fourth cervical 

vertebrae, b) Fourth thoracic vertebrae, and c) First lumbar vertebrae – adapted from [223] 
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3.2.1 Vertebral Body Harvesting and Isolation Procedures 

All soft tissue was removed from the intact spine in the lumbar region, in order to 

expose the individual vertebrae. Using the ribs as a landmark for distinguishing the end 

of the thoracic region of the spine (T13), the easily differentiated intervertebral disks 

(IVD) were used to locate the lumbar vertebrae of interest, L4. With care to avoid 

damaging either endplate of the vertebrae, the cranial and caudal IVDs were severed 

completely, following the angle of the respective vertebral endplate in order to leave the 

vertebra intact. After severing each IVD, any remaining soft tissue or ligature attached to 

the L4 vertebrae was removed, allowing for the complete removal of the vertebrae from 

the remainder of the lumbar spine. 

After excising the L4 vertebrae from the intact rat spine, the posterior elements 

were removed, isolating the vertebral body. These features are bony protrusions 

extending from the dorsal region of the vertebral body, forming a neural canal which 

protects the spinal cord as it travels down the spine, as seen in Figure 3.2. 

  

a) b) 

Figure 3.2 – Posterior elements, neural canal and vertebral body of intact rat lumbar vertebrae, 

a) Isometric view of intact vertebrae, and b) Superior aspect of intact vertebrae 
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It has been shown that these structures are not involved in the load handling of 

the lumbar vertebrae [125], allowing for their removal without detrimentally affecting 

the clinical relevance of subsequent mechanical testing studies. Furthermore, it is 

necessary to exclude these features from the mechanical testing specimens, as they often 

extend beyond the cranial and caudal endplates of the vertebral body, meaning that it 

would not be possible to produce uniform compressive loading on the vertebral body 

without their removal. 

During pilot studies, it was determined that removal of the posterior elements 

can easily cause secondary damage to the vertebral body. A novel procedure was 

developed in order to remove the posterior elements while avoiding damage to the 

cortical structure of the vertebral body. Narrow tipped tweezers were inserted into the 

neural canal of the L4 vertebrae after being excised, in order to securely hold the 

vertebrae in position, as shown in Figure 3.3 a). This technique allowed for any stresses 

imparted on the specimen to be absorbed primarily by the structure of the posterior 

elements, largely avoiding any artificial damage to the vertebral body. Another pair of 

tweezers (positioned perpendicular) was then used to support the first pair, such that the 

vertebra being prepared was suspended above the work surface, supported only by the 

arm of the first pair of tweezers, as in Figure 3.3 b). A straight razor blade was then used 

to score the pedicle along the cranial-caudal axis, close to the joint between the pedicle 

and the vertebral body, as seen in Figure 3.4. During the scoring process, care was taken 

to not cut through the pedicle entirely, as this was seen to impart damage to the vertebral 

body as a result of the pedicle on the opposite side being forcefully broken off of the 

vertebral body. 
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a) b) 

Figure 3.3 – Novel technique used during removal of posterior elements, minimizing damage 

imparted to vertebral body, a) Narrow tweezers inserted into neural canal of intact vertebrae, and 

b) Second pair of tweezers indirectly supporting the vertebral body, eliminating application of 

force to vertebral body 

 

 

Figure 3.4 – Straight razor blade used to 

score pedicle, before severing opposite pedicle 

in order to completely remove posterior 

elements 

 

With one pedicle sufficiently scored, the tweezers were rotated 180° along the 

cranial-caudal axis of the vertebral body, allowing for the opposite pedicle to be carefully 

severed near the union of the pedicle and the vertebral body. While severing the second 

pedicle, the first pedicle would inevitably be broken due to the structure of the spinous 

process and pedicles. However, by first scoring one of the pedicles, this ensures that 

there was no damage imparted to the vertebral body during the removal of the posterior 
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elements. A representative isolated vertebral body can be seen in Figure 3.5. Sample 

hydration was maintained using saline solution at all points during the vertebral body 

harvesting and isolation procedure, in order to ensure that there were no adverse effects 

associated with dehydration. 

 
 

a) b) 

Figure 3.5 – Representative isolated vertebral body prior to end preparation procedure, a) 

Isometric view, and b) Superior aspect 

 

3.2.2 End Preparation Procedure 

A number of end preparation procedures were explored during pilot studies, in 

order to determine the method that was best suited to the objectives of this study (see 

Appendix A). The findings of these early studies indicated that it was necessary to 

physically alter one surface to be perpendicular to the major axis of the vertebral body, 

before augmenting both loading surfaces with PMMA cement. Based on these findings, 

the following procedure was used to produce the plano-parallel loading surfaces required 

for uniaxial compression testing. 
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3.2.2.1 Endplate Modification 

Due to the curvature of the rat spine, the caudal endplate of the L4 vertebrae is 

closer to being perpendicular with respect to the major axis of the vertebral body when 

compared to the cranial endplate. Figure 3.6 illustrates the difference between the caudal 

and cranial endplates of the L4 vertebrae. As a result, less material would need to be 

removed from the caudal endplate in order to achieve a truly perpendicular loading 

surface, resulting in lesser disturbance to the underlying trabecular network. 

A straight razor blade was used to remove the visco-elastic material of the IVD 

from the caudal endplate, in order to expose the rigid caudal endplate, allowing for this 

surface to be modified with greater repeatability. With the caudal endplate exposed, 

forceps were used to securely hold the vertebral body in an upright position without 

damaging the structure of the vertebral body while sanding the caudal endplate. Material 

was carefully removed using silicon-carbide sandpaper moistened with saline solution, 

while using a calibration device to ensure that the newly formed loading surface was 

perpendicular to the major axis of the vertebral body, as seen in Figure 3.7. This 

procedure produces a perfectly flat loading surface that is perpendicular to the loading 

axis, creating a more uniform stress distribution within the sample. The cranial endplate 

was left unaltered, as it would be necessary to remove an excessive amount of material 

from this surface in order to create a plano-parallel loading surface, due to the significant 

angle of the cranial endplate. Such a modification would severely impact the integrity of 

the cortical shell and the underlying trabecular network, having an adverse effect on the 

resulting mechanical properties and failure behaviour of the sample. Sample hydration 

was maintained using saline solution at all points during the endplate modification 

procedure, in order to ensure that there were no adverse effects associated with 

dehydration. 
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Figure 3.6 – Sagittal cross-section of intact 

vertebral body, illustrating material removal 

during end preparation procedure – disruption 

of trabecular network can be minimized by 

removing material from the caudal end (plane 

2) in order to produce one loading surface 

perpendicular to the major axis of the vertebral 

body, prior to augmenting the cranial end using 

PMMA 

 

  

a) b) 

Figure 3.7 – Procedure used for producing perfectly flat loading surface perpendicular to 

loading axis, a) Forceps used to securely hold isolated vertebral body while carefully removing 

material using lubricated sandpaper, and b) Calibration device used to ensure that loading surface 

is perpendicular to major axis of vertebral body 

 

3.2.2.2 Endplate Augmentation 

After modification of the caudal endplate to produce one flat loading surface 

perpendicular to the major axis of the vertebral body, PMMA adaptors were formed on 
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both the caudal and cranial surface of the isolated vertebral body, producing the desired 

parallel loading surfaces. First, the caudal end of the vertebral body was potted in 1 mm 

of PMMA using a custom designed aluminum potting fixture, schematic shown in Figure 

3.8 a). This potting fixture consisted of a ground aluminum plate with a machined 

potting relief used to consistently embed the caudal end of each vertebra. The potting 

relief had a diameter of 8 mm, a depth of 1 mm, and the cylindrical surface of the relief 

was machined with a 5° draft angle, facilitating easy removal of the prepared sample 

from the potting fixture without damaging the PMMA adaptor. The ground surfaces of 

the potting fixture ensured that the loading surfaces of the finished samples were parallel 

to one another, and perpendicular to the loading axis. 

A mixing ratio of 2:1 (powder:liquid, by volume) was used when preparing the 

PMMA (Technovit 4071, Heraeus Kulzer, Hanau, Germany), as this was found to result 

in favourable working time and curing properties. After combining the powder and 

liquid ingredients, the mixture was stirred slowly for 60 seconds, ensuring complete 

homogenization of the materials while avoiding the creation of bubbles within the 

mixture as a result of vigorous agitation. As soon as the materials had been sufficiently 

mixed, the machined cavity of the potting fixture was filled with uncured PMMA, after 

coating the surfaces of the cavity with a mold release agent to ensure that the sample 

would not be damaged during removal from the potting fixture. Care was taken when 

transferring the uncured PMMA between the mixing vessel and the potting fixture, as 

rushing this operation could produce air bubbles in the final cured material, 

compromising the structural integrity of the sample. By transferring the PMMA early in 

the curing process, the possibility of creating air bubbles was decreased as a result of the 

low viscosity of the material. After filling the cavity of the potting fixture with uncured 

PMMA, the modified caudal end of the vertebral body was immediately placed in the 
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cavity of the potting fixture, ensuring that the modified loading surface was sitting flush 

against the bottom surface of the cavity. Figure 3.8 b) shows the potting fixture and 

vertebral body in position with partially cured PMMA. Before allowing the PMMA to 

cure, the vertebral body itself (excluding any remaining pedicle material) was visually 

centered in the cavity, assisting with alignment of the sample during mechanical testing. 

As per the manufacturer’s directions, the PMMA was allowed a minimum 20 minute 

curing period after the vertebrae had been adjusted to its final position within the 

potting fixture cavity. 

  

a) b) 

Figure 3.8 – Potting fixture used during end preparation procedure, a) Schematic 

representation of potting fixture (dimensions in mm), and b) Potting fixture in use, with sample 

in place 

 

Augmentation of the cranial endplate was accomplished using a modified 

metallographic specimen levelling press. This precisely aligned fixture allowed for the 

creation of a flat loading surface that was perpendicular to the major axis of the vertebral 

body, and parallel to the newly formed caudal loading surface. In order to use the 

metallographic specimen levelling press for this purpose, the spring which was originally 

meant to prevent the plunger from freely closing on the base of the press was removed, 

forming a press powered only by the force of gravity acting on the weight of the plunger 
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itself. Figure 3.9 a) shows the modified levelling press, along with the potting fixture (no 

sample in position). Without removing the partially embedded vertebral body, the 

potting fixture was placed onto the base of the levelling press, and the plunger was 

secured so that it was not contacting the cranial end of the vertebrae. A second batch of 

PMMA was prepared, using the same procedure as previously described. After the 

PMMA had been sufficiently mixed, it was allowed to partially cure while still in the 

mixing vessel (elapsed time of approximately 4 minutes, depending on environmental 

conditions). This increased the viscosity of the still uncured PMMA to the point where a 

small amount could be carefully transferred to the cranial end of the vertebral body 

without having it run down the sides of the sample. After applying a minimal amount of 

PMMA to the cranial endplate, the plunger of the levelling press was carefully lowered 

until contact was made between the uppermost point of the vertebral body and the 

surface of the plunger, shown in Figure 3.9 b). Mold release was applied to the plunger 

prior to coming in contact with the PMMA in order to ease the removal of the sample 

from the preparation stage. After allowing 20 minutes for the PMMA to sufficiently cure, 

the plunger was first rotated in order to release the PMMA from the surface of the 

plunger before raising the plunger off of the newly created loading surface. The vertebral 

body was then gently removed from the potting fixture. The prepared samples were 

wrapped in saline soaked gauze and stored at 5°C for 24 hours, in order to allow for 

complete curing of the PMMA before mechanical testing. A completed representative 

sample can be seen in Figure 3.10. 
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a) b) 

Figure 3.9 – Modified specimen levelling press, along with potting fixture, a) No sample in 

place, and b) Preparation stage in use, with sample in place 

 

  

a) b) 

Figure 3.10 – Representative prepared sample showing isolated vertebral body and PMMA 

adaptors (green material), a) Isometric view, and b) Lateral view (scale bar is 5 mm) 
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3.3 Uniaxial Compression Testing 

An incremental loading and scanning protocol was used to capture the initiation 

and progression of material failure within the prepared vertebral bodies. Incremental 

loading was necessary in order to allow time for the completion of XμCT imaging cycles 

throughout the various stages of compression. Each experimental group was randomly 

divided into two sub-groups prior to mechanical testing and one sub-group from each 

experimental group was tested using this incremental loading protocol, while the other 

sub-group was loaded using a traditional continuous loading protocol. The second 

protocol allowed for validation of the incremental loading procedure for use with 

vertebral body samples. Mechanical testing of individual samples was completed using a 

specially designed micro-compression device (MCD) capable of applying low 

displacements to small scale samples while being mounted within the XμCT scanner 

compartment. It was also necessary to fit the MCD with a hydration vessel in order to 

ensure that the mechanical properties and failure behaviour of the vertebral bodies were 

not altered as a result of tissue dehydration. Temperature and humidity were closely 

monitored within the testing environment throughout the mechanical testing and XμCT 

process, with any large variations recorded for later consideration. 

3.3.1 Micro-Compression Device 

The MCD used in this study was a MT3KCT (SN: MT10268), designed and 

manufactured by Deben UK Ltd. (West Sussex, UK). A summary of the relevant 

specifications for this instrument can be found in Table 3.2. This in-situ loading stage 

was designed specifically for use in XμCT scanning equipment, so that it would be light 

enough to be supported by the sample stage of commercially available tomographic 

imaging instruments. The facility includes interchangeable loading frames designed to 
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provide maximum compatibility for conducting tomography scans. The preferred 

loading frame, a radiolucent carbon fibre tube that completely encloses the compression 

platens, was designed to allow for unobstructed X-ray beam travel during the complete 

rotation of an XμCT imaging cycle while maintaining the structural rigidity required for 

mechanical testing purposes. Alternatively, a more traditional loading frame consisting 

of two steel rods can be installed (twin support), limiting the angle of rotation possible 

during a tomography scan as a result of the position of the high density loading frame 

supports. It is necessary to collect reference images throughout a tomography scan, 

accomplished by translating the sample out of the FOV and capturing projections 

through air (described in detail in Section 0). During pilot studies, it was determined 

that the sample stage of the XμCT scanner being used in this study was not capable of 

producing the translation required to remove the MCD from the FOV with the carbon 

fibre loading frame installed. As a result, it was necessary to utilize the twin support 

loading frame during all mechanical testing for this study. Both configurations of the 

MCD (carbon fibre and twin support loading frames) can be seen in Figure 3.11. 

The hydration requirements of this study precluded the use an external 

extensometer to accurately determine sample deformation. In order to correct for any 

machine deformation during uniaxial compression testing, machine compliance testing 

was completed to quantify any linear or non-linear compliance behaviour of the testing 

stage within the expected range of loading. The procedure used, along with the results of 

this analysis can be found in Appendix B. It was determined that the structural rigidity 

provided by the twin support loading frame was sufficient for the purposes of this study. 

The testing stage in this configuration was also found to have linear compliance 

behaviour, allowing for the application of a linear correction factor when processing 

force-deformation data collected using the MCD. 
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The MCD was controlled using the supplied Deben MICROTEST control 

software, allowing for the use of a variety of load-control and displacement-control 

testing protocols. This control software, along with the data acquisition (DAQ) system 

provided continuous force and displacement monitoring during mechanical testing. 

  

a) b) 

Figure 3.11 – In-situ MCD in two possible configurations, a) Twin support loading frame, and b) 

Carbon fibre tube loading frame 

 

Table 3.2 – Relevant Deben MCD specifications 

Load  

Maximum (kN) 3 

Accuracy (%) ±1 

Resolution (dynamic) 1000:1 

Resolution (static) 2000:1 
  

Displacement  

Travel (mm) 20 

Minimum Rate (mm/min) 0.2 

Maximum Rate (mm/min) 1 

Resolution (μm) 6 
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3.3.1.1 Hydration Vessel 

Conducting multiple XμCT imaging cycles for each sample required up to 10 

hours to complete. Without adequate hydration, samples would experience significant 

changes in mechanical properties and deformation behaviour over this period of time as 

a result of tissue dehydration. The MCD was fitted with a specially designed hydration 

vessel, allowing for the samples to be completely immersed in saline solution during 

mechanical testing. This method of hydration ensured that the samples received 

constant hydration throughout the entire incremental loading and scanning procedure, 

as well as maintaining consistent hydration conditions between samples. A cylindrical 

section of radiolucent plastic with a flat base was used to form the hydration vessel. A 

rectangular hole was created in the base of this cylinder based on the size of the lower 

compression platen, allowing for the radiolucent cylinder to be bonded to the platen 

using waterproof silicon adhesive. This produced a watertight vessel that did not 

interfere with either the operation of the MCD, or the transmission of X-ray beams 

through the sample, while allowing for complete immersion of the samples during the 

incremental loading and scanning procedure. The final design of the hydration vessel 

used in this study can be seen in Figure 3.12, installed in the MCD. Samples were fully 

immersed in saline solution for 2 hours prior to conducting mechanical testing, ensuring 

complete hydration of the bone tissue, along with temperature equilibrium between the 

sample and the mechanical testing environment. 
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Figure 3.12 – Radiolucent 

hydration vessel designed to allow 

for complete immersion of samples 

during mechanical testing and XμCT 

imaging cycles, eliminating risk of 

sample dehydration 

 

3.3.1.2 Self-Aligning Disc 

The standard compression platens of the MCD consist of a fixed platen design, 

allowing no adjustment to correct for misalignment in the testing stage or sample 

loading surfaces that are not truly plano-parallel. Although the end preparation 

procedure was designed to produce loading surfaces that were plano-parallel, it is 

possible that there may be some misalignment present between the two loading surfaces 

as a result of machining tolerance limitations and the potential for error during the 

application of the PMMA adaptors. As a result, a compression test conducted using fixed 

platens would not be truly uniaxial, with the misalignment of the loading surfaces 

resulting in an applied bending moment complicating the loading conditions. A number 

of commercially available self-aligning compression platens are available, however 

modifying these designs for application in this study presented significant difficulty due 

to the small scale of the MCD. 

In order to ensure that uniaxial compression was achieved, a simplified custom 

self-aligning disc was designed and manufactured for use in this study. This self-aligning 

disc was designed so that it could be inserted between the top surface of the sample and 

the upper compression platen at the same time that the sample was positioned in the 

MCD. The simplified design consisted of a flat loading surface that allowed the self-
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aligning disc to rest securely on the top loading surface of the sample during final 

alignment of the sample and the self-aligning disc itself. The top surface of the self-

aligning disc was hemispherical in shape, with a relatively large radius of curvature in 

order to minimize the effect of Hertzian contact stresses. This hemispherical surface 

contacted the upper compression platen, resulting in a point load being transferred 

through the self-aligning disc to the sample, eliminating any applied moment. A 

schematic of the self-aligning disc can be seen in Figure 3.13, along with an image 

illustrating the use of this component. The self-aligning disc was manufactured from 

stainless steel to ensure that the stiffness of the MCD was not significantly reduced as a 

result of the addition of this component. Finally, in order to ensure that the compliance 

behaviour of this component was captured and accounted for during data processing, the 

machine compliance analysis presented in Appendix B was completed with the self-

aligning disc in place. 

  

a) b) 

Figure 3.13 – Self-aligning disc used during mechanical testing, a) Schematic representation of 

self-aligning disc (dimensions in mm), and b) Self-aligning disc in use, with sample in place 
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3.3.2 Incremental Loading Protocol 

From pilot studies, it was determined that vertebrae compression failure 

occurred between 5% and 10% strain. Samples included in the incremental loading sub-

groups were loaded in a step-wise fashion, at intervals of 0%, 2%, 3%, 5% and 10% 

strain. XμCT imaging was performed at each interval in order to capture the initiation 

and progression of failure within the vertebral body. These strain intervals were selected 

to provide one tomography scan of the non-deformed geometry, at least 2 tomography 

scans under load prior to failure, and at least one tomography scan post-failure. After 

loading the samples to each successive strain increment, the samples were allowed a 20 

minute relaxation period prior to beginning each tomography scan [99], ensuring that 

there was no micro-structural tissue translation during the tomography scan due to 

inevitable stress relaxation, as this would produce an artifact on the reconstructed image 

data set. Prior to loading, a preload of 5 N was applied to the samples, in order to 

minimize settling of bone cement adaptors and to improve toe region behaviour. The 0% 

strain scan was performed immediately following the application of the preload, 

representing the non-deformed geometry. All samples were loaded under displacement 

control using a motor speed of 0.6 mm/min, corresponding to an engineering strain rate 

between 0.0011 s-1 and 0.0014 s-1. As a result of the additional time required for the 

completion of XμCT cycles during loading for the incremental loading protocol, the 

effective loading rate (overall displacement divided by the time elapsed from start to 

finish of loading cycle) would be significantly lower. Due to limitations associated with 

the range of potential motor speeds for the MCD being used, it was not possible to have 

the loading rate of the continuous loading protocol be equal to the effective loading rate 

of the incremental loading protocol. Based on this constraint, the motor speed during 

loading for the incremental loading protocol was selected in order to be consistent with 
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the motor speed used during the continuous loading protocol. A schematic 

representation of the incremental loading protocol can be found in Figure 3.14 a), 

indicating both loading and scanning periods. 

  

a) b) 

Figure 3.14 – Schematic representation of two loading protocols used during mechanical testing 

and XμCT imaging, a) Incremental loading protocol, and b) Continuous loading protocol 

 

3.3.3 Continuous Loading Protocol 

A similar loading protocol was used when completing the mechanical testing of the 

continuous loading sub-groups. Instead of loading samples in a step-wise fashion to pre-

determined strain intervals, these samples were loaded continuously until failure. For 

the purposes of this study, a failure event was defined as a reduction from the maximum 

load of at least 10%. Prior to loading, a preload of 5 N was applied to samples, in order to 

minimize settling of bone cement adaptors and toe behaviour. As with the incremental 
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loading protocol, all samples were loaded under displacement control using a motor 

speed of 0.6 mm/min, corresponding to an engineering strain rate between 0.0012 s-1 

and 0.0014 s-1. XμCT imaging was performed both after the application of the initial 

preload (0% strain, representing the non-deformed geometry), and after a failure event 

was recorded, providing tomography scans of the non-deformed geometry, as well as the 

post-failure geometry. A schematic representation of the continuous loading protocol 

can be found in Figure 3.14 b). 

3.3.4 Data Processing 

3.3.4.1 Loading Curves 

Due to the inevitable stress-relaxation that occurred during the tomography 

scans of the incremental loading protocol, the resulting force-deformation loading curves 

consisted of four discontinuous curves between the five strain increments from 0% to 

10% strain. Based on the procedure of Nazarian et al. [99], continuity was introduced to 

these loading curves by connecting the end of each loading increment to a point on the 

subsequent loading increment using a straight line. The specific point on the second 

loading increment that should be connected to the end of the previous loading increment 

was chosen so that the recovery portion of the second loading increment was excluded 

from the final continuous loading curve. In general, this point was chosen such that the 

resulting line between the two loading increments was tangent to the first loading 

increment. The now continuous loading curves from the incremental loading protocol, 

along with the loading curves from the continuous loading protocol were then converted 

to plots of engineering stress and engineering strain using the known initial sample 

height, along with the average apparent cross-sectional area of the whole vertebral body 

determined through analysis of tomography scans for the non-deformed geometry. The 
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ultimate force and ultimate strength were defined as the maximum recorded force or 

stress on the force-deformation or engineering stress-strain loading curves, respectively. 

Similarly, the stiffness and elastic modulus were defined as the slope of the loading curve 

in the linear-elastic region (as determined through linear regression analysis) of the 

force-deformation or engineering stress-strain loading curves, respectively. 

After determining the slope and y-intercept of the loading curve in the linear 

elastic region, this information was used to shift the loading curves towards the origin, 

eliminating variability introduced into the strain values as a result of the inconsistent 

toe-region behaviour of the samples. After applying this correction, the ultimate strain 

was determined for each sample, defined as the strain recorded at the point when the 

ultimate strength was reached. 

3.4 X-ray Micro-computed Tomographic Imaging 

High resolution XμCT was used to assess the trabecular and cortical bone 

morphology of the non-deformed vertebral bodies, as well as for the purpose of 

visualizing the initiation and progression of failure within the samples during uniaxial 

compression. In recent years, this has become the preferred method of quantifying 

trabecular and cortical bone morphology, as it is a non-destructive approach that 

provides a complete three-dimensional (3D) understanding of the bone structure and 

orientation with minimal sample preparation required. 

The instrument used to complete all XμCT imaging for this study was a 

MicroXCT 400 (SN: MXCT-050, Xradia Inc., California, USA), seen in Figure 3.15. The 

range of objective lenses incorporated into this system make it highly versatile, allowing 

imaging to be completed for a wide variety of sample sizes and geometries. Relevant 

specifications for this instrument are presented in Table 3.3. 
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Table 3.3 – Relevant Xradia MicroXCT 400 specifications 

Source  

Maximum Voltage (kV) 150 

Minimum Voltage (kV) 40 

Maximum Power (W) 10 
  

Objective Field of View (mm) 

Macro (0.5x) 52.8 

4x 6.59 

10x 2.65 

20x 1.32 
  

CCD  

Pixel Array 2048 x 2048 
  

Sample Stage  

Weight Capacity (kg) 15 

X Travel (mm) 45 

Y Travel (mm) 100 

Z Travel (mm) 50 

 

 

Figure 3.15 – Xradia MicroXCT 

400 high resolution 3D X-ray 

microscope system 
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3.4.1 Sample Preparation and Positioning 

During vertebral body harvesting and isolation (described in detail in Section 

3.2.1), care was taken to remove all soft tissue from the surface of the vertebral body, in 

order to improve the contrast between the material of interest and the scanning medium 

when conducting XμCT imaging. A custom designed centering fixture was used to 

repeatedly locate samples in two axes on the rectangular compression platens of the 

MCD. This fixture used the known diameter of the PMMA adaptor attached to the caudal 

end of the vertebral body to position the sample such that it was aligned with the 

mechanical testing axis of the MCD, and consequently with the axis of rotation of the 

XμCT scanner. Figure 3.16 shows the centering fixture in use. This process greatly 

reduced the amount of adjustment required to centre the sample in the FOV of the XμCT 

scanner detector screen. Finally, to ensure consistency during both mechanical testing 

and XμCT imaging, all samples were adjusted rotationally about their cranial-caudal axis 

such that the X-ray beam travelled through the sample from the dorsal surface to the 

ventral surface of the vertebral body (with the sample stage at 0° rotation). This angular 

sample orientation also isolated the effects of a scanning artifact associated with limited 

angle XμCT scans to an area of lesser importance to this study. 

 

Figure 3.16 – Custom centering fixture 

used to achieve reliable positioning of 

samples for mechanical testing and XμCT 

imaging 
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3.4.2 Tomography Acquisition 

A summary of the relevant tomography acquisition parameters used during this 

study can be found in Table 3.4. The following sub-sections detail the procedures and 

rationale used when determining the optimum parameters for tomography acquisition, 

based on the procedures and recommendations outlined in [89]. 

Table 3.4 – Summary of tomography acquisition parameters 

Parameter Value 

Source Voltage (kV) 60 

Source Power (W) 10 

Beam Flattening Filter LE#2 

Exposure Time (s) 9 

Objective 0.5x 

Source Position (mm) -100 

Detector Position (mm) 462.62 

Binning 2 

Angle Start Position (°) -165 

Angle Finish Position (°) -15 

Total Angular Rotation (°) 150 

Projections Between Reference Images 100 

Projections per Reference Image 5 

Camera Readout Fast 

Scanning Medium Saline Solution 

 

3.4.2.1 Tomography Acquisition Procedure 

A custom titanium adaptor plate was developed to allow for the MCD to be 

installed into the XμCT scanner using the standard sample stage mounting location, seen 

in Figure 3.17. By mounting the MCD directly to the sample stage of the MicroXCT 400 

for both mechanical testing and XμCT imaging, any possible sample disturbance 

resulting from the transport of the MCD between the mechanical testing location and the 

imaging location will be eliminated. When designing this component, it was of crucial 

importance that the weight capacity of the sample stage not be exceeded when 
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considering the total weight of the MCD and the adaptor plate, along with the hydration 

vessel. Furthermore, the MCD was designed such that its centre of gravity corresponded 

with the mechanical testing axis. When designing the adaptor plate, this fact was used to 

ensure that the centre of gravity of the MCD corresponded with the standard sample 

stage mounting location, a necessity for maintaining stability of the MCD while mounted 

in the XμCT scanner. By design, this also ensured that the mechanical testing axis was 

collinear with the sample stage axis of rotation, as required to complete the XμCT 

imaging cycle. 

 

 

a) b) 

Figure 3.17 – a) Custom adaptor plate designed to install in-situ MCD in MicroXCT 400 

scanning compartment, and b) MCD in position 

 

The 0.5x objective was used for all scans, in order to achieve the FOV required to 

capture the entire height of the prepared vertebral bodies. The maximum achievable 

FOV with the 4x objective was 6.59 mm, while the prepared vertebral body samples 

ranged in height from 7.18 mm to 8.88 mm. While the maximum achievable FOV of the 

0.5x objective was significantly larger than required for the samples included in this 

study, it was necessary to use this objective in order to be able to scan the entire sample. 
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In general, it is preferable to have samples that are close to the maximum achievable 

FOV for the selected objective when conducting XμCT imaging, as this will produce 

higher resolution scans with optimum source-sample and detector-sample distances. For 

cone-beam radiation sources, as used in the MicroXCT 400 scanner, it is preferable for 

the ratio of the source-sample distance to the detector-sample distance to be 

approximately 6:1. Positioning the source, sample and detector based on this guideline 

will minimize the effect of reconstruction artifacts associated with the beam dispersion 

in the penumbra region of the non-attenuated X-ray beam. When the sample size is 

significantly less than the maximum achievable FOV, it is necessary to have a small 

source-sample distance, along with a large detector-sample distance, which violates the 

6:1 ratio described earlier. In the interest of maximizing the scan resolution, the source 

and detector positions were adjusted to optimize the FOV while maintaining optimum 

transmission through the vertebral body of the sample, which was the region of interest 

(ROI) - diffuse areas near the edges and corners of the FOV were intentionally avoided. 

Figure 3.18 shows the source and detector in their final position within the XμCT 

scanner, along with the MCD mounted to the sample stage. The vertebral body of the 

sample was then centered in two axes using an iterative procedure (any remaining 

pedicle tissue was ignored during the centering operation, in order to ensure that the 

ROI was in the centre of the FOV). This centering process ensured that the sample 

remained within the FOV throughout the angular rotation required to complete the 

imaging cycle. Finally, the samples were centered vertically in the FOV, to achieve 

optimum transmission levels throughout the entire ROI. 

Using documentation provided by Xradia, the optimum source voltage, exposure 

time and beam flattening filter to be used during each imaging cycle was determined. By 

determining the correct beam flattening filter, a common scanning artifact known as 
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beam hardening can be minimized by removing lower energy portions of the radiation 

spectrum which are preferentially attenuated as they pass through a given sample [44]. 

Once the appropriate filter had been installed, the source voltage and exposure time were 

adjusted in order to achieve the recommended transmission amount and minimum X-

ray photon counts at the detector through the ROI. Xradia recommends that the 

transmission through the ROI should be within the range of 0.25 to 0.35, and the counts 

in the region of interest should be a minimum of 2000. Based on these guidelines, it was 

determined that a source voltage of 60 kV was required, along with an exposure time of 

9s for all samples. The source power was set to its maximum value (10 W), in order to 

generate the highest photon flux possible, allowing for shorter imaging cycles. 

 

Figure 3.18 – Source, sample and detector positions during XμCT imaging cycles 

 

3.4.2.2 Scanning Medium 

Samples were fully immersed in saline solution for the entire duration of the 

uniaxial compression testing and XμCT imaging operations, in order to avoid sample 

dehydration. Performing XμCT scans in air produces the highest contrast between the 

sample and the surrounding medium, resulting in clearer, higher quality reconstructed 
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scans [44]. A number of alternative hydration options were explored that would allow for 

air to be used as the scanning medium; however, immersion was selected as it provided 

the most consistent hydration over the entire mechanical testing and imaging period, as 

well as between samples. All scanning parameters described in Section 3.4.2.1 were 

determined with the hydration vessel of the MCD in place, and filled with saline solution, 

to obtain optimal parameters for this scanning medium. Scan times were significantly 

increased as a result of the saline solution scanning medium, due to its increased 

attenuation when compared to air. It was determined that this increase in scan time was 

justified in order to ensure that tissue dehydration was completely eliminated.  

3.4.2.3 Binning 

Binning is a process that involves combining charges from adjacent pixels on the 

detector CCD during projection readout to increase the signal to noise ratio (SNR), for a 

fixed exposure time. The binning parameter used to quantify this operation refers to the 

side length of the square of pixels that are merged, expressed in terms of the number of 

pixels. The binning operation reduces the effective size of the CCD pixel array, resulting 

in a decrease in scan resolution. For this study, the maximum resolution achieved at the 

required FOV was significantly greater than what was required based on the scale of the 

geometry being studied. Therefore, since the decrease in resolution would not be 

detrimental to the results of the study, level 2 binning was applied during scan 

acquisition to significantly reduce the scan time for each sample. 

3.4.2.4 Projections 

The number of projections that should be captured during a given XμCT imaging 

cycle depends on a large number of factors including SNR, radiation dose, and scan time. 

The Nyquist criterion for angular sampling provides a starting point for determining the 
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minimum number of views required to capture all of the 3D spatial information 

contained within the structure of the sample being scanned. This minimum number of 

projections, Nmin, can be theoretically described as the length of a 180° arc divided by the 

linear sampling distance, expressed as follows [90]: 

      
  

   
 3.1 

where d represents the diameter of the FOV, and ∆r represents the linear sampling 

distance (equal to the voxel width). Equation 3.1 is valid for parallel beam geometry, and 

serves only as an approximation when applied to cone beam geometry, as found in the 

MicroXCT 400 [90]. 

Based on the required FOV and the effective CCD pixel array of 1024 x 1024 (as a 

result of binning, described in Section 3.4.2.3), the minimum number of projections 

required to satisfy the Nyquist criterion was found to be 393. Often, in order to improve 

the SNR, the number of projections will be increased beyond this minimum value. For 

the present study, noise was not of great concern, so it was determined that capturing 

400 projections for each tomography scan would be sufficient. 

3.4.2.5 Angle of Rotation 

A standard XμCT scan will rotate the sample through 180° while capturing 

projections at defined increments, based on the minimum number of projections 

required. In order to avoid artifacts associated with insufficient angular sampling, an 

angular rotation of slightly greater than 180° is often used. Due to the design of the 

MCD, it was not possible to achieve this angle of rotation when completing scans, as the 

two loading frame supports would interfere with the path of the X-ray beam. The largest 

angular rotation possible before introducing scanning artifacts associated with loading 

frame interference was 150°. During pilot studies, it was shown that reconstructed scans 
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with a 150° angle of rotation included some scanning artifacts, but that the effects of 

these artifacts could be minimized during post-processing. Also, by orienting the sample 

such that the X-ray beam travelled through the sample from the dorsal surface to the 

ventral surface of the vertebral body (with the sample stage at 0° rotation), the effects of 

these scanning artifacts appear to be isolated at the lateral extremes of the sample, 

outside of the ROI for this study. These artifacts can be seen in Figure 3.19. With the 

sample oriented as described above, the range of angular positions covered for each 

tomography scan was -165° to -15°. The specific angular starting and final positions were 

chosen based on the geometry of the MCD twin-support loading frame. 

  

a) b) 

Figure 3.19 – Illustration of scanning artifacts arising as a result of conducting limited angle 

(150°) XμCT scans, a) Significant streaking and disruption of architecture can be seen prior to 

optimizing sample orientation during imaging cycle, and b) Significantly reduced artifacts after 

rotating sample 90° prior to commencing imaging cycle 
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3.4.2.6 Multiple Reference Imaging 

Multiple reference imaging is used to remove artifacts caused by the presence of 

dust or other obstructions within the optical path between the source and the detector. It 

will also correct for the gradient in X-ray intensity resulting from the cone beam 

geometry of the MicroXCT 400 X-ray source. The CCD readout of a cone beam X-ray 

source through air shows a high intensity region in the centre of the FOV, with intensity 

decreasing rapidly towards the edges and corners of the FOV in a circular gradient. By 

capturing such a projection and dividing the raw projection of a given sample by the 

projection through air, the intensity gradient will be flattened, making the variation in 

density of the sample easier to quantify. This process is also known as flat-fielding. When 

conducting a tomography scan, reference images are captured by translating the sample 

out of the FOV and recording a number of projections through air. These projections are 

then averaged and applied to the subsequently recorded projections with the sample 

returned to its original position. 

Multiple reference imaging was used in order to account for any environmental 

variations within the XμCT scanner compartment during the duration of the tomography 

scan. This process collects a series of reference images at various increments throughout 

the progression of the imaging cycle, instead of relying on one reference image captured 

at the beginning of the scan. Based on recommendations from Xradia, a series of 5 

reference images were collected at four points during each imaging cycle. 

3.4.3 Reconstruction and Processing 

Before any useful information can be extracted from the .txm output file, this raw 

information must go through a process referred to as reconstruction, which produces a 

3D array of two-dimensional (2D) slices that can be used to extract significant qualitative 
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and quantitative information from the data set. This process requires the determination 

of a number of reconstruction parameters that are subsequently applied to the raw data 

set to correct for a number of potential scanning artifacts, and to optimize the 

reconstructed data set for the information of interest for the particular study. After 

establishing the necessary reconstruction parameters, the .txm file was reconstructed to 

produce a 3D array of 16-bit .tiff files in order to avoid data loss and preserve dynamic 

range. This reconstruction process was completed for each tomography scan, resulting in 

five .tiff arrays for each sample in the incremental loading sub-group (tomography scans 

completed at 0%, 2%, 3%, 5% and 10% strain), and two .tiff arrays for each sample in the 

continuous loading sub-group (scans completed at o% strain and post-failure). 

3.4.3.1 Reconstruction Parameters 

The proprietary XMReconstructor software package developed by Xradia was 

used to determine the appropriate values for the various reconstruction parameters. 

When performing the reconstructions for this study, no beam hardening correction 

factor was applied. The effects of the beam hardening artifact are negligible when 

scanning a highly porous structure with low tissue density, such as a vertebral body. By 

utilizing beam flattening filters during tomography scan acquisition, it is expected that 

any beam hardening effects were reduced to an acceptable amount. In addition, the 

highly porous and irregular nature of the trabecular compartment made it impossible to 

accurately and repeatedly determine the appropriate value for the beam hardening 

correction factor. 
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Centre Shift Correction Factor 

During the tomography acquisition procedure, an iterative approach was used to 

centre the ROI in the FOV of the detector. Due to the irregular shape of the biological 

samples being imaged during this study, it proved difficult to determine the exact centre 

point of the vertebral body, meaning that it is unlikely that the major axis of the sample 

was perfectly aligned with the axis of rotation of the sample stage. In addition, any mis-

alignment between the axis of rotation of the sample stage and the centre of the CCD will 

introduce a centre shift scanning artifact if not properly corrected. 

Using the XMReconstructor software, a simple procedure allowed for the 

required centre shift to be determined. Using the correction factor dialog box, a single 

slice within the sample can be reconstructed with a range of centre shift correction factor 

values applied. The value of the centre shift correction factor represents the number of 

pixels of misalignment between the centre of the CCD and the axis of rotation of the 

sample stage. This process will produce a series of reconstructed slices that can be 

qualitatively analysed in order to determine the appropriate value for the centre shift 

correction factor. The appearance of the centre shift artifact varies depending on the 

geometry of the sample, the tissue density, and the angular rotation covered by the scan 

being reconstructed. For this study, the presence of the centre shift artifact became very 

obvious when viewing reconstructed slices progressively further from the true centre 

shift value. When incorrect centre shift correction factors were applied, significant 

streaking was visible within the trabecular network and around the exterior of the 

cortical shell, and the general appearance of the trabecular network was greatly distorted 

when compared with the well documented appearance of trabecular bone structure. A 

representative example of these artifacts can be seen in Figure 3.20. Noting that these 

artifacts appeared for false centre shift correction factors both above and below the true 
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value, it was possible to accurately determine the appropriate centre shift correction 

factor required to significantly minimize or eliminate the effects of the centre shift 

artifact. An iterative approach was often used to achieve the desired level of accuracy. 

  

a) b) 

Figure 3.20 – Illustration of centre shift artifacts a) Significant crescent shaped artifacts clearly 

visible, along with disturbed trabecular architecture, and b) Artifacts eliminated through 

application of appropriate centre shift correction factor 

 

Byte Scaling 

The raw output of the tomography scan includes greyscale intensity values that 

represent the full range of material densities captured in the FOV of the scan. In most 

cases, the material of interest only covers a small portion of this range of intensity values, 

with the greyscale values outside of this range representing unnecessary information that 

make it harder to fully interpret the information of value. The byte scaling operation will 

truncate the greyscale range, excluding values that represent densities for materials that 

are beyond the scope of the present study, producing greater contrast between the 

material of interest and the surrounding area. 
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As described in Section 3.4.2.2, the scanning medium used for this study (saline 

solution) has a greater attenuation than air, reducing the contrast between the scanning 

medium and the material of interest. By applying appropriate byte scaling values, the 

impact of the increased scanning medium attenuation can be minimized. Optimum 

minimum and maximum greyscale intensity values were manually determined while 

observing the resulting effect on a number of reconstructed slices throughout the 

sample. This process ensured that all intensities of interest were included in the 

reconstructed data set, while excluding unnecessary intensity values and avoiding 

saturation or alteration of the architectural properties of the sample. The effect of byte 

scaling is illustrated in Figure 3.21. 

  

a) b) 

Figure 3.21 – Byte scaling operation used to increase contrast of reconstructed slices by 

eliminating unneccessary greyscale intensities, a) Before byte scaling, and b) After byte scaling 
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3.4.3.2 Post-processing 

After producing a 3D array of .tiff slices from each tomography scan, a number of 

post-processing and analysis procedures were applied to extract the desired quantitative 

and qualitative information from the data sets. The extensive capabilities of the Avizo 

Fire software package, Version 7.0.1 (Visualization Sciences Group, Massachusetts, USA) 

were used for most analysis and visualization procedures. 

Image Processing 

A secondary data set designed to isolate the vertebral body of each sample from 

any remaining material of the posterior elements was created from the array of .tiff 

images produced from the tomography scan of the non-deformed geometry (0% strain). 

Starting with the full array of .tiff slices, the consistent geometry of the vertebral body 

near the caudal end was used to determine the angular rotation required to align the 

frontal plane of the vertebral body with the x-z plane of the image using ImageJ Version 

1.46r, an open source Java-based image processing program (National Institutes of 

Health, Maryland, USA). 

After applying the required rotation, a rectangular crop was applied to the data 

set based on the largest cross-section of the vertebral body. Finally, a thresholding 

operation was used to convert the 16-bit .tiff files to a binary data set representing pixels 

of bone tissue, and pixels of non-bone tissue. Using the batch processing capabilities of 

ImageJ, these operations were applied to all slices of the non-deformed data sets. Figure 

3.22 represents the various operations applied during image processing, along with one 

slice of the final data set.  
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a) b) 

 

c) 

Figure 3.22 – Steps used during processing of the vertebral body data set, a) Determination of 

angular rotation required to correctly orient vertebral body, b) Establishing rectancular crop 

extents based on largest cross-section of vertebral body, and c) Final rotated, cropped and 

thresholded cross-section 

 

Segmentation 

The segmentation process is crucial for isolating bone tissue from other materials 

included in the FOV while conducting the tomography scan. Similar to the process of 

byte scaling during scan reconstruction, it is important to determine appropriate 
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minimum and maximum threshold values when performing segmentation, for the 

purpose of maintaining the true physical and structural properties of the sample being 

studied. When segmenting tomography scans of bone, it is possible to greatly reduce or 

increase the thickness of the bone structure by applying incorrect threshold values, an 

error that will have a direct impact on all future morphology calculations (Figure 3.23). 

  

a) b) 

  

c) d) 

Figure 3.23 – Illustration of architectural sensitivity to improper thresholding during 

segmentation, a) Original, unsegmented 16-bit slice of rat lumbar vertebral body, b) Properly 

segmented slice showing accurate binarization of bone architecture, c) Slice segmented with low 

threshold value, showing increased thickness of bone structures, and d) Slice segmented with 

high threshold value, showing diminshed bone architecture  
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Using the interactive segmentation tool within Avizo Fire, it is possible to view 

the effect of applying different threshold values in real time for any slice within the 

loaded data set. This valuable tool allows for fast and accurate segmentation of large data 

sets. In this operation, a slider is used to adjust the proposed minimum and maximum 

threshold values, with an overlay of the resulting binarized slice superimposed over the 

corresponding raw slice, showing the true geometry of the specimen being processed. 

Using these two layers, it is possible to determine the appropriate threshold values in 

order to maintain the architectural properties of the sample when converting to a binary 

data set. This procedure was completed for each data set, to ensure that the optimum 

values were determined for each specific sample. As the geometry and approximate size 

of all samples included in this study were not significantly different, and all scanning 

parameters were held constant, it was found that the resulting threshold values 

experienced little variation across all of the samples included in the study. 

Volume Rendering 

Volume rendering was used to facilitate qualitative analysis of the initiation and 

progression of failure within samples, as well as for the purpose of visualizing the various 

structural features of the samples in order to provide further direction for quantitative 

analyses. This function converts the array of 2D slices into a solid 3D volume based on 

the greyscale intensity values contained in the .tiff images. The thresholding values 

determined during the segmentation procedure were applied to the volume rendering 

output in order to focus on the material of interest. In addition, a ROI box was defined to 

further reduce the amount of unnecessary information included in the volume rendering. 

The ROI was selected to include the entire vertebral body (including any remaining 

pedicle material), along with a small portion of both compression platens. By including 

the compression platens within the ROI, it was possible to observe the behaviour of the 
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self-aligning disc during the application of load, as well as during the progression of 

failure. Once the volume rendering had been generated, it was possible to use a variety of 

tools to visualize the internal and external deformation and failure behaviour. 

Time-series Analysis 

Data sets for successive strain increments of a given sample were imported into 

Avizo Fire as time-series data sets, allowing for expedited processing and improved 

visualization capabilities. By utilizing this functionality, any processing operation applied 

to a single data set would automatically be applied to each data set within the specified 

time-series, ensuring processing consistency among all data sets for a given sample. 

Also, using the time-series controller, it was possible to easily switch between the 

different data sets (with each data set representing a distinct strain increment), allowing 

for fast visualization of the initiation and progression of failure within the selected 

sample. 

3.4.4 Qualitative Incremental Failure Analysis 

Using the output from the volume rendering and time-series processing 

operations, a proprietary visualization environment was developed, allowing for the 

completion of Qualitative Incremental Failure Analysis (QIFA). This visualization 

environment was designed using the HTML and Javascript coding languages, allowing 

for simultaneous visualization of both internal and external failure behaviour for all 

samples within the study, along with the corresponding force-deformation loading 

curves and any relevant statistical plots. Full 3D articulation of samples about the 

cranial-caudal axis allowed for extensive visualization of external morphological features 

in the non-deformed geometry, as well as at any distinct strain increment. In addition to 

the interactive external 3D visualization, time-lapsed sagittal cross-sections of each 
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distinct strain increment for the corresponding sample were also displayed below the 

external visualization window, allowing for connections between the internal and 

external failure behaviour to be explored. Finally, distinct features in the force-

deformation loading curves could be related to various morphological features and 

deformation/failure behaviour of the corresponding sample. 

Through QIFA, the region of failure for each sample was located, and any 

prominent morphological features in that region were qualitatively described and 

recorded. Samples were categorized based on a qualitative description of their failure 

behaviour, to establish trends associated with the existing morphological features for a 

given sample and its resulting failure behaviour. A screenshot of the visualization 

environment developed for QIFA can be seen in Figure 3.24. 
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Figure 3.24 – Screenshot of QIFA environment 
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3.5 Quantitative Morphometry 

A number of quantitative morphometric indices were derived from the processed 

3D tomography scan data sets, providing a more concrete understanding of the factors 

contributing to the failure behaviour observed through QIFA. The processes and 

applications used for determining the various quantitative morphometric indices are 

described in the following sub-sections. 

3.5.1 Trabecular Bone 

Basic trabecular morphometric indices were determined using MicroView 

Version 2.1.2, an open source 3D image viewer with plugins available for analysis of 

trabecular bone morphology (GE Healthcare, Connecticut, USA). Nondeformed .tiff 

arrays, along with the corresponding voxel dimensions for each sample were imported 

into the MicroView software, allowing for quantitative analysis to be performed. Analysis 

of trabecular bone morphology was completed for two regions within each vertebral 

body. The first region included the entire trabecular network within the vertebral body, 

while the second region was a smaller subset of the first, including only the trabecular 

network within the region of failure. 

3.5.1.1 Full Trabecular Volume 

Using the visualization capabilities of the software package, the largest cylinder of 

trabecular bone that could be extracted from the trabecular compartment of the 

vertebral body was selected as the ROI for quantitative analysis (Figure 3.25). The 

endosteum of the cortical shell was used to define the cross-sectional dimensions of the 

cylinder, while the cranial and caudal endplates were used to define the height of the 

cylinder. Due to the geometry of the vertebral body, this process resulted in a cylinder 

with an oval cross-section for all samples within the study. Once the ROI had been 
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defined, the bone analysis plugin was used to determine the following morphological 

indices: Trabecular Bone Volume Fraction (BV/TV), Trabecular Thickness (Tb.Th), 

Trabecular Spacing (Tb.Sp) and Trabecular Number (Tb.N). These quantitative 

measures were used to describe the overall quality of the trabecular network for each 

sample. 

3.5.1.2 Failure Region Volume 

Having located the region of failure during QIFA, a secondary ROI was used to 

analyze the trabecular bone morphology in the region of failure. Using the quantitative 

analysis capabilities of Avizo Fire to determine the precise location and height of the 

region of failure for each sample based on the qualitative observations recorded during 

QIFA, the top and bottom positions of the ROI defined earlier were adjusted to include 

only the trabecular network in the region of failure, as shown in Figure 3.25 b). The 

cross-sectional dimensions of the ROI were left unchanged, to ensure that the material 

analysed during this second calculation was a subset of the first analysis. With the new 

ROI defined, the bone analysis plugin was once again used to determine the set of 

morphological indices as described in Section 3.5.1.1. 



CHAPTER 3 – EXPERIMENTAL METHODS AND MATERIALS 

 

102 

 

 

a) 

 

b) 

Figure 3.25 – ROI selection during trabecular bone quantitative morphometry procedure for a) 

Full trabecular volume, and b) Failure region volume 
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3.5.2 Cortical Bone 

During QIFA, it became clear that the morphology of the cortical shell was a 

significant contributor to the deformation and failure behaviour of the vertebral body 

under uniaxial compression. Oval shaped vascular apertures present in both the dorsal 

and ventral surfaces of the cortical shell appeared to dominate the failure behaviour, 

indicating that these features must be quantified in order to better understand the major 

determinants of vertebral body failure behaviour. In addition, it was also of interest to 

quantify the thickness of the cortical shell and the effective tissue cross-sectional area in 

the failure region. All cortical bone morphometric indices were determined using the 

various quantitative analysis capabilities of Avizo Fire. 

3.5.2.1 Vascular Apertures 

In general, the vascular apertures present in the cortical shell were elliptical in 

shape, with their major axis approximately aligned with the cranial-caudal axis of the 

vertebral body. Some smaller apertures were circular in shape. The size and geometry of 

these features were quantified by first determining the bottom slice number for each 

aperture, indicating the start of the feature. This slice number was located by applying an 

ortho-slice module to the data set, allowing for 2D visualization of the individual .tiff 

slices. By manually advancing through the array of slices until a discontinuity in the 

cortical shell was observed, the bottom slice number of the aperture could be 

determined. The process was repeated to determine the top slice number for each 

aperture, by locating the first slice which indicated that the cortical shell was now 

continuous in that region. After converting the slice numbers to physical dimensions 

using the known voxel dimensions, this method provided both the height of the aperture, 
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along with a measure of the vertical position of the aperture along the surface of the 

cortical shell. 

The width of each aperture was determined using a similar procedure. Starting at 

the first slice for each aperture and manually advancing through the height of the 

aperture slice-by-slice, the widest point of each aperture was located and measured using 

the 3D measurement capability of Avizo Fire. This process was repeated for all major 

aperture features in the failure region. 

3.5.2.2 Stress Concentration Factor 

After quantifying the size and shape of each vascular aperture, the value of the 

resulting stress concentration factor was determined, for use in correcting the ultimate 

strength values during subsequent analysis. For this calculation, a number of 

assumptions were applied, to facilitate the use of established stress concentration factor 

equations. The elliptical apertures were approximated as circular holes, and only the 

largest aperture on the dorsal surface of each sample was included in the calculation, 

with the effect of secondary apertures excluded. Using these assumptions, the geometry 

of the samples included in this study could be approximated as a cylindrical shell with a 

single circular hole, subjected to compressive loading. The diameter of the circular hole 

feature was defined as the width of the vascular aperture perpendicular to the loading 

axis. The following expression was used to determine the value of the resulting stress 

concentration factor [224]: 

     [ (   
 )]   

   

   
 3.2 

where ν represents the Poisson’s ratio for the material (assumed to be equal to 0.3), a 

represents the radius of the hole feature, R represents the radius of the cylindrical shell, 
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and h represents the thickness of the cylindrical shell. Equation 2.1 is valid for the 

geometry described above, at θ = π/2, as defined in Figure 3.26. 

 

Figure 3.26 – Schematic 

representation of cylindrical hole 

stress concentration in a cylindrical 

shell subjected to uniaxial 

compression 

 

After determining the value of the stress concentration factor for each sample, the 

maximum stress experienced in the material as a result of the applied load and the effect 

of the stress concentration was determined using Equation 3.3. 

         3.3 

 

3.5.2.3 Cortical Shell Thickness 

The ortho-slice module was used to measure the thickness of the cortical shell in 

the failure region. The shell thickness was measured in the centre of the failure region in 

the cranial-caudal direction, at two locations for each sample; near the sagittal plane 

along the dorsal surface of the vertebral body (Ct.Th.D), and near the sagittal plane along 

the ventral surface of the vertebral body (Ct.Th.V). These locations were selected as they 

appeared to be the locations of greatest relevance to deformation and failure behaviour, 

as determined through QIFA. When choosing the specific location along the dorsal and 

ventral surfaces to conduct the thickness measurement, it was decided that the minimum 

tissue thickness in the vicinity of the vascular apertures should be used as the primary 

locating feature, to allow for quantification of stress concentration factors due to the 
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presence of the vascular apertures. The 3D measurement tool was used to determine the 

thickness at this location. 

3.5.2.4 Tissue Cross-sectional Area 

The effective tissue cross-sectional area in the failure region (Ar.T) was 

determined using the vertebral body data set of each sample, described in Section 

3.4.3.2. This data set was formed by cropping the raw array of .tiff slices based on the 

largest cross-section of the vertebral body, producing a data set that included the tissue 

of the vertebral body (both cortical and trabecular), while excluding any pedicle material 

that remained after sample preparation. Avizo Fire was used to export a quantitative 

area analysis for this processed data set, which included a measurement of the tissue 

area for each individual slice of the data set. Using the known slice numbers that defined 

the top and bottom of the failure region, the minimum, maximum and average tissue 

cross-sectional areas in the failure region were subsequently determined. 

3.5.2.5 Apparent Cross-sectional Area 

Using a similar procedure as described in Section 3.5.2.4, the apparent cross-

sectional area (Ar.A) for each sample was determined. This area represents the total 

cross-sectional enclosed by the sample, including the cortical and trabecular tissue, 

along with the vacant space within the vertebral body, occupied by non-load bearing 

bone marrow. Beginning with the cropped and rotated data set, the quantitative dilate 

and erode tools within Avizo Fire were used to generate a data set which represented a 

solid vertebral body, having replaced the porous trabecular network with solid tissue 

throughout the entire trabecular compartment. A single slice before and after applying 

the quantitative dilate and erode commands can be seen in Figure 3.27. For some 

samples, small changes in the geometry of the vertebral body were observed following 
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the dilate and erode operations, as seen along the outer perimeter of the sample shown 

in Figure 3.27. These developed as a result of small isolated regions segmented as bone 

near the outer edge of the vertebral body cross-section, likely caused by noise or bone 

fragments produced during the preparation procedure. If the dilation operation 

enveloped these isolated regions, they would remain attached following the erosion 

operation. The impact of these slight changes in the cross-sectional area would be 

negligible in the greater context of this operation, as there is significant existing variation 

in the cross-section of a vertebra along its cranial-caudal axis, with only the average 

cross-sectional area used for future calculations. Avizo Fire was used to export a 

quantitative area analysis for this processed data set, providing the apparent cross-

sectional area for each slice of the data set. Through slice wise inspection of each data 

set, the slice numbers representing the top and bottom of the vertebral body were used to 

determine the minimum, maximum and average apparent cross-sectional areas of the 

complete vertebral body. 

  

a) b) 

Figure 3.27 – Dilate and erode quantitative tools used to produce a data set representing the 

entire area (or volume) enclosed by the periosteum of the cortical shell of the vertebral body, a) 

Original segmented data set, and b) After dilate and erode operations 
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3.5.2.6 Total Bone Volume Fraction 

Using the solid vertebral body data set described in Section 3.5.2.5, the Total 

Bone Volume Fraction (BV/TVT) was determined for each sample. The quantitative 

analysis tools of Avizo Fire were used to extract the total volume enclosed by the 

vertebral body, along with the total sub-volume within this overall volume which was 

occupied by bone tissue (both cortical and trabecular). These two values were 

subsequently used to determine the BV/TVT. 

3.5.2.7 Dorsal Cortical Shell Angle 

The angle between the inferior loading surface and the dorsal surface of the 

cortical shell (Ct.An) was measured from the reconstructed XμCT scans, enabling the 

repeatability of the end preparation method used to be quantified. After producing a 

sagittal cross-section slice through the centre of the sample, ImageJ was used to 

determine the value of this angle. 

3.6 Statistical Analysis 

Statistical differences between the three experimental groups (SHAM, OVX and 

OVX+E), as well as between the two loading protocols (incremental and continuous) 

were determined using a combination of one way single factor analysis of variance 

(ANOVA) tests and two-tailed Student’s t-tests with a significance level of p = 0.05 for all 

statistical analyses. In addition, statistical differences between the full trabecular volume 

and the failure region volume were determined for the relevant trabecular bone 

morphometric indices. Statistical analyses were performed for both mechanical and 

morphological parameters, including ultimate force, stiffness, ultimate strength, elastic 

modulus, ultimate strain, BV/TV, Tb.Th, Tb.Sp, Tb.N, BV/TVT, Ct.Th.D, Ct.Th.V, Ct.An, 

Ar.T, and Ar.A. Before conducting statistical analyses, outlying values of mechanical 
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properties were identified using the three standard deviation criteria and excluded from 

subsequent analysis. 

Univariate linear regression analysis was used to determine the ability of XμCT 

trabecular and cortical bone morphology parameters (BV/TV, Tb.Th, Tb.Sp, Tb.N, 

BV/TVT, Ct.Th.D, etc.) to predict the ultimate load and ultimate strength during 

mechanical testing. Since ultimate load can be bone size-dependent [225], the 

dependency between the cross-sectional area (Ar.T and Ar.A) and ultimate load was also 

investigated using univariate linear regression analysis. 2D curve fitting analysis was 

used to relate the measured mechanical properties to the bone tissue morphological 

parameters for each sample. The fitting model was chosen based on published findings 

in this area, suggesting that the elastic modulus (E) is related to the BV/TVT through a 

power law expression, taking the following form: 

   (      )
   3.4 

where a and b are fitting terms. For this analysis, the value of b was fixed at 2, as 

previously reported [46,121,226]. 

Contingency table analysis was used to determine whether the failure mode 

(determined through QIFA) was significantly related to either the experimental group, or 

to the loading protocol. The Chi-squared (χ2) distribution was used to evaluate statistical 

hypotheses. 

Unless otherwise specified, results will be presented in the form of mean ± 

standard deviation (SD), with error bars on statistical plots representing the 95% 

confidence interval of the mean, allowing for more meaningful interpretation of the 

presented results. 



 

 

 

 

 

 

 

 

 

Chapter 4 

Results 

The results in this chapter are presented in five sections. Section 4.1 introduces 

the results of the animal model weight monitoring study performed during the 16 week 

post-operative period. Sections 4.2 and 4.3 focus on the quantitative results of the 

trabecular and cortical bone morphology study and the uniaxial compression testing 

study, respectively. Section 4.4 presents the results of a linear regression analysis 

designed to explore relationships between morphology parameters and ultimate 

mechanical properties. Section 4.5 describes the QIFA findings. For all statistical plots 

presented in this chapter, error bars represent the 95% confidence interval of the mean. 

4.1 Animal Model Weight Monitoring 

Body weight measurements were recorded for all animals during the 16 week 

post-operative housing period on campus at Queen’s University. The body weight 

measurements for week 16 are summarized in Table 4.1. 
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Table 4.1 – Animal model body weights for three experimental groups at week 16 of 

post-operative period 

Group Number Weight (g) Standard Deviation 

SHAM 10 314.0 7.7 

OVX 10 397.2 8.9 

OVX+E 10 321.9 7.8 

 

ANOVA revealed that there was a significant difference between the body weights 

of the three experimental groups (p < 0.001). Post-hoc Student’s t-tests showed that the 

body weight for the OVX experimental group was significantly greater than the SHAM (p 

< 0.001) and OVX+E (p < 0.001) experimental groups, as seen in Figure 4.1. There was 

no significant difference between the SHAM and OVX+E study groups (p = 0.479). 

 

Figure 4.1 – Animal model body weights for 

three experimental groups at week 16 of post-

operative period. Asterisk denotes significant 

difference between study groups. 

 

4.2 Quantitative Morphometry 

The quantitative measures of both the trabecular and cortical geometry are 

presented in the following sub-sections, as measured using the procedures described in 

Section 3.5. 
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4.2.1 Trabecular Bone Morphometry 

In the following sub-sections, trabecular bone morphology is described for each 

experimental group, both for the full volume of the trabecular compartment, along with 

the failure region volume. Results of statistical analyses between the experimental 

groups are presented, as well as between full volume and failure region morphological 

indices. For comparisons between the experimental groups, the samples used for the two 

loading protocols were pooled, as the eventual loading protocol used during mechanical 

testing has no effect on the non-deformed trabecular bone morphology of the samples. 

Individual samples used for the two loading protocols were selected at random from the 

same larger population (respective of the experimental group). It follows that there 

should be no significant difference in the morphological indices of a given experimental 

group from either loading protocol. Student’s t-tests were used to assess the statistical 

differences between the samples included in the different loading protocols to validate 

this assumption. 

4.2.1.1 Experimental Groups Analysis 

ANOVA tests were used to determine whether there were significant differences 

between the trabecular bone morphological indices of the three different experimental 

groups. Post-hoc Student’s t-tests were used to assess differences between specific 

pairings of the different experimental groups. This process was completed for both the 

full trabecular volume data set and the failure region trabecular volume data set. 

Full Trabecular Volume 

ANOVA testing revealed that there was a significant difference between the 

BV/TV (p < 0.001), Tb.Th (p = 0.046), Tb.Sp (p < 0.001), and Tb.N (p < 0.001) of the 

three experimental groups for the full volume of the trabecular compartment in the 



CHAPTER 4 – RESULTS 

 

113 

 

incremental loading study. Post-hoc Student’s t-tests showed that the BV/TV of the OVX 

group was significantly lower than the SHAM (p < 0.001) and OVX+E (p < 0.001) study 

groups. In contrast, the Tb.Sp of the OVX group was significantly greater than the SHAM 

(p < 0.001) and OVX+E (p < 0.001) study groups, while the Tb.N of the OVX group was 

significantly lower than the SHAM (p < 0.001) and OVX+E (p < 0.001) study groups. 

There was no significant difference between the SHAM and OVX+E study groups for 

these morphological indices (BV/TV p = 0.086, Tb.Sp p = 0.183, Tb.N p = 0.683). The 

Tb.Th of the OVX+E study group was significantly greater than the OVX group (p = 

0.042), while there was no significant difference between the SHAM and OVX groups (p 

= 0.197), or the SHAM and OVX+E groups (p = 0.108). These results are summarized in 

Figure 4.2. 

Failure Region Volume 

There was a significant difference between the BV/TV (p = 0.005), Tb.Sp (p < 

0.001), and Tb.N (p < 0.001) of the three experimental groups for the failure region of 

the trabecular compartment in the incremental loading study. There was no significant 

difference between the Tb.Th of the three experimental groups (p = 0.819). Post-hoc 

Student’s t-tests showed that the BV/TV of the OVX group was significantly lower than 

the OVX+E (p = 0.005) study group. There was no significant difference between the 

BV/TV of the SHAM and OVX study groups (p = 0.053) or the SHAM and OVX+E study 

groups (p = 0.087). The Tb.Sp of the OVX group was significantly greater than the 

SHAM (p = 0.001) and OVX+E (p < 0.001) study groups, while the Tb.N of the OVX 

group was significantly lower than the SHAM (p < 0.001) and OVX+E (p < 0.001) study 

groups. There was no significant difference between the Tb.Sp (p = 0.066) or Tb.N (p = 

0.129) of the SHAM and OVX+E study groups. These results are summarized in Figure 

4.3. 
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a) b) 

  

c) d) 

Figure 4.2 – Full volume trabecular morphology statistical plots of a) BV/TV, b) Tb.Th, c) Tb.Sp 

and d) Tb.N – asterisk denotes significant difference between study groups 
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a) b) 

  

c) d) 

Figure 4.3 – Failure region trabecular morphology statistical plots of a) BV/TV, b) Tb.Th, c) 

Tb.Sp and d) Tb.N – asterisk denotes significant difference between study groups 
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4.2.1.2 Incremental vs. Continuous 

Student’s t-tests were used to assess the differences in the trabecular bone 

morphology between the samples used in the two different loading protocols. This 

process was completed for both the full trabecular volume data set and the failure region 

trabecular volume data set. The samples used for the two loading protocols were 

randomly selected from the same population for each experimental group. These 

statistical analyses are used to confirm that there were no significant differences between 

the two sub-populations, allowing for more meaningful analysis of the differences in 

mechanical properties for the different loading protocols. 

Full Trabecular Volume 

Mean and standard deviations of the morphological indices for the full trabecular 

volume of each experimental group for both the incremental and continuous loading 

protocols are given in Table 4.2, along with the respective p-values. It was found that the 

Tb.Sp of the incremental loading samples was significantly greater than the continuous 

loading samples for the OVX experimental group (p = 0.041). For the OVX+E study 

group, it was shown that the Tb.Th of the incremental loading group was significantly 

lower than the continuous loading group (p = 0.026), while the Tb.N of the incremental 

loading group was significantly greater than the continuous loading group (p = 0.01). All 

other differences between loading groups were insignificant. These results are 

summarized in Figure 4.4. 

Failure Region Volume 

Mean and standard deviations of the morphological indices for the failure region 

volume of each experimental group for both the incremental and continuous loading 

protocols are given in Table 4.3, along with the respective p-values. It was found that 
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there were no significant differences between the incremental and continuous loading 

sample groups for all experimental groups and morphological indices examined. A 

summary of these findings can be found in Figure 4.5. 

Table 4.2 – Full trabecular volume morphological indices of three experimental groups for 

incremental and continuous loading protocol sample groups 

  Incr. 
Standard 
Deviation 

Cont. 
Standard 
Deviation 

Percent 
Difference 

p-value 

SHAM             

BV/TV 0.396 0.006 0.396 0.015 -0.031 0.994 

Tb.Th (mm) 0.067 0.001 0.070 0.001 3.557 0.083 

Tb.Sp (mm) 0.103 0.001 0.108 0.008 4.639 0.531 

Tb.N 5.87 0.03 5.66 0.22 -3.723 0.368 

       OVX             

BV/TV 0.257 0.010 0.317 0.026 18.977 0.064 

Tb.Th (mm) 0.061 0.003 0.068 0.005 9.924 0.256 

Tb.Sp (mm) 0.178 0.004 0.149 0.011 -19.324 0.041** 

Tb.N 4.19 0.09 4.64 0.18 9.604 0.054 

       OVX+E             

BV/TV 0.405 0.005 0.441 0.024 8.179 0.173 

Tb.Th (mm) 0.068 0.001 0.078 0.003 12.548 0.026** 

Tb.Sp (mm) 0.100 0.001 0.099 0.005 -1.041 0.850 

Tb.N 5.96 0.05 5.67 0.07 -5.167 0.010** 

** - Indicates statistical significance (p < 0.05) 
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a) b) 

  

c) d) 

– Incremental 

– Continuous 

Figure 4.4 – Incremental vs. Continuous loading protocol full volume trabecular morphology 

statistical plots of a) BV/TV, b) Tb.Th, c) Tb.Sp and d) Tb.N – asterisk denotes significant 

difference between loading protocols 
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Table 4.3 – Failure region morphological indices of three experimental groups for incremental 

and continuous loading protocol sample groups 

  Incr. 
Standard 
Deviation 

Cont. 
Standard 
Deviation 

Percent 
Difference 

p-value 

SHAM             

BV/TV 0.241 0.014 0.263 0.013 8.146 0.306 

Tb.Th (mm) 0.063 0.002 0.067 0.004 6.815 0.356 

Tb.Sp (mm) 0.199 0.011 0.190 0.011 -5.007 0.555 

Tb.N 3.84 0.12 3.93 0.20 2.429 0.697 

       OVX             

BV/TV 0.190 0.027 0.222 0.030 14.609 0.443 

Tb.Th (mm) 0.065 0.008 0.069 0.008 5.039 0.758 

Tb.Sp (mm) 0.287 0.028 0.245 0.020 -16.944 0.260 

Tb.N 2.89 0.18 3.22 0.16 10.224 0.200 

       OVX+E             

BV/TV 0.270 0.011 0.289 0.021 6.598 0.447 

Tb.Th (mm) 0.065 0.002 0.071 0.004 8.747 0.221 

Tb.Sp (mm) 0.177 0.009 0.176 0.007 -0.644 0.924 

Tb.N 4.16 0.15 4.05 0.06 -2.537 0.540 
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a) b) 

  

c) d) 

– Incremental 

– Continuous 

Figure 4.5 – Incremental vs. Continuous loading protocol failure region trabecular morphology 

statistical plots of a) BV/TV, b) Tb.Th, c) Tb.Sp and d) Tb.N – asterisk denotes significant 

difference between loading protocols 
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4.2.1.3 Full Volume vs. Failure Region 

Student’s t-tests were used to assess the differences in the trabecular bone 

morphology of the full trabecular volume and the failure region volume for both the 

incremental and continuous loading protocols. 

Incremental Loading Protocol 

Mean and standard deviations of the morphological indices for the full trabecular 

volume and failure region volume of each experimental group for the incremental 

loading protocol are given in Table 4.4, along with the respective p-values. It was found 

that the BV/TV, Tb.Sp and Tb.N were significantly different between the full trabecular 

volume and the failure region volume for all experimental groups. Each morphological 

index was diminished (decreased BV/TV, increased Tb.Sp and decreased Tb.N) in the 

failure region when compared with the full trabecular volume. There was no significant 

difference in the Tb.Th for any experimental group. These findings are summarized in 

Figure 4.6. 

Continuous Loading Protocol 

Mean and standard deviations of the morphological indices for the full trabecular 

volume and failure region volume of each experimental group for the continuous loading 

protocol are given in Table 4.5, along with the respective p-values. It was found that the 

BV/TV, Tb.Sp and Tb.N were significantly different between the full trabecular volume 

and the failure region volume for all experimental groups. Each morphological index was 

diminished (decreased BV/TV, increased Tb.Sp and decreased Tb.N) in the failure region 

when compared with the full trabecular volume. There was no significant difference in 

the Tb.Th for any experimental group. These results are presented in Figure 4.7. 
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Table 4.4 – Morphological indices of three experimental groups for incremental loading protocol 

sample groups in full trabecular volume and failure region volume 

  
Full 

Volume 
Standard 
Deviation 

Failure 
Region 

Standard 
Deviation 

Percent 
Difference 

p-value 

SHAM             

BV/TV 0.396 0.006 0.241 0.014 -39.045 9.80E-06** 

Tb.Th (mm) 0.067 0.001 0.063 0.002 -7.130 0.085 

Tb.Sp (mm) 0.103 0.001 0.199 0.011 93.234 2.13E-05** 

Tb.N 5.87 0.03 3.84 0.12 -34.565 2.63E-07** 

       OVX             

BV/TV 0.257 0.010 0.190 0.027 -26.029 0.048** 

Tb.Th (mm) 0.061 0.003 0.065 0.008 6.069 0.660 

Tb.Sp (mm) 0.178 0.004 0.287 0.028 61.511 0.005** 

Tb.N 4.19 0.09 2.89 0.18 -31.080 1.74E-04** 

       OVX+E             

BV/TV 0.405 0.005 0.270 0.011 -33.321 4.14E-06** 

Tb.Th (mm) 0.068 0.001 0.065 0.002 -4.393 0.137 

Tb.Sp (mm) 0.100 0.001 0.177 0.009 77.173 2.96E-05** 

Tb.N 5.96 0.05 4.16 0.15 -30.279 2.88E-06** 

** - Indicates statistical significance (p < 0.05) 
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a) b) 

  

c) d) 

– Full Volume 

– Failure Region 

Figure 4.6 – Full volume vs. failure region trabecular morphology statistical plots for 

incremental loading protocol of a) BV/TV, b) Tb.Th, c) Tb.Sp and d) Tb.N – asterisk denotes 

significant difference between ROIs 
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Table 4.5 – Morphological indices of three experimental groups for continuous loading protocol 

sample groups in full trabecular volume and failure region volume 

  
Full 

Volume 
Standard 
Deviation 

Failure 
Region 

Standard 
Deviation 

Percent 
Difference 

p-value 

SHAM             

BV/TV 0.396 0.015 0.263 0.013 -33.619 1.79E-04** 

Tb.Th (mm) 0.070 0.001 0.067 0.004 -3.883 0.534 

Tb.Sp (mm) 0.108 0.008 0.190 0.011 75.483 2.85E-04** 

Tb.N 5.66 0.22 3.93 0.20 -30.439 4.04E-04** 

       OVX             

BV/TV 0.317 0.026 0.222 0.030 -29.813 0.045** 

Tb.Th (mm) 0.068 0.005 0.069 0.008 0.613 0.964 

Tb.Sp (mm) 0.149 0.011 0.245 0.020 64.797 0.003** 

Tb.N 4.64 0.18 3.22 0.16 -30.605 3.07E-04** 

       OVX+E             

BV/TV 0.441 0.024 0.289 0.021 -34.449 1.36E-03** 

Tb.Th (mm) 0.078 0.003 0.071 0.004 -8.376 0.281 

Tb.Sp (mm) 0.099 0.005 0.176 0.007 77.872 2.20E-05** 

Tb.N 5.67 0.07 4.05 0.06 -28.491 1.47E-07** 

** - Indicates statistical significance (p < 0.05) 
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a) b) 

  

c) d) 

– Full Volume 

– Failure Region 

Figure 4.7 – Full volume vs. failure region trabecular morphology statistical plots for continuous 

loading protocol of a) BV/TV, b) Tb.Th, c) Tb.Sp and d) Tb.N – asterisk denotes significant 

difference between ROIs 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

SHAM OVX OVX+E

B
V

/T
V

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

SHAM OVX OVX+E

T
b

.T
h

 (
m

m
) 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

SHAM OVX OVX+E

T
b

.S
p

 (
m

m
) 

0

1

2

3

4

5

6

7

SHAM OVX OVX+E

T
b

.N
 



CHAPTER 4 – RESULTS 

 

126 

 

4.2.2 Cortical Bone Morphometry 

Cortical bone morphology is described for each experimental group in the 

following sub-sections. Statistical analysis results for differences between experimental 

groups are presented. As described in Section 4.2.1, the samples used for the two loading 

protocols were pooled for comparisons between experimental groups, as the eventual 

loading protocol used during mechanical testing has no effect on the non-deformed 

cortical bone morphology. Any statistical differences between the samples used for the 

different loading protocols are presented. 

4.2.2.1 Vascular Apertures 

Inspection of the reconstructed XμCT scans showed that samples had either one 

or two significant vascular apertures in the dorsal surface of the cortical shell, along with 

either zero or one significant vascular apertures in the ventral surface of the cortical 

shell. In general, dorsal apertures were found to be elliptical in shape, with some of the 

smaller features being more circular in shape. Ventral surface apertures varied between 

circular and elliptical in shape. In many samples, smaller secondary hole type features 

were present in the cortical shell, primarily on the dorsal surface; however these features 

were significantly lesser in size when compared with the primary vascular apertures. The 

primary vascular apertures (both dorsal and ventral) were located approximately halfway 

between the cranial and caudal endplates in all samples. In all samples with two dorsal 

apertures, one was significantly larger than the second, and the two apertures were 

slightly staggered in position along the cranial-caudal axis. The largest dorsal aperture 

for each sample was seen to be greater than the largest ventral aperture. The range, 

means and standard deviations for the width and height of the vascular apertures can be 

found in Table 4.6. 
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Table 4.6 – Vascular aperture descriptive statistics for all experimental groups 

  
Range 

Mean 
Standard 
Deviation Max Min 

Dorsal 
    

Width (mm) 0.465 0.062 0.303 0.102 

Height (mm) 1.177 0.102 0.490 0.235 

  

Ventral 
    

Width (mm) 0.434 0.099 0.218 0.074 

Height (mm) 0.731 0.203 0.374 0.143 

 

4.2.2.2 Experimental Groups Analysis 

ANOVA tests were used to determine whether there were significant differences 

between the cortical bone morphological indices of the three different experimental 

groups. Post-hoc Student’s t-tests were used to assess differences between specific 

pairings of the different experimental groups. 

There was a significant difference between the Ct.Th.V (p = 0.003) and the 

Ct.Th.D (p < 0.001) of the three experimental groups in the incremental loading study. 

There was no significant difference between the Ct.An (p = 0.274) of the three 

experimental groups. Post-hoc Student’s t-tests showed that the Ct.Th.V of the OVX 

group was significantly lower than the SHAM (p = 0.004) and OVX+E (p = 0.003) study 

groups. There was no significant difference between the Ct.Th.V of the SHAM and 

OVX+E study groups (p = 0.804). The Ct.Th.D of the SHAM group was significantly 

greater than the OVX (p < 0.001) and OVX+E (p = 0.003) study groups, while there was 

no significant difference between the OVX and OVX+E study groups (p = 0.611). It was 

also seen that the Ct.Th.V was significantly greater than the Ct.Th.D for all study groups 

(SHAM p < 0.001, OVX p < 0.001, OVX+E p < 0.001). These results are summarized in 

Figure 4.8. 
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a) b) 

  

c)     – Ventral 

   – Dorsal 

d) 

Figure 4.8 – Cortical morphology statistical plots of a) Ct.Th.V, b) Ct.Th.D, c) Ct.Th and d) 

Ct.An – asterisk denotes significant difference between study groups 
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ANOVA testing revealed that there was a significant difference between the Ar.T 

(p = 0.007), Ar.A (p = 0.035), and BV/TVT (p < 0.001) of the three experimental groups 

in the incremental loading study. Post-hoc Student’s t-tests showed that the Ar.T of the 

SHAM group was significantly greater than the OVX group (p = 0.003), while there was 

no significant difference between the SHAM and OVX+E (p = 0.196) or OVX and OVX+E 

(p = 0.051) study groups. In contrast, the Ar.A of the OVX+E group was significantly 

lower than the OVX study group (p = 0.025), while there was no significant difference 

between the SHAM and OVX groups (p = 0.287), or the SHAM and OVX+E groups (p = 

0.092). The BV/TVT of the OVX group was significantly lower than the SHAM (p < 

0.001) and OVX+E (p < 0.001) study groups. There was no significant difference 

between the BV/TVT of the SHAM and OVX+E study groups (p = 0.796). These results 

are summarized in Figure 4.9. 
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a) b) 

 

c) 

Figure 4.9 – Physical properties statistical plots of a) Ar.T, b) Ar.A, c) BV/TVT – asterisk denotes 

significant difference between study groups 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

SHAM OVX OVX+E

A
r

.T
 (

m
m

2
) 

0

1

2

3

4

5

6

7

8

9

10

SHAM OVX OVX+E

A
r

.A
 (

m
m

2
) 

0

0.1

0.2

0.3

0.4

0.5

0.6

SHAM OVX OVX+E

B
V

/T
V

T
 



CHAPTER 4 – RESULTS 

 

131 

 

4.2.2.3 Incremental vs. Continuous 

Student’s t-tests were used to assess the differences in the cortical bone 

morphology between the samples used in the two different loading protocols. The 

samples used for the two loading protocols were randomly selected from the same 

population for each experimental group. These statistical analyses are used to confirm 

that there were no significant differences between the two sub-populations, allowing for 

more meaningful analysis of the differences in mechanical properties for the different 

loading protocols. Mean and standard deviations of the morphological indices for each 

experimental group for both the incremental and continuous loading protocols are given 

in Table 4.7, along with the respective p-values.  No significant differences were found 

between the incremental and continuous loading sample groups for all experimental 

groups and morphological indices examined. These findings can be found in Figure 4.10 

and Figure 4.11. 
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Table 4.7 – Cortical bone morphological indices and physical properties of three experimental 

groups for incremental and continuous loading protocol sample groups 

  Incr. 
Standard 
Deviation 

Cont. 
Standard 
Deviation 

Percent 
Difference 

p-value 

SHAM             

Ct.Th.V (mm) 0.312 0.018 0.341 0.039 8.627 0.517 

Ct.Th.D (mm) 0.154 0.010 0.159 0.006 2.968 0.688 

Ct.An (°) 91.1 1.1 92.1 0.6 1.090 0.441 

Ar.T (mm2) 3.39 0.14 3.49 0.14 2.864 0.630 

Ar.A (mm2) 8.02 0.15 8.35 0.22 3.988 0.241 

BV/TVT 0.498 0.017 0.500 0.025 0.456 0.942 

       OVX             

Ct.Th.V (mm) 0.215 0.014 0.260 0.028 17.625 0.184 

Ct.Th.D (mm) 0.124 0.006 0.126 0.010 1.448 0.881 

Ct.An (°) 92.2 1.7 92.7 1.2 0.515 0.828 

Ar.T (mm2) 2.94 0.10 2.94 0.21 0.018 0.998 

Ar.A (mm2) 8.39 0.20 8.50 0.37 1.351 0.790 

BV/TVT 0.391 0.009 0.399 0.016 2.031 0.673 

       OVX+E             

Ct.Th.V (mm) 0.320 0.033 0.349 0.034 8.517 0.544 

Ct.Th.D (mm) 0.130 0.011 0.128 0.007 -1.868 0.857 

Ct.An (°) 89.9 1.4 91.1 1.3 1.337 0.544 

Ar.T (mm2) 3.16 0.15 3.35 0.15 5.612 0.393 

Ar.A (mm2) 7.57 0.38 7.85 0.28 3.573 0.568 

BV/TVT 0.504 0.013 0.524 0.016 3.942 0.354 
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a) b) 

 

c) 

– Incremental 

– Continuous 

Figure 4.10 – Incremental vs. continuous loading protocol cortical morphology statistical plots 

of a) Ct.Th.V, b) Ct.Th.D, c) Ct.Th and d) Ct.An – asterisk denotes significant difference between 

loading protocols 
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a) b) 

 

c) 

– Incremental 

– Continuous 

Figure 4.11 – Incremental vs. continuous loading protocol physical properties statistical plots of 

a) Ar.T, b) Ar.A, c) BV/TVT – asterisk denotes significant difference between loading protocols 
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4.3 Uniaxial Compression Testing 

Uniaxial compression tests were conducted on prepared samples from three 

experimental groups using two different loading protocols. Engineering stress-strain 

loading curves for the different experimental groups and loading protocols are 

presented. The variable toe region was removed from these loading curves using the 

procedure described in Section 3.3.4.1. Force-deformation loading curves were converted 

to stress-strain loading curves using the measured height for each sample, along with the 

apparent cross-sectional area as determined from the XμCT scans. Results of statistical 

analyses assessing the differences between the three experimental groups, and between 

the two loading protocols are presented. The effects of vascular apertures in the cortical 

shell and the total bone volume fraction on the ultimate strength and elastic modulus, 

respectively, are explored in greater detail in Sections 4.3.4 and 4.3.5. 

4.3.1 Loading Curves 

The stress-strain loading curves for all samples included in this study are 

presented in the following sub-sections. These loading curves were produced from the 

force-deformation loading curves collected during mechanical testing, using the 

processing procedure described in Section 3.3.4.1. Due to the variation seen in the 

loading curves, it was not practical to combine the results of the different samples from 

each experimental group into an average loading curve, as the unique features of each 

individual sample would have been lost in the process. The numbers included in the 

legend of all loading curve plots serve as unique identifiers for each compression sample. 

These identifiers originated from the cage number for each animal donor, and were used 

throughout the study to track animal body weight during the post-operative period, as 

well as mechanical properties and quantitative morphometry in later stages. 
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4.3.1.1 Incremental Loading Protocol 

The engineering stress-strain curves for the SHAM, OVX, and OVX+E study 

groups in the incremental loading study can be found in Figure 4.12 through Figure 4.14. 

In all study groups, it was seen that an early failure event (< 2% strain) occurred in 

nearly half of the samples. All samples exhibited brittle failure behaviour, with failure 

occurring shortly after yield, and a sharp decrease in stress after the ultimate strength 

had been reached. In general, the loading behaviour of the three experimental groups 

was similar, showing nearly identical shape and slope in the linear-elastic region, with 

slightly more variation in post-yield behaviour. Variation in post-yield softening was 

present both within and between experimental groups, suggesting that this behaviour 

was sample dependent rather than being dependent on experimental group. 

4.3.1.2 Continuous Loading Protocol 

The engineering stress-strain curves for the SHAM, OVX, and OVX+E study 

groups in the continuous loading study can be found in Figure 4.15 through Figure 4.17. 

It was seen in all study groups that an early failure event (< 2% strain) occurred in nearly 

half of the samples. The loading behaviour was somewhat erratic, showing multiple 

minor failure events during the loading phase for a number of samples in the SHAM and 

OVX study groups. The remaining samples exhibited primarily brittle failure behaviour, 

as seen in the incremental loading protocol study. Excluding those samples which 

exhibited multiple minor failure events, loading behaviour was similar to that seen in the 

incremental loading procedure, with consistent linear-elastic region shape and slope 

within and across experimental groups, and some variation in post-yield softening 

behaviour. 
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Figure 4.12 – Engineering stress-strain curves for the SHAM study group and incremental 

loading protocol. 
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Figure 4.13 – Engineering stress-strain curves for the OVX study group and incremental loading 

protocol 
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Figure 4.14 – Engineering stress-strain curves for the OVX+E study group and incremental 

loading protocol 
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Figure 4.15 – Engineering stress-strain curves for the SHAM study group and continuous 

loading protocol 
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Figure 4.16 – Engineering stress-strain curves for the OVX study group and continuous loading 

protocol 
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Figure 4.17 – Engineering stress-strain curves for the OVX+E study group and continuous 

loading protocol 
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4.3.2 Experimental Groups Analysis 

ANOVA tests were used to determine whether there were significant differences 

between the mechanical properties of the three different experimental groups. Post-hoc 

Student’s t-tests were used to assess differences between specific pairings of the different 

experimental groups. 

There was a significant difference between the ultimate force (p < 0.001) and 

ultimate strength (p < 0.001) of the three experimental groups in the incremental 

loading study. There was no significant difference between the stiffness (p = 0.287), 

elastic modulus (p = 0.363) or ultimate strain (p = 0.938) of the three experimental 

groups. Post-hoc Student’s t-tests showed that the ultimate force and ultimate strength 

of the OVX group were significantly lower than the SHAM (p = 0.029, p < 0.001, 

respectively) and OVX+E (p = 0.005, p = 0.001, respectively) study groups. There was 

no significant difference between the SHAM and OVX+E study groups in terms of 

ultimate force (p = 0.073) or ultimate strength (p = 0.088). These results are 

summarized in Figure 4.18 and Figure 4.20. 

For the continuous loading study, ANOVA tests revealed that there was a 

significant difference between the ultimate strength (p = 0.031) and ultimate strain (p < 

0.001) of the three experimental groups. There was no significant difference between the 

ultimate force (p = 0.44), stiffness (p = 0.119) or elastic modulus (p = 0.078) of the three 

experimental groups. Post-hoc Student’s t-tests showed that the ultimate strength of the 

OVX+E group was significantly greater than the OVX (p = 0.021) study group. There was 

no significant difference between the SHAM and OVX study groups (p = 0.300), or the 

OVX+E and SHAM study groups (p = 0.083). The ultimate strain of the OVX+E group 

was found to be significantly lower than the SHAM (p = 0.003) and OVX (p < 0.001) 

study groups. There was no significant difference between the SHAM and OVX study 
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groups in terms of ultimate strain (p = 0.603). These results are summarized in Figure 

4.19 and Figure 4.21. 

  

a) b) 

Figure 4.18 – Incremental loading protocol mechanical properties a) Ultimate Force, and b) 

Stiffness – asterisk denotes significant difference between study groups 

 

  

a) b) 

Figure 4.19 – Continuous loading protocol mechanical properties a) Ultimate Force, and b) 

Stiffness – asterisk denotes significant difference between study groups 
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a) b) 

 

c) 

Figure 4.20 – Incremental loading protocol mechanical properties a) Ultimate Stress, b) Elastic 

Modulus, and c) Ultimate Strain – asterisk denotes significant difference between study groups 
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a) b) 

 

c) 

Figure 4.21 – Continuous loading protocol mechanical properties a) Ultimate Stress, b) Elastic 

Modulus, and c) Ultimate Strain – asterisk denotes significant difference between study groups 
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4.3.3 Incremental vs. Continuous 

Student’s t-tests were used to assess the differences in the mechanical properties 

for the two different loading protocols. Mean and standard deviations of the mechanical 

properties for each experimental group for both the incremental and continuous loading 

protocols are given in Table 4.8, along with the respective p-values. Significant 

differences were found between the incremental and continuous loading protocol for 

ultimate strength (p = 0.009) and ultimate strain (p = 0.007) of the SHAM study group. 

For the OVX study group, significant differences between the incremental and 

continuous loading protocol were found for the stiffness (p = 0.005), ultimate strain (p = 

0.001) and elastic modulus (p = 0.002). Finally, a significant difference was found 

between the incremental and continuous loading protocol for ultimate force (p = 0.021) 

of the OVX+E study group. These results are summarized in Figure 4.22 and Figure 4.23. 

  

a) b) 

– Incremental         – Continuous 

Figure 4.22 – Incremental vs. continuous loading protocol mechanical properties a) Ultimate 

Force, and b) Stiffness – asterisk denotes significant difference between loading protocols 
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Table 4.8 – Mechanical properties for incremental and continuous compression testing of three 

experimental groups 

  Incr. 
Standard 
Deviation 

Cont. 
Standard 
Deviation 

Percent 
Difference 

p-value 

SHAM             

Ult. Force (N) 378.3 10.7 341.3 22.0 -10.819 0.182 

Stiffness (N/mm) 979.5 73.0 829.0 58.4 -18.155 0.158 

Ult. Strength (MPa) 46.8 0.9 35.9 2.7 -30.121 0.009** 

Ult. Strain (%) 5.28 0.24 9.93 1.15 46.861 0.007** 

Elastic Modulus (MPa) 957.0 58.3 789.5 88.8 -21.215 0.166 

       
OVX             

Ult. Force (N) 278.7 13.0 308.8 16.5 9.737 0.203 

Stiffness (N/mm) 1183.6 56.4 881.3 43.2 -34.293 0.005** 

Ult. Strength (MPa) 33.1 1.8 31.5 2.8 -5.028 0.656 

Ult. Strain (%) 5.55 0.73 10.62 0.50 47.705 0.001** 

Elastic Modulus (MPa) 1119.3 42.2 716.7 65.1 -56.177 0.002** 

       
OVX+E             

Ult. Force (N) 388.0 13.0 305.7 23.2 -26.918 0.021** 

Stiffness (N/mm) 1150.3 128.6 1025.1 78.0 -12.214 0.437 

Ult. Strength (MPa) 52.5 2.7 44.3 3.0 -18.666 0.086 

Ult. Strain (%) 5.38 0.51 4.89 0.39 -10.104 0.460 

Elastic Modulus (MPa) 1089.0 120.2 982.9 74.4 -10.794 0.481 

** - Indicates statistical significance (p < 0.05) 
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a) b) 

 

c) 

– Incremental 

– Continuous 

Figure 4.23 – Incremental vs. continuous loading protocol mechanical properties a) Ultimate 

Stress, b) Elastic Modulus, and c) Ultimate Strain – asterisk denotes significant difference 

between loading protocols 
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4.3.4 Stress Concentration Factor 

Using the analytical expression for the stress concentration factor of a circular 

hole in a cylindrical shell subjected to uniaxial loading introduced in Section 3.5.2.2, the 

impact of the dorsal vascular apertures on the stress distribution in the samples was 

quantified. The stress concentration factors for all samples ranged from 3.01 to 3.46. 

Individual stress concentration factor values were then used to determine the maximum 

stress in the vicinity of the vascular aperture at the point of failure for each sample. 

ANOVA tests were used to evaluate differences between the maximum stresses of the 

three different experimental groups. Post-hoc Student’s t-tests were used to assess 

differences between specific pairings of the different experimental groups. 

4.3.4.1 Experimental Groups Analysis 

ANOVA testing revealed that there was a significant difference between the 

ultimate strength (p < 0.001) of the three experimental groups in the incremental 

loading study. Post-hoc Student’s t-tests showed that the ultimate strength of the OVX 

group was significantly lower than the SHAM (p < 0.001) and OVX+E (p < 0.001) study 

groups. There was no significant difference between the SHAM and OVX+E study groups 

in terms of ultimate strength (p = 0.136). 

For the continuous loading study, there was a significant difference between the 

ultimate strength (p = 0.027) of the three experimental groups. Post-hoc Student’s t-

tests showed that the ultimate strength of the OVX+E group was significantly greater 

than the SHAM (p = 0.048) and OVX (p = 0.024) study groups. There was no significant 

difference between the SHAM and OVX (p = 0.367) study groups in terms of ultimate 

strength. These results are summarized in Figure 4.24. 
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a) b) 

Figure 4.24 – Ultimate strength statistical plots corrected using stress concentration factors for 

a) Incremental loading protocol and b) Continuous loading protocol – asterisk denotes significant 

difference between study groups 
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though the relationship between the elastic modulus and BV/TVT was significantly 

altered when applied to osteoporotic tissue, with the OVX study groups for both loading 

protocols indicating decreasing elastic modulus with increasing BV/TVT. This finding 

defies any physical interpretation in terms of classical mechanics of materials, indicating 

a fundamental difference in the mechanical properties of the OVX study group. 

Table 4.9 – Summary of power law regression analyses performed between total bone volume 

fraction and elastic modulus 

  BV/TVT 
Standard 
Deviation 

E (MPa) 
Standard 
Deviation 

E = a(BV/TVT)b 
R2 

a b 

Incremental 

SHAM 0.498 0.017 1024.5 61.8 4217.3 2 0 

OVX 0.391 0.009 1182.1 47.2 7486.1 2 0 

OVX+E 0.504 0.013 1188.1 129.4 4769.9 2 0.342 

       

 

Continuous 

SHAM 0.500 0.025 856.3 84.8 3519.3 2 0.0196 

OVX 0.399 0.016 756.5 64.2 4516.3 2 0 

OVX+E 0.524 0.016 1052.0 74.0 4034.6 2 0.410 

 

 

Figure 4.25 – Mean elastic modulus and BV/TVT values for three experimental groups of the 

incremental loading protocol, along with the resulting power-law regression curves 
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Figure 4.26 – Mean elastic modulus and BV/TVT values for three experimental groups of the 

continuous loading protocol, along with the resulting power-law regression curves 
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load. The Ar.V.D was defined as the area enclosed by the largest vascular aperture on the 

dorsal surface, calculated using the aperture dimensions determined earlier. 

Regression analyses of Section 4.4 were performed using pooled data sets, based 

on the findings of Section 4.3. Bone parameter measures and ultimate mechanical 

properties for the SHAM and OVX+E experimental groups were pooled, as no significant 

differences were reported between these two groups. The OVX study group was included 

as a second analysis group. In the following sub-sections, these two groups will be 

referred to as groups A and B, respectively. 

4.4.1 Incremental Loading Protocol 

4.4.1.1 Ultimate Load 

The linear regression models with ultimate load and BV/TVT, Ar.V.D, and Kt were 

significant (p = 0.036, p = 0.01 and p = 0.011, respectively) for group A. All other 

regression models for this subgroup of the incremental loading protocol were not 

significant. Coefficients of determination (R2), p-values, and standard errors of the 

estimate (SEE, expressed as % of the mean value) for these regression models are 

presented in Table 4.10. Ultimate load was better predicted by bone morphology 

parameters associated with the cortical shell than trabecular bone morphology 

parameters, as indicated by higher R2 and lower SEE values. The R2 values for the 

BV/TVT, Ar.V.D, and Kt models were found to be 0.442, 0.584 and 0.579, respectively 

(shown in Figure 4.27). 

For group B, the regression models with ultimate load and the Tb.Sp and Tb.N of 

the full trabecular volume were significant (p = 0.023 and p = 0.017, respectively), while 

the regression model between ultimate load and BV/TVT showed a trend (p = 0.07). All 

other regression models for this subgroup were not significant. With the exception of 
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BV/TVT, ultimate load was better predicted by bone morphology parameters associated 

with the trabecular network, as indicated by higher R2 and lower SEE values. The 

coefficients of determination for the Tb.Sp, Tb.N (full trabecular volume) and BV/TVT 

models were found to be 0.862, 0.887 and 0.717 respectively (shown in Figure 4.28). 

4.4.1.2 Ultimate Strength 

The linear regression model with ultimate strength and BV/TVT was significant 

(p = 0.007) for group A, while the regression model between ultimate strength and Kt 

showed a trend (p = 0.071). All other regression models for this subgroup of the 

incremental loading protocol were not significant. R2 values, p-values, and SEE values 

for these regression models are presented in Table 4.11. Ultimate strength was better 

predicted by bone morphology parameters associated with the cortical shell than 

trabecular bone morphology parameters, as indicated by higher R2 and lower SEE 

values. The coefficients of determination for the BV/TVT, and Kt models were found to be 

0.618, and 0.35, respectively. 

For group B, the regression models with ultimate strength and the Tb.Sp of the 

full trabecular volume, and BV/TVT were significant (p = 0.001 and p = 0.011, 

respectively), while the regression model between ultimate load and Tb.N showed a 

trend (p = 0.097). All other regression models for this subgroup were not significant. 

With the exception of BV/TVT, ultimate strength was better predicted by bone 

morphology parameters associated with the trabecular network, as indicated by higher 

R2 and lower SEE values. The coefficients of determination for the Tb.Sp, Tb.N (full 

trabecular volume) and BV/TVT models were found to be 0.979, 0.656 and 0.912 

respectively. 
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4.4.2 Continuous Loading Protocol 

4.4.2.1 Ultimate Load 

The linear regression models with ultimate load and BV/TV of the full trabecular 

volume, BV/TV and Tb.Sp of the failure region volume, and Kt were significant (p = 

0.043, p = 0.006, p = 0.009, and p = 0.044, respectively), while the regression models 

between ultimate load and Tb.Th of the full trabecular volume and Tb.N of the failure 

region volume showed trends towards significance (p = 0.062 and p = 0.095, 

respectively) for group A. All other regression models for this subgroup of the 

incremental loading protocol were not significant. R2 values, p-values, and SEE values 

for these regression models are presented in Table 4.10. With the exception of Kt, 

ultimate strength was better predicted by bone morphology parameters associated with 

the trabecular network, as indicated by higher R2 and lower SEE values. The coefficients 

of determination for the BV/TV and Tb.Th (full trabecular volume) models were found to 

be 0.42 and 0.37, respectively. The coefficients of determination for the BV/TV, Tb.Sp, 

and Tb.N (failure region volume) models were found to be 0.633, 0.594 and 0.31, 

respectively. Finally, the coefficient of determination for the Kt model was found to be 

0.417. Scatter plots and regression models can be found in Figure 4.29 and Figure 4.30. 

For group B, all univariate linear regression models with ultimate load were 

found to be not significant. 

4.4.2.2 Ultimate Strength 

The linear regression models with ultimate load and BV/TV, Tb.Th and Tb.Sp of 

the full trabecular volume (p = 0.007, p = 0.014, and p = 0.036, respectively), BV/TV 

and Tb.Sp of the failure region volume (p = 0.004, and p = 0.007, respectively) were 

found to be significant, while the regression models between ultimate load and Ar.V.D 
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and Kt showed trends towards significance (p = 0.075 and p = 0.059, respectively) for 

group A. All other regression models for this subgroup of the incremental loading 

protocol were not significant. R2 values, p-values, and SEE values for these regression 

models are presented in Table 4.11. With the exception of Ar.V.D and Kt, ultimate 

strength was better predicted by bone morphology parameters associated with the 

trabecular network, as indicated by higher R2 and lower SEE values. The coefficients of 

determination for the BV/TV, Tb.Th and Tb.Sp (full trabecular volume) models were 

found to be 0.618, 0.548 and 0.441, respectively. The coefficients of determination for 

the BV/TV and Tb.Sp (failure region volume) models were found to be 0.674 and 0.621, 

respectively. Finally, the coefficients of determination for the Ar.V.D and Kt models were 

found to be 0.344 and 0.376, respectively. 

For group B, all univariate linear regression models with ultimate strength were 

found to be not significant. 
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Table 4.10 – Summary of linear regression analyses between trabecular and cortical bone morphology 

parameters and ultimate load 

    R2   p-value   SEE (%) 

    A B   A B   A B 

Incremental                 

                    

F
u

ll
 

BV/TV 0.026 0 

 

0.659 0.981 

 

10.5 11.8 

Tb.Th 0.001 0.151 

 

0.948 0.518 

 

10.6 10.9 

Tb.Sp 0.027 0.862 

 

0.653 0.023** 

 

10.5 4.4 

Tb.N 0.022 0.887 

 

0.686 0.017** 

 

10.5 4.0 

          

F
a

il
u

re
 BV/TV 0.037 0.1 

 

0.596 0.605 

 

10.4 11.2 

Tb.Th 0.238 0.01 

 

0.153 0.875 

 

9.3 11.8 

Tb.Sp 0.003 0.281 

 

0.879 0.358 

 

10.6 10.0 

Tb.N 0.006 0.412 

 

0.833 0.243 

 

10.6 9.1 

          

 

BV/TVT 0.442 0.717 

 

0.036** 0.07* 

 

7.9 6.3 

 

Ct.Th.D 0.178 0.128 

 

0.224 0.554 

 

9.6 11.0 

 

Ar.V.D 0.584 0.485 

 

0.01** 0.191 

 

6.8 8.5 

 

Kt 0.579 0.385 

 

0.011** 0.264 

 

6.9 9.3 

                    

Continuous                 

                    

F
u

ll
 

BV/TV 0.42 0.394 

 

0.043** 0.257 

 

13.1 13.4 

Tb.Th 0.37 0.389 

 

0.062* 0.261 

 

13.6 13.5 

Tb.Sp 0.284 0.231 

 

0.112 0.413 

 

14.5 15.1 

Tb.N 0.112 0.076 

 

0.344 0.653 

 

16.2 16.6 

          

F
a

il
u

re
 BV/TV 0.633 0.41 

 

0.006** 0.245 

 

10.4 13.3 

Tb.Th 0.254 0.365 

 

0.138 0.28 

 

14.8 13.8 

Tb.Sp 0.594 0.331 

 

0.009** 0.31 

 

10.9 14.1 

Tb.N 0.31 0.212 

 

0.095* 0.436 

 

14.3 15.3 

          

 

BV/TVT 0.058 0.579 

 

0.504 0.135 

 

16.7 11.2 

 

Ct.Th.D 0 0.205 

 

0.998 0.444 

 

17.2 15.4 

 

Ar.V.D 0.286 0.014 

 

0.111 0.848 

 

14.5 17.1 

 

Kt 0.417 0.004 

 

0.044** 0.919 

 

13.1 17.2 

                    

* - Indicates a trend (0.05 < p < 0.1) 

** - Indicates a significant regression (p < 0.05) 
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a)  b) 

 

c)  

Figure 4.27 – Scatter plots of bone morphology parameters versus ultimate load for group A of 

the incremental loading protocol, along with respective linear regression models for a) BV/TVT vs. 

ultimate load, b) Ar.V.D vs. ultimate load, and c) Kt vs. ultimate load 
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a) b) 

 

c) 

Figure 4.28 – Scatter plots of bone morphology parameters versus ultimate load for group B of 

the incremental loading protocol, along with respective linear regression models for a) Tb.Sp vs. 

ultimate load, b) Tb.N vs. ultimate load, and c) BV/TVT vs. ultimate load 
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a)  b) 

Figure 4.29 – Scatter plots of full trabecular volume bone morphology parameters versus 

ultimate load for group A of the continuous loading protocol, along with respective linear 

regression models for a) BV/TV vs. ultimate load, and b) Tb.Th vs. ultimate load 
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a)  b) 

  

c) d) 

Figure 4.30 – Scatter plots of failure region volume bone morphology parameters versus 

ultimate load for group A of the continuous loading protocol, along with respective linear 

regression models for a) BV/TV vs. ultimate load, b) Tb.Sp vs. ultimate load, c) Tb.N vs. ultimate 

load, and d) Kt vs. ultimate load 
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 Table 4.11 – Summary of linear regression analyses between trabecular and cortical bone morphology 

parameters and ultimate strength 

    R2   p-value   SEE (%) 

    A B   A B   A B 

Incremental                 

                    

F
u

ll
 

BV/TV 0.022 0.104 

 

0.682 0.596 

 

13.4 12.0 

Tb.Th 0 0.007 

 

0.977 0.892 

 

13.6 12.6 

Tb.Sp 0.031 0.979 

 

0.625 0.001** 

 

13.4 1.9 

Tb.N 0.034 0.656 

 

0.611 0.097* 

 

13.3 7.4 

          

F
a

il
u

re
 BV/TV 0.008 0.329 

 

0.8 0.312 

 

13.5 10.4 

Tb.Th 0.146 0.158 

 

0.276 0.508 

 

12.5 11.6 

Tb.Sp 0.082 0.422 

 

0.424 0.236 

 

13.0 9.6 

Tb.N 0.172 0.443 

 

0.233 0.22 

 

12.4 9.5 

          

 

BV/TVT 0.618 0.912 

 

0.007** 0.011** 

 

8.4 3.8 

 

Ct.Th.D 0.076 0.003 

 

0.442 0.927 

 

13.1 12.6 

 

Ar.V.D 0.257 0.497 

 

0.135 0.184 

 

11.7 9.0 

 

Kt 0.35 0.502 

 

0.071* 0.181 

 

10.9 8.9 

                    

Continuous                 

                    

F
u

ll
 

BV/TV 0.618 0.154 

 

0.007** 0.514 

 

9.2 15.4 

Tb.Th 0.548 0.065 

 

0.014** 0.68 

 

10.0 16.2 

Tb.Sp 0.441 0.176 

 

0.036** 0.482 

 

11.1 15.2 

Tb.N 0.162 0.169 

 

0.249 0.491 

 

13.6 15.3 

          

F
a

il
u

re
 BV/TV 0.674 0.136 

 

0.004** 0.541 

 

8.5 15.6 

Tb.Th 0.274 0.057 

 

0.12 0.7 

 

12.7 16.3 

Tb.Sp 0.621 0.251 

 

0.007** 0.39 

 

9.2 14.5 

Tb.N 0.285 0.313 

 

0.112 0.326 

 

12.6 13.9 

          

 

BV/TVT 0.153 0.459 

 

0.264 0.209 

 

13.7 12.3 

 

Ct.Th.D 0.057 0.013 

 

0.508 0.855 

 

14.5 16.7 

 

Ar.V.D 0.344 0 

 

0.075* 0.993 

 

12.1 16.8 

 

Kt 0.376 0.007 

 

0.059* 0.893 

 

11.8 16.7 

                    

* - Indicates a trend (0.05 < p < 0.1) 

** - Indicates a significant regression (p < 0.05) 
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The linear regression model between ultimate load and Ar.T for group A of the 

continuous loading protocol showed a trend (p = 0.08, R2 = 0.335). All other regression 

models between the cross-sectional area parameters and the ultimate load were not 

significant. The results of these regression analyses can be found summarized in Table 

4.12. 

Table 4.12 – Summary of linear regression analyses performed between cross-sectional 

area parameters and ultimate load during mechanical testing 

  

R2   p-value   SEE (%) 

A B   A B   A B 

Incremental               

Ar.T 0.025 0.013 

 

0.66 0.854 

 

10.5 11.7 

Ar.A 0.003 0.027 

 

0.874 0.791 

 

10.6 11.7 

                  

Continuous               

Ar.T 0.335 0.311 

 

0.08* 0.329 

 

14.0 14.3 

Ar.A 0.173 0.035   0.232 0.765   15.6 17.0 

* - Indicates a trend (0.05 < p < 0.1) 

 

4.5 Qualitative Incremental Failure Analysis (QIFA) 

Through QIFA, it was observed that the presence and size of vascular apertures in 

the dorsal surface of the cortical shell was a dominant factor associated with initiation 

and progression of failure in the vertebral body. It was seen that these features created a 

stress concentration in the structure, with failure occurring in the direct vicinity of these 

apertures in the majority of samples included in this study. In many of the samples, 

distinct settling of the platen was seen at lower levels of strain, contributing to the 

variable toe region behaviour observed in the loading curves before processing. Endplate 

compression was also observed in all samples, with the cortical endplate on the cranial 

surface of the vertebrae being compressed into the underlying trabecular structure and 

the cortical shell of the vertebral body. 
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4.5.1 Failure Behaviour Modes 

Three distinct failure behaviours were observed, common to all three 

experimental groups. Table 4.13 summarizes the frequency of each failure mode for all 

experimental groups and loading protocols. 

Table 4.13 – Failure mode frequency across all experimental 

groups and loading protocols 

 Primary Secondary Tertiary 

Incremental    

SHAM 3 1 1 

OVX 3 2 0 

OVX+E 4 1 0 

SUBTOTAL 10 4 1 

 

Continuous    

SHAM 1 2 2 

OVX 2 2 1 

OVX+E 4 1 0 

SUBTOTAL 7 5 3 

TOTAL 17 9 4 

 

4.5.1.1 Primary Failure Mode 

The primary mode of failure involved both the dorsal and ventral surfaces of the 

cortical shell (time-lapsed XμCT images of the incremental compression of a 

representative sample are included in Figure 4.31, Figure 4.32 and Figure 4.35). This 

mode of failure was seen in samples with either one or two vascular apertures in the 

dorsal surface of the cortical shell (as indicated by ① and ② in Figure 4.31), with no 

dependence on the number of vascular apertures in the ventral surface. Symbol ③ 

highlights platen settling, with the initial gap between the platen and the cranial 

endplate of the sample having been eliminated during early stages of compression. 

Failure was seen to initiate in the dorsal surface of the cortical shell, with an initial 
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horizontal crack forming between two vascular apertures in the cortical shell (indicated 

by ④). The strain level at which initial failure occurred varied between samples, 

depending on the degree of platen settling and endplate compression that was present 

for the given sample. In general, initial failure occurred prior to completing the 5% strain 

tomography scan. Additional vertical cracks were seen to form, extending upwards 

and/or downwards (indicated by ⑤ and ⑥, respectively) from one or both of the 

vascular apertures involved in the initial crack formation towards the respective 

endplate. 

For the primary failure mode, damage was seen to progress through the sample, 

into the ventral surface of the cortical shell. In general, the presence or size of vascular 

apertures in the ventral surface had no impact on the initiation or progression of failure. 

Indicated by ① of Figure 4.32, platen settling can be seen (same representative sample 

as shown in Figure 4.31). At 10% strain, following the initial fracture on the dorsal 

surface, significant crack features were seen to form in the ventral surface of the cortical 

shell. Symbols ②, ③ and ④ show significant horizontal and vertical crack features 

forming in the cortical shell. These features indicate a crush type fracture of the vertebral 

body, with failure progressing through the entire cross-section of the sample. 

Sagittal time-lapsed cross-sectional images of the incremental compression of the 

same representative sample can be seen in Figure 4.35 a). Once again, ① shows the 

effect of platen settling during the early stages of compression. Symbol ② highlights the 

nearly horizontal plane of failure as it was seen to travel through the vertebral body, from 

the point of initiation in the dorsal surface of the cortical shell towards the ventral 

surface. From the cross-sectional images, it can be seen that deformation of the 

underlying trabecular structure was seen to initiate and progress in local bands, rather 

than being evenly distributed throughout the entire trabecular compartment. Despite the 
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large local deformations seen close to the plane of failure, the trabecular network 

appeared to be unaffected in the upper and lower regions of the vertebral body. 

4.5.1.2 Secondary Failure Mode 

The secondary mode of failure involved dorsal surface fracture features that were 

similar to the primary failure mode, with no visible failure of the ventral surface. Time-

lapsed XμCT images of the incremental compression of a representative sample are 

included in Figure 4.33 and Figure 4.35. This mode of failure was seen in samples with 

either one or two vascular apertures in the dorsal surface of the cortical shell (as 

indicated by ① and ② in Figure 4.33), with no dependence on the number of vascular 

apertures in the ventral surface. Symbol ③ illustrates the same platen settling behaviour 

seen in the primary failure mode. Endplate compression is highlighted by ④, with the 

initial gap between the cortical endplate and the cortical shell of the vertebral body 

having been closed entirely. Failure was seen to initiate in the dorsal surface of the 

cortical shell, with an initial horizontal crack forming between two vascular apertures in 

the cortical shell (indicated by ⑤). The strain level at which initial failure occurred 

varied between samples, depending on the degree of platen settling and endplate 

compression that was present for the given sample. In general, initial failure occurred 

prior to completing the 5% strain tomography scan. Additional vertical cracks were seen 

to form, extending upwards (indicated by ⑥ and ⑦) and/or downwards from one or 

both of the vascular apertures involved in the initial crack formation towards the 

respective endplate. For this mode of failure, no initiation or progression of crack 

features was seen in the ventral surface of the cortical shell. 

Sagittal time-lapsed cross-sectional images of the incremental compression of the 

same representative sample can be seen in Figure 4.35 b). Once again, ① shows the 

effect of platen settling during the early stages of compression. Symbol ② highlights the 
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inclined plane of failure as it was seen to travel through the vertebral body, from the 

point of initiation in the dorsal surface of the cortical shell, terminating in the cranial 

endplate. Unlike the primary mode of failure, the plane of failure for the secondary 

failure mode was situated such that deformation and failure of the structure was limited 

to the trabecular network, the dorsal surface of the cortical shell, and the cranial 

endplate. Once again, it can be seen that deformation of the underlying trabecular 

structure was seen to initiate and progress in local bands. 

4.5.1.3 Tertiary Failure Mode 

The tertiary mode of failure involved a localized failure of the cranial endplate, 

with no visible failure of the cortical shell in either the dorsal or ventral surface. Time-

lapsed XμCT images of the incremental compression of a representative sample are 

presented in Figure 4.34 and Figure 4.35. This mode of failure occurred regardless of the 

presence or size of vascular apertures in either the dorsal or ventral surface of the 

cortical shell. In this representative sample, 2 vascular apertures can be clearly seen in 

the dorsal surface of the cortical shell, as indicated by ① and ② in Figure 4.34. Despite 

the presence of these features, failure did not initiate in this region as seen in the 

previously described failure modes. Both platen settling and endplate compression can 

also be seen in this representative sample (indicated by ③ and ④, respectively). Failure 

initiated at the cranial endplate, with a small vertical crack forming near the center of the 

vertebral body in the sagittal plane. A small portion of the cortical shell near the endplate 

proceeded to rupture outwards (indicated by ⑤) with no visible failure events 

throughout the rest of the cortical shell on either the dorsal or ventral surfaces. 

Sagittal time-lapsed cross-sectional images of the incremental compression of the 

same representative sample can be seen in Figure 4.35 c). As in the other failure modes, 

① shows the effect of platen settling during the early stages of compression. The 
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localized endplate rupture is marked by ②, showing the fracture of the cortical shell 

near the cranial endplate. There is little deformation of the trabecular network away 

from the location of the endplate rupture. Due to the localized nature of this failure 

mode, there is no clear plane of failure present in the sample, with any damage contained 

in the uppermost region of the cranial endplate, near the point of contact between the 

prepared vertebral body and the compression platen. 
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a) b) 

  

c) d) 

  

e) f) 

Figure 4.31 – Primary failure mode, dorsal surface at increasing strain increments, a) Force-

deformation loading curve, b) 0% strain, c) 2% strain, d) 3% strain, e) 5% strain and f) 10% strain 
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a) b) 

  

c) d) 

  

e) f) 

Figure 4.32 – Primary failure mode, ventral surface at increasing strain increments, a) Force-

deformation loading curve, b) 0% strain, c) 2% strain, d) 3% strain, e) 5% strain and f) 10% strain 
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a) b) 

  

c) d) 

  

e) f) 

Figure 4.33 – Secondary failure mode, dorsal surface at increasing strain increments, a) Force-

deformation loading curve, b) 0% strain, c) 2% strain, d) 3% strain, e) 5% strain and f) 10% strain 
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a) b) 

  

c) d) 

  

e) f) 

Figure 4.34 – Tertiary failure mode, dorsal surface at increasing strain increments, a) Force-

deformation loading curve, b) 0% strain, c) 2% strain, d) 3% strain, e) 5% strain and f) 10% strain 
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0% 2% 3% 5% 10% 

     

a) 

     

b) 

     

c) 

Figure 4.35 – Sagittal cross-sections illustrating distinct failure modes, a) Primary failure mode, b) 

Secondary failure mode, and c) Tertiary failure mode 
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4.5.2 Contingency Table Analysis 

From the frequency data presented in Table 4.13, contingency table analysis was 

used to determine whether the failure mode was dependent on the experimental group, 

or on the loading protocol. Using 3 x 3 contingency tables, it was shown that the failure 

mode was independent of the experimental group for both the incremental (p = 0.562) 

and continuous loading protocols (p = 0.378). Using 3 x 2 contingency tables, it was seen 

that the failure mode was also independent of the loading protocol for all experimental 

groups (SHAM p = 0.767, OVX p = 0.389, OVX+E p = 0.575). 

4.5.3 Linear Regression Analysis 

After the existence and frequency of the distinct failure modes had been observed 

through QIFA, the complete data set used for the linear regression analysis of Section 4.4 

was truncated in order to include only samples which showed either primary or 

secondary failure events. Similar linear regression models were developed using this 

refined data set, in order to focus on the relationships between the morphological 

parameters and failure properties for these clinically relevant failure modes. After 

refining the data set to include only samples which exhibited primary or secondary 

failure modes, the sample size for group B of each loading protocol was diminished such 

that regression analysis could not be completed. As a result, this secondary regression 

analysis was only conducted for group A of each loading protocol. 

4.5.3.1 Incremental Loading Protocol 

The linear regression models between ultimate load and Ar.V.D and Kt were 

found to be significant (p = 0.029 and p = 0.019, respectively) for group A, while the 

regression models between ultimate load and BV/TVT and Ct.Th.D showed trends 

towards significance (p = 0.073 and p = 0.098, respectively). All other regression models 
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for this subgroup of the incremental loading protocol were not significant. R2 values, p-

values, and SEE values for these regression models are presented in Table 4.14. Ultimate 

load was better predicted by bone morphology parameters associated with the cortical 

shell, as indicated by higher R2 and lower SEE values. The coefficients of determination 

for the BV/TVT, Ct.Th.D, Ar.V.D and Kt models were found to be 0.439, 0.39, 0.574 and 

0.625, respectively. 

The linear regression model between ultimate strength and BV/TVT was found to 

be significant (p = 0.003) for group A, while the regression model between ultimate 

strength and Kt showed a trend (p = 0.06). All other regression models for this subgroup 

of the incremental loading protocol were not significant. Ultimate strength was better 

predicted by bone morphology parameters associated with the cortical shell, as indicated 

by higher R2 and lower SEE values. The coefficients of determination for the BV/TVT and 

Kt models were found to be 0.793 and 0.471, respectively. 

4.5.3.2 Continuous Loading Protocol 

The linear regression models between ultimate load and the BV/TV, Tb.Th and 

Tb.Sp of the full trabecular volume (p = 0.023, p = 0.024, and p = 0.037, respectively), 

and the BV/TV, Tb.Th, and Tb.Sp of the failure region volume (p = 0.012, p = 0.01, and p 

= 0.035, respectively), were found to be significant for group A. All other regression 

models for this subgroup of the continuous loading protocol were not significant. R2 

values, p-values, and SEE values for these regression models are presented in Table 4.14. 

Ultimate load was better predicted by bone morphology parameters associated with the 

cortical shell, as indicated by higher R2 and lower SEE values. The coefficients of 

determination for the BV/TV, Tb.Th and Tb.Sp (full trabecular volume) were found to be 

0.763, 0.76, and 0.704, respectively. The coefficients of determination for the BV/TV, 
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Tb.Th, and Tb.Sp (failure region volume) were found to be 0.823, 0.841, and 0.712, 

respectively. 

The linear regression models between ultimate strength and the BV/TV, Tb.Th 

and Tb.Sp of the full trabecular volume (p = 0.025, p = 0.017, and p = 0.05, 

respectively), and the BV/TV, Tb.Th, and Tb.Sp of the failure region volume (p = 0.025, 

p = 0.026, and p = 0.036, respectively), were found to be significant for group A. All 

other regression models for this subgroup of the continuous loading protocol were not 

significant. Ultimate strength was better predicted by bone morphology parameters 

associated with the cortical shell, as indicated by higher R2 and lower SEE values. The 

coefficients of determination for the BV/TV, Tb.Th and Tb.Sp (full trabecular volume) 

were found to be 0.752, 0.797, and 0.658, respectively. The coefficients of determination 

for the BV/TV, Tb.Th, and Tb.Sp (failure region volume) were found to be 0.754, 0.748, 

and 0.708, respectively. 
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Table 4.14 – Summary of linear regression analyses between trabecular and cortical bone morphology 

parameters and ultimate load/strength (primary and secondary failure modes) 

    R2   p-value   SEE (%) 

    Load Strength   Load Strength   Load Strength 

Incremental                 

                    

F
u

ll
 

BV/TV 0.013 0.041 

 

0.791 0.629 

 

11.8 14.7 

Tb.Th 0.016 0 

 

0.766 0.983 

 

11.8 15.0 

Tb.Sp 0.023 0.053 

 

0.719 0.582 

 

11.7 14.6 

Tb.N 0.048 0.056 

 

0.601 0.574 

 

11.6 14.6 

          

F
a

il
u

re
 BV/TV 0.04 0.025 

 

0.633 0.711 

 

11.6 14.9 

Tb.Th 0.305 0.102 

 

0.156 0.441 

 

9.9 14.3 

Tb.Sp 0.004 0.103 

 

0.882 0.439 

 

11.8 14.2 

Tb.N 0.004 0.178 

 

0.88 0.298 

 

11.8 13.6 

          

 

BV/TVT 0.439 0.793 

 

0.073* 0.003** 

 

8.9 6.8 

 

Ct.Th.D 0.39 0.323 

 

0.098* 0.141 

 

9.3 12.4 

 

Ar.V.D 0.574 0.274 

 

0.029** 0.183 

 

7.7 12.8 

 

Kt 0.625 0.471 

 

0.019** 0.06* 

 

7.3 10.9 

                    

Continuous                 

                    

F
u

ll
 

BV/TV 0.763 0.752 

 

0.023** 0.025** 

 

10.4 9.3 

Tb.Th 0.76 0.797 

 

0.024** 0.017** 

 

10.5 8.4 

Tb.Sp 0.704 0.658 

 

0.037** 0.05** 

 

11.6 10.9 

Tb.N 0.074 0.023 

 

0.603 0.776 

 

20.5 18.4 

          

F
a

il
u

re
 BV/TV 0.823 0.754 

 

0.012** 0.025** 

 

9.0 9.2 

Tb.Th 0.841 0.748 

 

0.01** 0.026** 

 

8.5 9.4 

Tb.Sp 0.712 0.708 

 

0.035** 0.036** 

 

11.5 10.1 

Tb.N 0.472 0.514 

 

0.132 0.109 

 

15.5 13.0 

          

 

BV/TVT 0.271 0.156 

 

0.289 0.439 

 

18.2 17.1 

 

Ct.Th.D 0.042 0.108 

 

0.698 0.524 

 

20.9 17.6 

 

Ar.V.D 0.409 0.481 

 

0.171 0.126 

 

16.4 13.4 

 

Kt 0.497 0.461 

 

0.118 0.138 

 

15.1 13.7 

                    

* - Indicates a trend (0.05 < p < 0.1) 

** - Indicates a significant regression (p < 0.05) 

 



 

 

 

 

 

 

 

 

 

Chapter 5 

Discussion 

In this study, isolated rat lumbar vertebral bodies were subjected to uniaxial 

compression with simultaneous XμCT imaging to quantify the level of bone quantity and 

quality in the nondeformed samples, along with the apparent mechanical properties of 

the vertebral bodies. This protocol also facilitated the qualitative assessment of vertebral 

body failure behaviour under compressive loading. Tissue from normal (SHAM), 

osteoporotic (OVX), and treated osteoporotic (OVX+E) animal models was included in 

the study, allowing for any differences in failure behaviour to be observed. 

This chapter discusses the experimental results, along with their significance in 

relation to the existing literature in this field. The discussion is organized into four 

primary sections covering trabecular and cortical bone quantitative morphometry, whole 

vertebral body apparent mechanical properties, the relationship between quantitative 

bone morphometry and apparent mechanical properties, and failure behaviour as 

observed through QIFA. 
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5.1 Trabecular and Cortical Bone Quantitative 

Morphometry 

5.1.1 Trabecular Bone 

The XμCT derived quantitative morphometry indices used to describe the 

trabecular bone quantity and quality of the isolated vertebral body samples confirmed 

that the samples in the OVX study group had experienced bone degradation similar to 

that seen as a result of postmenopausal osteoporosis. The full volume of trabecular bone 

within the vertebral body showed diminished BV/TV, Tb.Sp, and Tb.N in the OVX study 

group when compared with either the SHAM or OVX+E study groups. With no 

significant decrease in the Tb.Th of the OVX study group, these observations suggest that 

bone tissue in the lumbar vertebral body was lost through trabecular perforation 

(complete resorption of trabecular elements) rather than trabecular thinning or 

demineralization [153] for the samples included in this study. Identical trends were also 

seen in the failure sub-region of the overall trabecular volume, suggesting that bone 

degradation occurred homogeneously throughout the entire volume of trabecular bone. 

Early studies documenting bone degradation following ovariectomy in several animal 

models have reported similar findings. Yoshitake et al. [153] reported reduced BV/TV 

and Tb.N from histomorphemetric analysis performed 16 weeks post-ovariectomy, using 

the same strain of rats included in the current study. No change in Tb.Th was reported 

over the same period. Measurements of Tb.Sp were not presented in this study; however, 

it is expected that a significant increase would have been witnessed as a result of 

trabecular perforation. Using a similar methodology, trabecular perforation has been 

shown to occur in even shorter time frames, with significant reductions in BV/TV and 

Tb.N reported in as little as 7 weeks  [227]. Trabecular thinning may be experienced in 

more severe cases of osteoporotic degradation, with significantly decreased Tb.Th values 
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reported in ovariectomized rats beyond 180 or 270 days (approximately 26 to 39 weeks) 

post-surgery, depending on the anatomical site [217,220]. 

Comparison of the quantitative morphometry indices of the different groups of 

samples selected for use in the two distinct loading protocols indicated some significant 

differences that are important for later interpretation of mechanical testing outcomes. 

For the full trabecular volume, it was seen that the OVX+E samples used in the 

continuous loading protocol had significantly greater Tb.Th than either the SHAM or 

OVX study groups. The OVX samples included in the incremental loading study had 

significantly greater Tb.Sp when compared with the same group of the continuous 

loading study, while the incremental OVX+E study group reported significantly greater 

Tb.N than the continuous OVX+E study group. When considering just the failure region 

volume of all three experimental groups, no significant differences were seen between 

the two pools of samples used in the different loading protocols. 

Through QIFA, as described in Section 3.4.4, it was possible to determine the 

location of the region of failure for each compression sample. This unique capability 

allows for comparison of morphologic indices between the full trabecular volume and the 

failure region volume. Using this technique, it was shown that the structure of the 

trabecular network was significantly diminished in the failure sub-region when 

compared with the overall trabecular volume for both loading protocols. Significantly 

reduced BV/TV and Tb.N, along with significantly increased Tb.Sp indicated that the 

structure of the trabecular network was compromised in the region where failure 

initiated during mechanical testing. This finding was also independent of the disease 

state for the tissue, with the same trend being present in all three experimental groups. 

In a similar study using continuous uniaxial compression testing and before/after XμCT 

imaging, Perilli et al. [228] used reconstructed tomography scans to locate the region of 
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failure within cored cylinders of normal trabecular bone collected from the femoral head 

of human cadavers (mean age 67 ± 13 years), allowing for analysis of the local 

morphometric parameters in the region of failure. As found in the current study, 

significant differences between the BV/TV, Tb.N and Tb.Sp of the failure region and non-

failure regions were reported, showing diminished architecture in this region. In contrast 

to the findings of the current study, significantly diminished Tb.Th was also reported; 

indicating that, in addition to there being fewer trabecular elements in the failure region, 

the physical size of these elements was also significantly reduced. 

In the samples included within the current study, it was observed that the failure 

mode of greatest occurrence initiated near the mid-region of the vertebral body along the 

caudal-cranial axis, in the direct vicinity of prominent vascular apertures present in the 

dorsal surface of the cortical shell. These apertures provide access to the trabecular 

compartment, allowing for blood supply and drainage of the vertebral body. Responsible 

for supplying the vertebral body with essential nutrients and oxygen required for the 

bone remodeling cycle among other processes, these arteries, along with the necessary 

vascular apertures represent a crucial component in the healthy functioning of the spinal 

column [223]. Through observation of reconstructed XμCT scans, and confirmed by 

quantitative morphometry results, it was clear that the underlying trabecular network 

was diminished in the direct vicinity of these vascular apertures, due to the presence of 

arteries within the vertebral body. The variation of bone quantity and quality throughout 

a volume of trabecular bone has been well documented, with significant differences in 

key architectural parameters reported within a single volume of trabecular bone for a 

variety of species and anatomical locations [52,55,228–230]. This variation in bone 

geometry throughout a volume of trabecular bone can occur as a result of the bone 

structure’s adaptation to localized loading, alteration as a result of ageing or disease, or 
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as a direct result of the physiological requirements associated with the particular bone 

structure. 

5.1.2 Cortical Bone 

In contrast to the findings described for trabecular bone morphology, the effects 

of estrogen deficient bone degradation were more difficult to distinguish when 

considering the cortical bone tissue. While the Ct.Th.V was significantly lower in the 

OVX study group compared with the remaining groups, this trend was not seen in the 

dorsal surface cortical thickness, with both the OVX and OVX+E study groups having 

significantly lower Ct.Th.D than the SHAM study group. This lack of clear cortical bone 

loss as a result of ovariectomy is supported by previous studies. The effects of 

osteoporotic bone degradation are far less prominent in cortical tissue, due to its high 

density and lower remodeling rate in comparison with trabecular bone [231]. In cortical 

bone, estrogen deficient bone degradation has been documented at lower levels of 

hierarchy, predominantly in the form of increased porosity [172] and localized thinning 

of the cortical layer [173]. At higher levels of hierarchy, cortical bone loss as a result of 

estrogen deficiency alone is not significant. Chachra et al. [232] used an innovative 

approach to illustrate that ovariectomy in rats does not lead to cortical bone degradation 

over the time frame being considered by the current study. Through uniaxial 

compression of intact vertebral bodies from SHAM and OVX models, the authors 

demonstrated significant decreases in mechanical properties at various time points over 

a 15 week post-surgery period. A second vertebra from each animal was prepared by 

removing the bulk of the material from the trabecular compartment, leaving only the 

outer shell of cortical tissue. Uniaxial compression tests of these samples revealed no 

significant difference in the mechanical properties of the OVX samples when compared 

with the SHAM controls, indicating that there was no significant bone loss experienced 
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by the cortical tissue. When combined with an immobilization protocol, ovariectomy has 

been shown to reduce cortical area and cortical width in a rat model, while ovariectomy 

alone showed contradictory findings [233]. 

In the current study, it was seen that the structure of the cortical shell is 

optimized for load handling along the ventral surface, as evidenced by significantly 

greater Ct.Th.V when compared with Ct.Th.D for all study groups. This adaptation may 

be a result of increased loading along the ventral surface during forward bending 

movements [234]. Similar findings have been reported for human vertebral bodies 

between T12 and L5. Fazzalari et al. [235] used traditional histomorphometric 

techniques to analyze the variation in cortex thickness and porosity along the anterior 

(ventral) and posterior (dorsal) walls of the vertebral body. T12 through L5 vertebral 

bodies were collected from human cadavers (mean age 57 ± 23 years), with a total of 160 

specimens included in the study from all levels. Significantly greater mid-anterior 

cortical thickness was reported, along with significantly lower mid-anterior cortical 

porosity, when compared with the respective mid-posterior values. In future studies, 

differences in anterior versus posterior cortical thicknesses should be considered when 

selecting the appropriate end preparation method, in order to ensure that the load 

applied to the vertebral body is representative of the in vivo loading conditions 

experienced by the structure. 

The comparisons involving cross-sectional area for the different experimental 

groups (Ar.T and Ar.A) yielded varied results, showing no strong indication of 

diminished properties for the OVX study group. This finding is indicative of the size-

dependent nature of these parameters, making it difficult to show any influence that 

bone loss may have had on the overall cross-sectional area of the samples. When 

considering cortical bone tissue, the strongest indicator of osteoporotic bone degradation 
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was BV/TVT, which reported a significant decrease in the OVX group when compared 

with either the SHAM or OVX+E study groups. This measure of bone quantity 

encompasses both the cortical and trabecular tissue, suggesting that this observation 

may have been dominated by the diminished trabecular network, as it has already been 

shown the BV/TV in the full trabecular volume for the OVX study group experienced a 

significant reduction when compared with the SHAM or OVX+E study groups. 

The preparation method used during end plate modification was found to 

produce precisely aligned loading surfaces (with reference to the loading axis), as 

evidenced by the fact that there was no significant difference in the Ct.An of the three 

different experimental groups. Despite this finding, development of an improved 

preparation method may benefit future studies in this area, as any variation in this angle 

may have a significant impact on the resulting load distribution in the structure. Across 

all samples, the average value of this angle was found to be 91.5° ± 2.8°. For samples 

with an angle of less than 90°, the loading conditions present in the sample would be 

significantly different than those seen in samples having a Ct.An greater than 90°, as a 

result of the overall geometry of the vertebral body (see Figure 5.1). In samples with 

Ct.An greater than or approximately equal to 90°, it is expected that the applied load was 

uniformly distributed, resulting in more homogenous deformation of the sample. 

However, as a result of the physical shape of the cranial endplate, it is possible that the 

load distribution in samples with Ct.An less than 90° was more heavily weighted towards 

the dorsal surface of the cortical shell, which was shown to have significantly reduced 

cortical thickness when compared to the ventral surface. This shift would inevitably 

impact the resulting mechanical properties and failure behaviour of the structure. 

Although not confirmed statistically, it is possible that variation of this angle may have 

been a determinant in whether a sample failed in either the primary or secondary failure 
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mode. For samples with Ct.An less than 90°, the resulting load transfer through the 

sample may be primarily through the trabecular network and the dorsal surface of the 

cortical shell, resulting in the secondary failure behaviour. In samples with Ct.An greater 

than or approximately equal to 90°, load would have been distributed more evenly 

between the dorsal and ventral surfaces of the cortical shell, likely leading to the 

characteristic deformation behaviour seen in the primary failure behaviour. 

   

a) b) c) 

Figure 5.1 – Illustration of Ct.An variation, a) θ ≈ 90°, b) θ > 90°, and c) θ < 90° 

 

As described in Section 2.2.1, trabecular bone is arranged within its overall 3D 

volume with a distinct orientation, such that a preferred mechanical axis exists. This 

orientation develops in response to the dominant loading direction in the anatomical 

location of the given tissue, such that the volume of trabecular bone will be strongest and 

most resistant to deformation in the direction of this mechanical axis. A number of 

techniques have been developed to determine the principal trabecular orientation of a 

given volume of trabecular bone, allowing for cored samples to be extracted such that the 

longitudinal axis of the final prepared samples is aligned with the principal trabecular 

axis. A common approach involves performing two orthogonal transverse contact 
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radiographs to determine the orientation of the principal axis, before machining cored 

cylinders [236,237]. Although cored samples were not used in the current study, a 

modified approach could be employed in order to ensure that the loading surfaces are 

perpendicular to the principal axis of the trabecular bone. 

When considering cortical bone tissue, there were no significant differences 

between the samples used in the different loading protocols for any of the morphometric 

indices included in this study. 

5.2 Whole Vertebral Body Apparent Mechanical Properties 

5.2.1 Experimental Groups Analysis 

In the incremental loading study, apparent mechanical properties derived from 

the force-deformation data collected during uniaxial compression testing reflected the 

trends that were seen throughout the results of the quantitative morphometry analysis. 

Diminished mechanical properties were reported for the OVX study group when 

compared with the SHAM or OVX+E study groups, with significantly lower ultimate 

force and ultimate strength values. These findings are in agreement with previous 

studies in this area, with decreased mechanical properties as a result of ovariectomy 

being well documented. In a pair of studies using the same OVX rat model as the current 

study, Kasugai et al. [152] and Yoshitake et al. [153] reported significant reductions in 

lumbar vertebral compressive strength, as evidenced by lower maximum load at failure. 

Additionally, it has been shown that estrogen repletion therapies are capable of 

maintaining lumbar vertebrae mechanical properties in ovariectomized rat models. 

Chachra et al. [129] showed that estrogen repletion results in improved ultimate 

compressive strength and elastic modulus when compared with OVX samples, and no 
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significant difference between the mechanical properties of estrogen replenished 

samples and healthy controls. 

Under continuous loading, the changes in mechanical properties as a result of 

bone degradation were less pronounced. While the OVX study group showed 

significantly lower ultimate strength when compared with the OVX+E study group, there 

was no significant difference between the SHAM and OVX study groups. Furthermore, it 

was seen that the ultimate strain for the OVX+E study group was significantly lower than 

either remaining study group, with no such finding for the incremental loading study. 

Through QIFA, it was observed that the distribution of failure modes was relatively even 

within the continuous loading study, while the incremental loading study showed 

predominantly primary failures. It is expected that the tertiary failure mode would result 

in excessive strain measurements, along with reduced failure loads, as a result of the 

localized deformation behaviour associated with this failure mode. This shift in failure 

mode distribution may have impacted the resulting mechanical properties, making it 

difficult to observe the changes as a result of bone degradation. Expanding on this 

observation for the continuous loading protocol, it was observed that the OVX+E group 

experienced no tertiary mode failures, while the SHAM and OVX study groups showed a 

greater occurrence of tertiary failures. The significant difference in ultimate strain seen 

between the OVX+E group and the remaining study groups may have been caused by 

this skewed distribution, as a result of the increased strain associated with the tertiary 

failure mode as a result of localized deformation. 

5.2.2 Incremental vs. Continuous 

Direct comparison between the results of the incremental and continuous loading 

studies produced findings that begin to explain the poorly defined trends seen in the 

continuous loading study. Significant differences between the two loading protocols were 
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reported for at least one experimental group of each mechanical property included in the 

analysis. For the continuous loading protocol, significantly lower ultimate force or 

strength values were reported for the OVX+E and SHAM study groups, respectively. As a 

result, the clear trend of reduced mechanical properties as a result of bone degradation 

seen in the incremental loading study was masked in the continuous loading study. For 

the OVX study group, significantly lower stiffness and elastic modulus values were 

reported in the continuous loading protocol. Finally, significantly increased ultimate 

strain values were reported in both the SHAM and OVX study groups of the continuous 

loading protocol when compared with the incremental loading protocol. 

Validation studies included in early investigations that employed simultaneous 

mechanical testing and XμCT imaging of cored trabecular bone cylinders showed that 

there was no significant impact on the measured stiffness or failure properties of the 

mechanical testing samples as a result of the required incremental loading protocol. 

Nazarian and Müller [99] performed both step-wise (incremental) and continuous 

uniaxial compression testing of cored trabecular bone samples, along with a bone analog 

(highly porous aluminum alloy), allowing for validation of the newly proposed step-wise 

loading protocol. Statistical comparisons between the two engineering stress-strain 

curves for both materials showed that there were no significant differences at any of the 

distinct strain increments included in the analysis. Regression analyses further 

supported these findings, indicating that the use of an incremental loading protocol did 

not impact the resulting mechanical properties of the included samples. Similar findings 

were reported in a subsequent study, also involving cored cylinders of trabecular bone 

[100]. 

In the current study, although there was no clear trend present in all three 

experimental groups, there appeared to be some impact on the mechanical properties as 
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a result of the change in loading protocol. Stress-relaxation experienced during the 20-

minute relaxation periods associated with the incremental loading protocol may have 

contributed to the increased ultimate force and strength reported for some groups in this 

loading protocol. Furthermore, it is possible that the increased radiation dose 

experienced by samples included in the incremental loading protocol may have altered 

the mechanical properties of the samples at the tissue level. It has been shown that X-ray 

irradiation can have a significant impact on the resulting mechanical properties of 

cortical bone, with tissue becoming brittle in response to increasing exposure [238]. 

However, the inconsistent nature of this effect across the three experimental groups 

suggests that there may be other factors to consider. As presented in Section 4.2.1.2, 

significant differences were reported between the morphometric indices of similar study 

groups for the different loading protocols. This finding suggests that the limited sample 

size employed in this study may have impacted the results. Theoretically, there should 

have been no significant difference between the morphometric indices of the samples 

used in the different loading protocols for a given study group, as all samples were 

selected from the same larger population. A similar sample size effect may be responsible 

for the significant differences reported in the mechanical properties for some study 

groups (e.g. increased ultimate strength for SHAM study group of incremental loading 

protocol). As discussed earlier, it is believed that the failure mode experienced by any 

given sample may have impacted the ultimate strain at failure, along with the ultimate 

failure load and strength. Although contingency table analysis showed that there was no 

significant difference in the failure mode distribution of the different loading protocols, 

any slight variation in the distribution of failure behaviour may have impacted the 

resulting mechanical properties, given the small sample size. Inclusion of the cortical 

shell was expected to result in different loading behaviour when compared with cored 



CHAPTER 5 – DISCUSSION 

 

191 

 

trabecular bone samples (in terms of failure behaviour and overall mechanical 

properties); however, there is no evidence to suggest that mechanical testing of whole 

vertebral bodies would result in significantly different mechanical properties as a result 

of the incremental loading protocol when compared with continuous loading. Based on 

the results of this study, it was not clear that the use of an incremental loading protocol 

had a significant impact on the resulting mechanical properties when testing whole 

vertebral bodies. Completing a similar study on a larger scale would likely provide a 

more definitive outcome, helping to validate this loading protocol for application when 

studying whole bone structures. Additionally, performing continuous loading trials with 

elevated X-ray radiation dose (comparable to that experienced during the incremental 

loading protocol) would allow for more direct comparison between the results of the 

different loading protocols. 

5.2.3 Stress-Concentration Analysis 

Correction of ultimate strength values using stress-concentration factors derived 

from the vascular aperture dimensions had no effect on the trends previously described. 

The geometry of the cortical shell, along with the shape of the vascular apertures 

themselves, was greatly simplified in order to complete the calculation for the stress-

concentration factor. The formula applied during this analysis was developed for a single 

circular hole in a cylindrical shell with a constant diameter and thickness. The cortical 

shell of the vertebral body is not cylindrical in shape, and the thickness varies around the 

circumference, and along the length of the shell. In addition, for most of the samples 

included in this study, there were two major vascular features in close proximity to one 

another near the region of failure, and the general shape of all vascular apertures was 

elliptical (average major:minor axis ratio of 1.83:1 ± 0.65), with the major axis aligned 

approximately along the loading axis during mechanical testing. 
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Despite these limitations, further analyses (presented in Section 5.3) indicate that 

these stress-concentration factors are of importance when considering the mechanical 

properties of whole vertebral bodies. Further studies in this area would benefit from 

more accurate calculation of stress-concentration factors based on the true geometry of 

the samples being studied, either through the application of more complex analytical 

expressions for the calculation of Kt, or the use of FEM for direct estimation of the stress-

concentration factor based on XμCT derived 3D architecture. Although not directly 

applicable to the current study, the impact of cortical defects in bone under torsional 

loading has been studied experimentally, allowing for accurate estimation of stress-

concentration factors [239]. After coating prepared sections of defect free cortical bone 

from a sheep femur with a transparent photoelastic material, the sample was loaded in 

torsion in the elastic region, with stress quantified using normal incidence readings of 

the fringe patterns developed in the photoelastic coating. Successively larger concentric 

hole features were subsequently machined through the posterior cortex of the femur, and 

the test was repeated, ensuring that loading never exceeded the elastic region of the 

material. The stress-concentration factor was defined as the stress at the edge of the hole 

divided by the nominal principal stress away from the hole. In this study, stress-

concentration factors were reported in the range of 3.78-7.62, for a/D ratios of 0.104 

through 0.664, where a represents the diameter of the cortical defect, and D represents 

the outer diameter of the femoral shaft. In the current study, the reported stress 

concentration factors ranged between 3.01 and 3.46, for a/D ratios of 0.041-0.310. 
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5.3 Relationship between Quantitative Morphometry and 

Apparent Mechanical Properties 

5.3.1 Incremental Loading Protocol 

A series of linear regression analyses performed between the various quantitative 

morphometry indices and the mechanical properties derived from uniaxial compression 

testing provided valuable insight into the complex relationship between these two 

factors. After pooling the values for the SHAM and OVX+E experimental groups, it was 

seen that for these groups, indices describing the overall bone quantity (BV/TVT), along 

with the quantitative indices describing the vascular apertures present in the cortical 

shell (Ar.V.D and Kt) represented the strongest predictors of ultimate load at failure. In 

contrast, for the OVX study group, indices describing the architecture of the full 

trabecular volume (Tb.Sp and Tb.N), along with BV/TVT provided the strongest 

prediction of the ultimate failure load. Although not as well pronounced, similar trends 

were also present when the same linear regression analyses were performed against 

ultimate strength. 

These findings appear to indicate a shift in the mechanism responsible for failure 

initiation as a result of bone degradation. It has been shown that the OVX study group 

experienced significant bone loss within the trabecular network, as evidenced by reduced 

BV/TV and Tb.N, along with increased Tb.Sp. From the findings of the linear regression 

analysis, it would appear that in healthy tissue the weakest link in the structure of the 

vertebral body is the cortical shell, as a result of the development of stress-

concentrations in the presence of vascular apertures. Due to trabecular perforation in 

samples from the OVX study group, a shift occurs resulting in the trabecular network 

becoming the weakest link, dominating the initiation of failure. A number of studies 

involving uniaxial compression of human vertebral bodies have provided evidence in 
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support of these findings. Early studies performed mechanical testing using normal 

intact vertebral bodies in order to establish a baseline strength for the overall structure, 

before repeating mechanical testing after complete removal of the outer cortical shell 

[240]. It was seen that removal of the cortical shell resulted in only a 10% reduction in 

ultimate strength, indicating that the trabecular network is the dominant structure 

involved in resistance to compressive loading for normal tissue. Subsequent studies 

involving osteoporotic human vertebral bodies have indicated a shift in load handling 

between the trabecular network and the cortical shell of the vertebral body, as a result of 

excessive trabecular bone loss. Using high-resolution FEM models based on 3D data 

collected from XμCT, Eswaran et al. [124] showed that, while the cortical shell resists 

only 15% of the compressive load near the endplates, its load bearing role increases to 

45% in the central region of the vertebral body for osteoporotic vertebrae. An additional 

study using the ovariectomized rat model produced similar findings [135]. A significant 

relationship was reported between various morphometric indices describing the 

trabecular network and the ultimate strength in normal tissue, while it was seen that the 

ultimate strength in osteoporotic tissue showed greater dependence on indices 

describing the cortical component. 

Perilli et al. [228] reported significant regressions between ultimate stress and 

average values of BV/TV, Tb.Th, Tb.Sp and Tb.N, for cored cylindrical samples of normal 

trabecular bone. The strongest regression, as evidenced by the highest coefficient of 

determination, was found to be the BV/TV (R2 = 0.84). Furthermore, it was seen that 

regressions using the minimum value of the various morphometric indices produced 

stronger regression models, with increased coefficients of determination in all cases. 

Although this study involved normal tissue, these findings are in stronger agreement 

with the findings reported for the OVX study group in the current study, as the SHAM 
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and OVX+E study groups showed no significant relationship between ultimate 

force/stress and any of the trabecular morphometric indices. In the current study, whole 

vertebral bodies were used for testing purposes, an important distinction between these 

two studies, with the inclusion of the cortical shell having a significant impact on the 

mechanical properties and failure behaviour of the structure. As a result of the shift in 

the relative strength of the cortical shell and the trabecular network described earlier, the 

failure behaviour of samples from the OVX group is more similar to a cored cylinder of 

trabecular bone, while the cortical shell in the SHAM and OVX+E study groups was seen 

to be the weakest link, as a result of the presence of vascular apertures. In another study 

involving compression of whole vertebral bodies from human cadavers, a significant 

regression model between the ultimate failure load and BV/TV was presented [241]. 

Although this study did not investigate the relationship between mechanical properties 

and any further morphometric indices, it supports the findings of the current study. 

5.3.2 Continuous Loading Protocol 

The findings of the linear regression analysis for the continuous loading protocol 

were significantly different than those of the incremental loading protocol. For the 

SHAM and OVX+E study groups, it was seen that indices describing both the full 

trabecular volume (BV/TV and Tb.Th) and the failure region (BV/TV, Tb.Sp and Tb.N) 

were strong predictors of the ultimate load, along with one index describing the vascular 

apertures present in the cortical shell (Kt). From this finding, it would appear as though 

both the trabecular network and the cortical shell of the vertebral body were important 

determinants of the mechanical properties. For the OVX study group, there were no 

significant regressions reported, either indicating that failure was dominated by some 

factor not included in the regression analysis, or that some extraneous factor impacted 

the results in such a way that the relationship between the included factors was 
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sheltered. As in the incremental loading study, further regression analyses between these 

quantitative morphometric indices and ultimate strength produced similar trends. 

5.4 Qualitative Incremental Failure Analysis 

5.4.1 Failure Mode 

Through QIFA, three distinct failure behaviours were observed among the 

samples included in this study. The mode of failure experienced by a given sample was 

not dependent on either the experimental group or the loading protocol, as confirmed 

through contingency table analyses. This finding validates the incremental loading 

protocol used during this study, as it was shown that there was no significant impact on 

the resulting failure behaviour as a result of the change in loading protocol. Both the 

primary and secondary failure modes involved fracture of the cortical shell near the 

midpoint of the vertebral body, along with compaction of the underlying trabecular 

network. The tertiary failure mode involved an isolated endplate rupture, with no visible 

failed tissue elsewhere in the sample. In clinical practice, there are three primary fracture 

patterns seen in the osteoporotic spine, described as wedge, biconcave, and crush 

fractures [242,243], with wedge fractures being the most common [242]. Schematic 

representations of these fracture patterns can be seen in Figure 5.2, along with 

representative fractures observed during the current study. 

When considering clinical relevance, the primary and secondary failure modes 

are most representative of a clinical wedge or crush fracture, commonly seen in patients 

who have experienced vertebral compression fractures. Although the biconcave fracture 

pattern primarily involves failure of the endplate material, this type of fracture is 

localized to the central portion of the vertebral body, and is characterized by 

compression of the underlying trabecular network, along with some cracking of the 
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cortical shell near the caudal and cranial endplate. Close observation of samples 

exhibiting tertiary failure in the current study indicated that this behaviour was 

dominated by the overt failure of the dorsal cortical shell near the cranial endplate, 

which proceeded to rupture outwards. This behaviour is not representative of any 

fracture pattern seen in the osteoporotic spine. 

 

 

Non-deformed 

 

Non-deformed 

 

Post-Failure 

(with failure plane) 

 

Post-Failure 

(with failure plane) 

e) f) 

Figure 5.2 – Schematic representations of vertebral compression fracture patterns [244] a) 

Normal vertebrae, b) Wedge fracture, c) Biconcave fracture, and d) Crush fracture, along with 

representative XμCT images of fractures observed during the current study, e) Primary failure 

mode, and f) Secondary failure mode 
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Based on the isolated nature of the characteristic endplate rupture seen in the 

tertiary failure mode, this type of failure is believed to be an end effect, not 

representative of clinical vertebral fractures. Observation of samples after unloading 

revealed that the cranial endplate PMMA adaptor had become dislodged from the 

surface of the vertebral body during loading in some cases. In this situation, the PMMA 

adaptor would be free to slide down the angled surface of the cranial endplate, exposing 

the uppermost point of the cranial endplate to direct loading by the upper compression 

platen. No longer able to distribute the load uniformly over the entire surface of the 

endplate, the PMMA adaptor will now result in the creation of a stress-concentration in 

the endplate surface, leading to premature failure of the bone structure in the direct 

vicinity of the cranial endplate. 

Loading eccentricity introduced as a result of the self-aligning disc may have 

impacted the resulting distribution of the primary and secondary failure behaviours. 

Combined with the asymmetric nature of the overall structure of vertebral bodies, 

positioning of the self-aligning disc in relation to the sample may have altered the load 

distribution within the structure. Similar to the impact that Ct.An may have had on the 

load distribution (as described in Section 5.1.2), eccentricities resulting from angled 

loading surfaces (shifting the point of contact between the self-aligning disc and the flat 

platen), or due to variations in the overall geometry of individual samples may have 

resulted in a shift in the relative loading between the ventral and dorsal cortical surfaces, 

impacting the resulting failure behaviour. 

In all three failure modes, it was seen that disturbance of the trabecular network 

was isolated to the direct vicinity of the location of failure, with trabecular elements 

outside of this region experiencing very little deformation (Figure 5.3). A number of 

previous studies in this area have reported similar findings. Using a specially developed 
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MCD, along with simultaneous XμCT imaging, Nazarian and Müller showed that failure 

in cored cylinders of trabecular bone occurs in localized bands, with the remaining 

regions of the trabecular network remaining largely unaffected [99]. Following similar 

methodologies, a number of related studies have reported findings supporting this 

localized failure behaviour for trabecular bone. Bay et al. [245] showed oblique bands of 

elevated strain in failed samples of cored trabecular bone by computing continuous 

strain fields from time-lapsed XμCT scans. Through observation of time-lapsed images 

acquired using synchrotron light, Thurner et al. [125] reported confined failure bands in 

non-fatigued cored cylinders of trabecular bone, while fatigued samples showed more 

dramatic burst failures, likely due to excessive microdamage accumulation throughout 

the trabecular network. Finally, using more traditional histological techniques, Arthur-

Moore and Gibson [246] have detected localized banded failure behaviour in cored 

trabecular bone samples subjected to compressive strain. Structural failure of trabecular 

bone initiates with the buckling of an individual trabeculae, followed by overt collapse of 

the overloaded element [247]. Neighbouring elements often experience excessive 

deformation and collapse as a direct result of the initial failure, while shielding 

remaining elements from load. This shielding leads to the development of a failure band 

within the overall trabecular structure. 
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a) b) 

Figure 5.3 – Illustration of localized failure bands within trabecular network of failed vertebral 

body, a) Nondeformed vertebral body, and b) Failed vertebral body, with region of trabecular 

deformation enclosed in green rectangle 

 

5.4.2 Loading Behaviour 

An additional capability made possible through QIFA was the detailed analysis of 

unique loading behaviour characteristics associated with the individual samples. During 

mechanical testing, it was observed that the force-deformation curves for nearly all 

samples included a distinct toe-region covering a varying amount of early deformations. 

A single small failure event was also recorded early in the loading curve for the majority 

of samples, generally occurring at a strain level of 2% or less. Finally, in a number of the 

continuous loading protocol samples, a unique loading behaviour was recorded; multiple 

insignificant failure events (less than 10% reduction in load) were experienced during 

loading, prior to reaching the ultimate force. 
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Through comparison of the 3D structure at the various strain increments with the 

corresponding force-deformation curve (normalized to percent strain, in order to allow 

for direct comparison between the reconstructed XμCT scans and the loading curves), it 

was verified that the variable toe-region behaviour seen in nearly all samples was a result 

of platen settling and/or leveling during the early stages of loading. Early compaction 

(within the toe-region) of the endplate was also observed in some samples, suggesting 

that the underlying structure in this area may have different mechanical properties than 

the overall structure of the vertebral body. Platen settling and leveling refers to visible 

movement of the upper compression platen (the self-aligning disc, described in Section 

3.3.1.2), with no visible deformation of the overall structure of the sample being tested. 

In this study, this behaviour is expected to have resulted from movement of the PMMA 

adaptor, as it shifts to become securely seated on the cranial endplate of the sample. 

During sample preparation, a plunger was used to flatten the upper loading surface of 

the PMMA adaptor, with the intention of seating the material at the same time. Based on 

the QIFA observations, it appears as though the weight of this plunger may not have 

been sufficient to fully seat the PMMA material prior to curing. Also, depending on the 

extent of curing that has occurred at the time that the PMMA was transferred to the 

cranial endplate, the material itself may have been more or less resistant to conform to 

the irregular surface of the endplate. The rate of curing, and time required for a batch of 

PMMA to fully cure varies with the precise ratio of liquid and powder used when 

preparing the material, making it difficult to ensure that the PMMA is transferred at the 

ideal time for each batch. Samples with large toe-region behaviour were seen to have a 

clearly visible initial gap between the uppermost point of the cranial endplate and the 

compression platen, indicating the presence of PMMA between the platen and the 

uppermost point of the vertebral body. This thin layer of PMMA was often fractured 
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during early stages of loading, explaining the early insignificant failure event seen in 

many samples, and also contributing to the platen settling and leveling that was 

observed in connection with the toe-region behaviour. 

It was observed that samples with multiple recorded insignificant failure events 

likely experienced secondary failures related to the remaining material of the posterior 

elements. Unfortunately, every sample that experienced this behaviour was part of the 

continuous loading study, making it more difficult to accurately determine the cause of 

each drop in load observed in the force-deformation loading curve. With only two scans 

completed for these samples (before loading, and post-failure), it was only possible to 

examine the post-failure scan, while attempting to trace the various visible failures back 

to the associated loading curve. Using the characteristic failure modes as a guide (as 

determined using the full incremental scans of the incremental loading protocol), it was 

possible to isolate failure features that were a result of the overall structural failure from 

those that may have been a secondary failure feature, likely occurring prior to the overall 

failure. In a number of samples, it was seen that the material of the posterior elements 

came in contact with the upper compression platen during loading. During sample 

preparation, the bulk of the material of the posterior elements was removed; however 

some material remained in order to ensure that the structure of the vertebral body was 

not damaged. In some samples, this remaining material protruded upwards towards the 

cranial endplate, and caused a fracture to occur at the joint between the vertebral body 

shell and the material of the posterior elements. 



 

 

 

 

 

 

 

 

 

Chapter 6 

Conclusions and Recommendations 

The scope of this thesis involved simultaneous mechanical testing and XμCT 

imaging of whole vertebral bodies collected from a well-defined animal model, for the 

purpose of investigating the impact of variations in bone geometry on the observed 

mechanical properties and failure behaviour of the overall bone structure. Three sample 

groups were examined based on the OVX rat model. The SHAM study group represented 

healthy control subjects, while bone samples collected from the OVX study group were 

intended to simulate tissue with significant degradation as a result of estrogen 

deficiency, as seen in postmenopausal women. Finally, the OVX+E study group was 

included in order to allow assessment of bone failure behaviour following estrogen 

replacement treatments. 

 Based on the well-established OVX rat model, surgical procedures and estrogen 

repletion treatments were selected to produce samples with the desired characteristics as 

required for the three experimental groups. The length of the post-surgical housing 

period was selected to ensure that significant bone degradation would occur in the OVX 

group when compared with the normal control group. Estrogen dosage was selected 

based on the findings of previous studies, ensuring that the cellular processes governing 
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the bone remodeling cycle would not be disrupted, resulting in maintained bone 

geometry in the OVX+E study group. Individual samples were prepared using a specially 

developed procedure that included isolating the vertebral body, cutting the caudal 

endplate surface to produce a stable loading surface, and augmenting each endplate 

using PMMA to produce plano-parallel loading surfaces. Continuous and incremental 

loading protocols were employed during uniaxial compression testing, allowing for 

validation of the step-wise loading procedure required for simultaneous XμCT imaging. 

Mechanical properties describing the failure characteristics of the samples were derived 

from mechanical testing results. Using the results of XμCT imaging, quantitative 

morphometry was performed to assess bone geometry, while bone failure behaviour was 

investigated using time-lapsed 3D models of the overall bone structure. 

6.1 Conclusions 

The primary conclusions of the current study are summarized as follows: 

 Three distinct failure behaviours were noted through observation of time-lapsed 

reconstructed XμCT scans. Primary failure behaviour was described as initiating in 

the dorsal surface of the cortical shell, progressing through the entire structure 

roughly perpendicular to the loading axis before causing failure in the ventral 

surface of the cortical shell. Secondary failure initiated in a similar fashion to the 

primary mode, beginning in the dorsal surface of the cortical shell. Failure in this 

mode progressed upwards towards the cranial endplate, with no fracture event in 

the ventral surface of the cortical shell. The tertiary failure mode involved isolated 

rupture of the cranial endplate, likely due to end-effect related stress-

concentrations. 
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 It was observed that vascular apertures present in the cortical shell were key 

factors in the initiation of failure, primarily in the dorsal surface. These apertures 

presented themselves as elliptical holes with varying dimensions, generally having 

their major axis roughly aligned with the major axis of the vertebral body. Either 

one or two such features were reported on the dorsal surface of each sample 

included in this study. In both the primary and secondary failure modes, it was 

observed that failure initiated in the direct vicinity of these features in every case. 

 Although vascular apertures were present in the ventral surface of the cortical shell 

in all but one of the samples included in this study, it was observed that these 

features did not appear to impact the initiation or progression of failure. In 

samples exhibiting primary failure behaviour (failure involving both the dorsal and 

ventral surface of the cortical shell), failure initiated at the vascular aperture(s) in 

the dorsal surface, and progressed through the sample according to the local 

properties of the trabecular surface before reaching the ventral surface, regardless 

of the location of ventral vascular apertures. 

 In general, it was observed that vascular apertures in the ventral surface were of 

lesser dimension than their dorsal counterparts. In addition, it was found that the 

thickness of the cortical shell itself was greater in the ventral surface than the 

dorsal surface. The combination of these two factors resulted in fracture initiation 

in the dorsal surface, and resulting progression of failure through the sample either 

towards the ventral surface or the cranial endplate. 

 The predominant role of vascular apertures in the initiation and progression of 

failure within whole rat vertebral bodies introduces some question of the validity of 

this animal model for assessment of vertebral failure behaviour and mechanical 

properties. When relating the findings of animal based studies to clinical practice 
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with humans, it is important to consider any factors which may limit the 

applicability of the chosen animal model. While the vascular apertures present in 

rat vertebral bodies were found to be of significant dimension when compared with 

the overall geometry of the whole bone, this may not be the case in human 

anatomy. If the size of vascular apertures in human vertebral bodies is smaller in 

relation to the overall size of the structure, the resulting stress-concentration factor 

would be reduced, potentially limiting the impact of these features on the 

mechanical properties and failure behaviour. 

 The three failure behaviours described earlier were observed without bias for all 

three experimental groups included in the study, as well as for both loading 

protocols investigated. These finding indicate that failure behaviour of rat vertebral 

bodies is independent of disease state (normal, osteoporotic, or estrogen 

replenished). Furthermore, it can also be stated that the use of an incremental 

loading protocol had no significant impact on the resulting failure behaviour, 

essential when considering future applications of the experimental methods used 

throughout this study. 

 In relation to the previous conclusion, based on the findings of this study, it was 

not possible to definitively state that the use of an incremental loading protocol 

had a significant impact on the mechanical properties as determined through 

uniaxial compression testing. Although some significant differences were reported 

between the results of the two loading protocols, the nature of this effect was not 

consistent across the different experimental groups; it is believed that there may 

have been other contributing factors. 

 Through QIFA, it was possible to determine the region of failure initiation for each 

sample included in the current study. As described earlier, failure was seen to 
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initiate in the direct vicinity of vascular apertures present in the dorsal surface of 

the cortical shell for the majority of samples. Through quantitative morphometry it 

was shown that the underlying trabecular network in this region was diminished as 

evidenced by significantly reduced BV/TV and Tb.N, along with increased Tb.Sp 

when compared with the overall trabecular volume. 

 Diminished bone geometry in the OVX study group when compared to the SHAM 

and OVX+E study groups (as evidenced by reduced BV/TV and Tb.N, along with 

increased Tb.Sp) translated to reduced mechanical properties (indicated by 

reduced ultimate force and ultimate strength). 

 It was observed that the changes in bone geometry for the overall trabecular 

volume were reflected in the sub-volume of the failure region, indicating that 

trabecular bone degradation was experienced homogeneously throughout the 

entire volume for these samples. 

 Linear regression analyses developed to investigate the relationships between 

mechanical properties and indices describing bone geometry indicated a shift in 

the dominant factors contributing to fracture resistance between the 

SHAM/OVX+E study groups and the OVX study group. In the SHAM and OVX+E 

study groups, it was observed that the ultimate force sustained during uniaxial 

compression was best predicted by the BV/TVT, along with the Ar.V.D and the Kt 

(indices describing the vascular apertures present in the dorsal surface of the 

cortical shell). This observation suggests that the cortical shell was the determining 

factor for the failure behaviour and mechanical properties of these study groups. In 

the OVX study group, a distinct difference was reported. In addition to the BV/TVT, 

it was observed that the Tb.Sp and Tb.N of the full trabecular volume were the 

strongest predictors of ultimate force, suggesting that the trabecular network was 
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now the weakest component of the overall structure as a result of osteoporotic 

degradation. 

6.2 Recommendations 

Recommendations for future work in this field based on observations recorded during 

the current study are summarized as follows: 

 

 Throughout the course of this study, it was observed that an improved sample 

preparation method may contribute to more consistent mechanical testing results, 

with reduced variation as a result of artifacts associated with sample preparation 

inconsistencies. By measuring the angle between the cut/sanded caudal loading 

surface and the dorsal surface of the cortical shell, it was confirmed that there was 

no significant difference in this factor between the different experimental groups 

and loading protocols. Despite this fact, development of an improved method for 

preparing the caudal loading surface would be beneficial, due to the sensitive 

nature of this interface. 

 Through QIFA, it was determined that the cranial PMMA adaptor likely became 

dislodged in a number of the samples included in this study, leading to the 

undesirable tertiary failure mode.  Creating a larger PMMA adaptor on this surface, 

one which is both thicker and encompasses more of the circumference of the 

vertebral body structure, may help to alleviate this outcome. This geometry of 

cranial PMMA adaptor would prove to be stronger and more stable, able to resist 

greater loading without breaking free from the surface of the endplate. It is 

expected that this alteration will result in more consistent primary and secondary 

failure of compression samples. 
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 In relation to the previous recommendation, use of a radio-opaque additive in the 

PMMA material (or use of a radio-opaque PMMA compound) would allow for this 

material to be visualized in the XμCT data sets, making it possible to definitively 

monitor the behaviour of the PMMA adaptors during loading. This would provide 

greater insight into the interaction between the structure of the vertebral body and 

the PMMA adaptor, along with the relationship between the PMMA adaptor and 

the resulting failure behaviour, if any. 

 Limitations associated with the software used for quantitative morphometry 

resulted in the calculation of only a small subset of the possible morphometric 

indices for describing trabecular bone architecture. Use of more advanced software 

or development of custom algorithms would allow for the calculation of additional 

indices that have recently been linked to trabecular bone strength and failure 

characteristics. These indices include, but are not limited to DA, SMI, Conn.D and 

measures describing trabecular orientation. 

 Direct calculation of strains from XμCT data (strain mapping) would allow for 

improved analysis of strain distribution throughout the trabecular network. 

Furthermore, application of complex turtle algorithms designed to locate 

connections between significant points [248] would allow for overt failure of 

trabecular elements to be located and related to global structural failure. 

 Improved estimation of stress-concentration factors through the application of 

more appropriate analytical expressions or the development of specific geometry 

based FEM models would help to provide and improved understanding of the 

relationship between these features and resulting mechanical properties and 

failure behaviour. Accounting for accurate feature geometry and multiple vascular 

features will be crucial for developing a complete understanding in this area. 
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 Development of a locking self-aligning platen fixture would allow for uniaxial 

loading of compression samples, while providing consistent post-failure loading 

behaviour. It was observed through QIFA that the freely rotating nature of the self-

aligning disc used in the current study resulted in variable loading following 

fracture of specimens, as a result of rotation experienced by the fractured 

structure. 

 Exploration of alternative loading protocols may provide an improved 

understanding of clinical failure behaviour, as a result of greater relevance to 

anatomical loading conditions. It has been suggested in recent studies that the 

wedge loading condition is more representative of anatomical loading, as a result 

of high stresses developed during forward bending motions. 

 Analysis of local tissue mechanical properties through micromechanical testing of 

single trabecular elements or nanoindentation in tandem with apparent level 

mechanical testing would help to provide a more complete understanding of the 

relationship between the different levels of hierarchy and their impact on failure 

behaviour.
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 Appendix A

Preliminary End Preparation 

Investigation 

This appendix details the preliminary investigation conducted to determine the 

end preparation method that would be most suitable in relation to the particular 

objectives of the current study. Based on the findings of this preliminary investigation, 

the final end preparation used in the primary study was chosen and optimized in order to 

produce the most favourable mechanical testing specimens. The results of this 

investigation also provided insight into the selection of strain increments to be used in 

the incremental loading protocol of the primary study. 

A.1 Introduction 

Uniaxial compression of whole vertebral bodies represents a significant body of 

literature, as a result of its relevance in relation to osteoporosis related fractures and 

bone degradation. As detailed in Section 3.2.2, the anatomical geometry of the intact 

vertebral body does not lend itself directly to use in a uniaxial compression test, due to 

the irregular orientation of the caudal and cranial endplates, which would be the logical 
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loading surfaces for this type of mechanical testing. As a result, a wide variety of 

preparation methods have been developed in order to produce loading surfaces that are 

both parallel to one another, and perpendicular to the mechanical axis of the overall 

structure of the vertebral body. These various methods have their own unique strengths 

and weaknesses, and their specific application depends on the objectives of the particular 

study, to some extent. There is no universally preferred preparation method, with all 

potential options being used with regular frequency within this field. 

In the early stages of the current study, a preliminary investigation was used in 

order to evaluate some of the most common preparation methods, while considering the 

overall objectives of the study. The primary objectives of the current study involved 

observation of vertebral body failure behaviour under uniaxial compression, along with 

quantification of mechanical properties and bone morphology. The intention was to 

observe clinically relevant failure behaviour of the isolated vertebral body specimens, 

requiring that failures resulting from preparation defects or end-artifacts be avoided. 

A.2 Experimental Methods and Materials 

Many details of the experimental methods and materials for this preliminary 

investigation are similar to those used in the primary study. Important distinctions 

separating the two studies will be described in the following sub-sections. 

A.2.1 Sample Preparation 

Tissue for this preliminary investigation was collected from rat models of 

unknown strain or age. All samples included in the study were of the same strain and 

approximate age, allowing for comparison between the results within this study. Three 

common preparation techniques were selected for inclusion in this investigation, 

referred to as follows: (i) Intact caudal partial embedding, (ii) Intact caudal full 



APPENDIX A – PRELIMINARY END PREPARATION INVESTIGATION 

 

232 

 

embedding, and (iii) Caudal modified full embedding. These preparation methods were 

chosen for their limited disturbance of the underlying trabecular network, in an effort to 

minimize the impact of preparation and end-artifacts on the resulting failure behaviour 

of the prepared samples during uniaxial compression. Regardless of the chosen sample 

preparation protocol, individual samples were prepared for mechanical testing and 

simultaneous XμCT imaging 24 hours prior to the time that mechanical testing was to be 

completed, in order to allow for complete curing of the materials used during the 

preparation procedure.  The fourth lumbar vertebrae (L4) was selected for mechanical 

testing, and was isolated from the intact spine using the procedure described in Section 

3.2.1, after being thawed overnight at 5°C. The posterior elements of all samples were 

also removed using the procedure previously described. 

A.2.1.1 Intact Caudal Partial Embedding 

The first preparation method explored during this preliminary investigation 

involved no modification of either endplate surface, along with only partial embedding of 

both surfaces. A custom fixture was designed for this purpose, allowing for the isolated 

vertebral body to be held securely in the upright position while small amounts of PMMA 

were used to augment the caudal and cranial endplates. This fixture was designed to use 

the dorsal surface of the vertebral body as an alignment reference, as the geometry and 

features of this surface were seen to be relatively constant between samples. Based on 

the overall structure of the vertebral body, it was observed that this surface was 

approximately in line with the major axis of the vertebral body, making it an ideal 

reference surface for producing perpendicular loading surfaces. After removal of the 

posterior elements, this surface was left relatively exposed, allowing for it to be brought 

in contact with a specially designed aluminum plate, with a rounded point designed to 

contact the dorsal surface of the vertebral body evenly along its height. A monofilament 
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fluoropolymer line with excellent resistance to tensile deformation and an approximate 

diameter of 1 mm was attached to a pair of opposing spring steel tension elements that 

were designed to introduce tensile loading into the monofilament line as it travelled 

across the cortical shell of the vertebral body, serving to hold the sample in place with 

proper alignment. The dimensions of the tension elements were selected such that the 

sample was held securely in place, while ensuring that no damage was imparted to any 

part of the vertebral body structure. A rapid prototyped holder for this aluminum 

alignment plate and tension spring arrangement was designed, resulting in the 

development of a self-contained alignment fixture for use in the end preparation 

procedure. This holder was designed to rest securely on the modified specimen levelling 

press described in Section 3.2.2.2, ensuring that the vertebral body was oriented 

perpendicular to the precisely machined surfaces of the levelling press. The alignment 

fixture designed for this preparation method can be seen in Figure A.1. 

  

a) b) 

Figure A.1 – Alignment fixture developed for PMMA augmentation of caudal and cranial 

endplates without prior modification. Rapid prototyped component (off-white material) securely 

holds the aluminum alignment plate, while providing necessary routing and mounting points for 

monofilament line and tension elements. Round metal plugs were included for added weight, in 

order to improve the stability of the alignment fixture, a) Front view, and b) 3D isometric view 

 



APPENDIX A – PRELIMINARY END PREPARATION INVESTIGATION 

 

234 

 

 

 

a) b) 

Figure A.2 – Alignment fixture in use during preparation procedure, a) Isolated vertebral body 

held in position against aluminum alignment plate using monofilament line, and b) Levelling 

press in use to create flat, parallel loading surface 

 

Using this alignment fixture, the isolated vertebral bodies were placed into 

position against the aluminum alignment plate, and held securely using the tension 

elements and monofilament line, as seen in Figure A.2. After preparing a batch of PMMA 

(using the same 2:1 mixing ratio as mentioned in the primary study; powder:liquid, by 

volume), a small amount of partially cured PMMA was transferred to both the caudal 

and cranial endplates of the vertebral body while it remained in the alignment fixture. 

With the PMMA in place, the alignment fixture was carefully transferred to the levelling 

press, ensuring that the vertebral body was not dislodged from its position during the 

transition. By putting the alignment fixture in place on the levelling press, the PMMA 

deposited on the caudal endplate was automatically flattened, as a result of the design of 
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the alignment fixture. The plunger of the levelling press was then carefully lowered in 

order to flatten the PMMA resting on the cranial endplate, before allowing the material 

to cure to approximately 20 minutes, as recommended by the manufacturer. Mold 

release agent was applied to both surfaces of the levelling press prior to contacting the 

PMMA, in order to ensure that the sample was not damaged during removal from the 

press after the curing period. A representative sample produced using this preparation 

procedure can be seen in Figure A.3. 

  

a) b) 

Figure A.3 – Representative prepared sample showing isolated vertebral body and PMMA 

adaptors (green material), a) Dorsal view, and b) Isometric view 

 

A.2.1.2 Intact Caudal Full Embedding 

The second preparation procedure was very similar to the first, with the only 

difference being that the caudal endplate was fully embedded in a 2 mm layer of PMMA 

using a temporary potting fixture, as opposed to the partial embedding procedure used 

in the previous method. As previously described, both the caudal and cranial endplates 

were left intact for this method, with the loading surfaces produced entirely by the 

PMMA adaptors added to each surface. The alignment fixture developed for the first 
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preparation method was used in this technique, with the addition of a temporary  potting 

fixture located between the alignment fixture and the lower surface of the levelling press, 

allowing for the creation of a more significant PMMA adaptor for the caudal endplate 

(with an approximate thickness of 2 mm). This potting fixture can be seen in Figure A.4, 

along with a representative prepared sample using this method. 

  

a) b) 

Figure A.4 – Details of second preparation method, a) Temporary potting fixture in use with 

isolated vertebral body, and b) Isometric view of representative prepared sample 

 

A.2.1.3 Modified Caudal Full Embedding 

The third preparation method included in this preliminary investigation was 

identical to the method that was eventually included in the primary study. The methods 

used in this protocol are described in detail in Section 3.2. Briefly, the caudal endplate 

was modified using a cutting and sanding technique, such that it was flat and 

perpendicular to the mechanical axis of the vertebral body, as determined by the dorsal 

surface of the cortical shell. The caudal endplate was then fully embedded in 2 mm of 

PMMA using a temporary potting fixture (in the final study, a 1 mm layer of PMMA was 

used in order to minimize the constraint on the structure). After allowing the lower 
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adaptor to fully cure, a small amount of PMMA was transferred to the cranial endplate, 

and the levelling press was used to flatten the material, producing parallel loading 

surfaces that were perpendicular to the mechanical axis of the vertebral body. It was not 

necessary to use the alignment fixture described for the previous two methods, as the 

modified caudal endplate surface was substantial enough to ensure that the vertebral 

body stood upright during the PMMA curing process. 

A.2.2 Mechanical Testing and XμCT Imaging 

The incremental uniaxial compression and XμCT imaging procedures described 

in Sections 3.3 and 3.4 was employed during this preliminary investigation in order to 

observe the resulting failure behaviour and load curves for the three different 

preparation methods. Briefly, samples were loaded to distinct pre-determined strain 

increments at a constant motor speed of 0.6 mm/min. The strain increments selected for 

this preliminary investigation were 0%, 2%, 5%, 10% and 15% strain. Load was applied to 

each sample after the application of a 5 N preload. After loading to each strain 

increment, the samples were imaged using XμCT, allowing for assessment of the non-

deformed geometry (corresponding to the 0% strain tomography scan, conducted 

immediately after the application of the 5 N preload), along with the deformed geometry 

before and after the initiation of global failure. Constant monitoring of force and 

displacement allowed for analysis of the ultimate failure load and displacement for each 

sample. 

A.2.3 Data Processing 

The raw data collected from the XμCT scans was processed using the procedures 

described in Section 3.4.3, and the 3D geometry for each strain step was observed using 

the volume rendering capabilities of AVIZO Fire. Time-lapsed animations were 
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produced, allowing for the initiation and progression of failure within the samples to be 

clearly visualized (QIFA). This technique allowed for qualitative analysis of the failure 

initiation and progression of the samples produced using the three different preparation 

methods. 

A.3 Results 

A.3.1 Qualitative Incremental Failure Analysis 

Upon observation of the failure behaviours associated with the three different 

preparation methods, it became clear that the chosen preparation method could have a 

significant impact on the resulting mode of failure within the overall structure. This is a 

crucial observation, as the overall objective of the primary study involved the analysis of 

vertebral body failure behaviour under uniaxial compression, requiring that the samples 

failed in clinically relevant modes. 

The first preparation method used during this preliminary investigation limited 

the alteration of the vertebral body structure by requiring no modification of either 

endplate surface, and only using a small amount of PMMA to form the adaptors on the 

caudal and cranial endplate surfaces. Studying the time-lapsed reconstructed scans of 

the sample prepared using this method indicated that the bone strength between the 

PMMA adaptor and the caudal endplate was not sufficient to overcome the loads 

generated during mechanical testing. As a result, it appears as though the caudal PMMA 

adaptor was dislodged from the surface of the vertebral body at low displacements (less 

than 2% strain), resulting in pure rotation of the sample in response to the applied load, 

with very little physical deformation of the structure. Images illustrating the loading 

response of the sample prepared using this method can be seen in Figure 4.35 a). It was 

clear that this behaviour was not representative of anatomical loading response, and 
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would not produce clinically relevant failure of the samples. As a result, it was 

determined that this preparation method would not be suitable for further analysis. 

0% 2% 5% 10% 15% 

    

N/A 

a) 

     

b) 

     

c) 

Figure A.5 – Sagittal cross-sections illustrating distinct failure behaviours. Failure planes indicated by 

solid black line where applicable, a) Intact caudal partial embedding, b) Intact caudal full embedding, 

and c) Modified Caudal Full Embedding 
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The second preparation method included in this preliminary investigation did 

not require any modification of the vertebral body endplates, but included a more stable 

PMMA adaptor on the caudal endplate. This 2 mm thick layer of PMMA was designed to 

better handle the loads generated during mechanical testing, in order to ensure that it 

would not become dislodged, ensuring that the sample would be held securely as it was 

compressed. Through QIFA, it was confirmed that this method produced preferable 

deformation of the sample at low strains (less than 10%). Close observation of the scan 

performed after loading the sample to 10% strain revealed that the sample had 

experienced an isolated failure of the caudal endplate, as seen in Figure 4.35 b). It is 

believed that this is an end-effect failure, likely resulting from a stress-concentration 

caused by the irregular geometry of the intact caudal endplate surface. Furthermore, this 

failure behaviour is not representative of a clinically relevant fracture, meaning that it 

would not be able to satisfy the objectives of the primary study. In addition to the 

undesirable end-effect failure, this sample also experienced some pure rotation during 

loading, likely indicating that the caudal PMMA adaptor had become dislodged during 

loading, allowing the sample to rotate freely with little additional deformation. 

The final preparation method involved modification of the caudal endplate, 

producing one flat loading surface that was perpendicular to the mechanical axis of the 

vertebral body. This loading surface was subsequently potted in 2 mm of PMMA, while 

the cranial endplate was augmented with a small amount of PMMA, similar to the 

previously described methods. Of the three proposed methods, this approach produced 

the most stable structure, with negligible sample rotation in response to loading. QIFA 

also indicated that the sample had experienced a complete planar failure across the 

entire cross-section of the vertebral body, very similar to a vertebral crush fracture 

commonly seen in the osteoporotic spine. The combination of the regular loading surface 
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produced through modification of the caudal endplate, along with the stable platform 

resulting from the 2 mm layer of PMMA on the caudal surface produced a favourable 

geometry for completion of uniaxial compression, allowing for detailed analysis of the 

failure behaviour of vertebral bodies under load. In this sample, failure was seen to 

initiate at the dorsal surface of the cortical shell at a relatively low strain of 5%, with the 

plane of failure clearly propagating through the sample under progressive loading, 

eventually reaching the ventral cortical shell. The failure behaviour observed in this 

sample can be seen in Figure 4.35 c). 

It was also during this preliminary study that the impact of vascular apertures on 

failure initiation was first observed. When the time-lapsed 3D geometry of the sample 

prepared using the third preparation method was observed from the exterior, it could 

clearly be seen that the failure had initiated in the direct vicinity of a large vascular 

aperture present in the dorsal surface of the cortical shell. This behaviour can be seen in 

Figure A.6. 

   

a) b) c) 

Figure A.6 – 3D partial isometric view of external failure behaviour observed for the third 

preparation method, illustrating impact of vascular apertures, a) Non-deformed geometry, b) 

Geometry at 2% strain with visible failure near vascular aperture, and c) Geometry at 15% strain 



APPENDIX A – PRELIMINARY END PREPARATION INVESTIGATION 

 

242 

 

A.3.2 Mechanical Properties 

Comparison of the loading curves produced during uniaxial compression testing 

(seen in Figure A.7) indicated that, despite the localized failure observed in the second 

preparation method, the ultimate load at failure was very similar to the third preparation 

method. This is an interesting observation considering the drastically different failure 

behaviours observed for these two samples. As expected, the ultimate load recorded for 

the first preparation method was significantly lower than the other two samples, 

confirming that this method of preparation did not produce acceptable samples. 

 

Figure A.7 – Force-deformation loading curves for the three preparation methods used in the 

preliminary investigation 
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A.4 Conclusions 

Based on the findings of this preliminary investigation, it was determined that 

the first and second preparation methods were not capable of producing samples that 

experienced clinically relevant failure behaviour when subjected to uniaxial 

compression. The samples produced using these procedures exhibited pure rotation in 

response to applied load, along with localized end-effect failures, both of which are 

undesirable outcomes when attempting to study the failure behaviour of vertebral 

bodies. It was seen that the third preparation method produced stable samples that 

exhibited uniform deformation, along with a clinically relevant mode of failure. These 

findings were confirmed through both QIFA and analysis of force-deformation loading 

curves. 

In addition, the impact of vascular apertures on the initiation and progression of 

failure within a given vertebral body was first observed. Based on this early investigation, 

it is expected that these features will prove to be of significance when studying the failure 

behaviour of intact vertebral bodies. 



 

  

 Appendix B

Machine Compliance Characterization 

The methodology and results of the preliminary study designed to accurately 

characterize the potentially non-linear machine compliance of the MCD used in the 

primary study are presented in this appendix. Once characterized, the true sample 

displacement was determined using the known crosshead displacement and the 

deformation of the load frame, determined using the newly characterized machine 

compliance. 

B.1 Introduction 

The small scale of the samples included in the primary study, along with the strict 

hydration requirements and physical limitations associated with the XμCT imaging 

procedure precluded the use of an externally mounted extensometer for accurate 

measurement of sample displacements during mechanical testing. When conducting a 

uniaxial compression test, it is preferable to use an extensometer or LVDT mounted 

directly to the sample or platens in order to measure the sample deformation, as 

previous studies have shown that calculating sample strains directly from crosshead 

displacement can lead to overestimation of strain [58]. The sample dimensions in the 
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current study greatly limit the range of potential extensometer assemblies that could be 

employed for this purpose. Additionally, in order to ensure that the samples do not 

become dehydrated during the relatively lengthy mechanical testing and XμCT imaging 

cycles, it was determined that they must be completely immersed in saline solution 

during this time. Finally, added material along the path of X-ray photons during the 

acquisition of X-ray projections required for tomography scans would interfere with the 

quality of the resulting images, possibly introducing unwanted artifacts. This greatly 

restricts the geometry and physical location that an external extensometer would be able 

to occupy during mechanical testing. As a result of these limitations, it was not possible 

to use an external method of measuring the sample deformation, requiring that the 

machine compliance be accurately characterized prior to mechanical testing using 

experimental methods. This allowed for the deformation as a result of machine 

compliance to be extracted from the final mechanical testing data, providing accurate 

deformation data for the samples themselves. Using a method presented by Kalidindi et 

al. [122], a compliance curve was developed for the MCD, accounting for any potential 

non-linear behaviour present in the compliance behaviour of this device. During a 

uniaxial compression test, the MCD being used in the primary study provides real-time 

measurements of both force and displacement, with the displacement measurement 

being equal to the physical displacement of the actuator. For a compression stage with an 

infinitely stiff loading frame performing a compression test on some sample with finite 

stiffness, it could be assumed that the displacement of the actuator was equal to the 

displacement of the sample, with no deformation experienced by the loading frame of 

the testing stage. However, in reality, the loading frame will inevitably experience some 

degree of deformation, with the magnitude of this deformation being dependent on the 

applied load. In this case, the measurement of displacement provided by the DAQ system 
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of the MCD (the actuator displacement), or the total displacement (δt) will be equal to 

the sum of the sample displacement (δs) and the machine deformation as a result of 

compliance (δc), as expressed in Equation B.1, or described visually in Figure B.1: 

         B.1 

 

 

Figure B.1 – Schematic 

representation of distinct 

components of displacement 

during a uniaxial compression 

test 

 

Direct measurement of machine deformation (δc) is problematic, as it is difficult 

to determine the exact nature of this displacement for a real loading stage. As a result, 

other methods are required in order to characterize the compliance of a given loading 

stage. One proposed method, titled the direct technique, involves conducting a uniaxial 

compression test with no sample in place, in order to measure the recorded deformation 

over a defined range of applied loading. Once the deformation of the loading stage is 
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known as a function of applied load, the sample deformation can be accurately 

determined using the measured actuator displacement, along with the following 

expression:  

        ( ) B.2 

where δc(F) represents the machine deformation due to compliance, as a function of 

applied load. This simple technique has been shown to produce consistent results, and 

significantly improve the accuracy of subsequent sample displacement measurements 

produced using the given loading stage [122]. Despite its strengths, this technique may 

not be able to capture the complete compliance behaviour of all loading stages, as the 

machine deformation due to compliance was measured directly with no sample in 

position. Depending on the size of the samples being tested, the compliance behaviour of 

the loading stage may experience some variation as a result of the platen displacement in 

order to accommodate the sample. In order to overcome this limitation, a second 

method of compliance characterization has been proposed. 

In this preferred method, known as elastic deformation of known material, the 

measured force-deformation relationship for a given material with a known elastic 

modulus is subtracted from its theoretical force-deformation curve (determined based 

on the known elastic modulus), producing a compliance characterization curve. This 

concept is illustrated in Figure B.2. The resulting curve can be used to determine the 

deformation of the loading stage for any applied load, allowing for accurate calculation of 

sample deformations based on the actuator displacement, using Equation B.2. By 

selecting an appropriately sized sample (with height approximately equal to the height of 

samples in primary study) and loading range to complete this characterization study, the 

compliance behaviour of the testing stage will be known for the configuration to be used 

during the primary study. This method is able to fully characterize the machine 
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compliance for a given loading stage, including any potential non-linear behaviour 

associated with initial settling of the various components of the testing stage, manifested 

in the form of early non-sample deformation. 

 

Figure B.2 – Schematic 

representation of the elastic 

deformation of known material 

method of machine compliance 

characterization – adapted from 

[122] 

  

B.2 Experimental Methods and Materials 

The basic approach used in the method proposed by Kalidindi et al. [122] 

involves performing a uniaxial compression test with a cylindrical sample of a material 

with a known elastic modulus. In order to eliminate the possible error introduced 

through the assumption of mechanical properties for this chosen material, tensile tests 

were performed using samples prepared from the same raw material in order to 

accurately determine the elastic modulus of the specific material used in this 

investigation. In order to apply this elastic modulus in the elastic deformation of known 

material method, it was necessary to select a linear elastic isotropic material with equal 

mechanical properties in both tension and compression. For this reason, readily 
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available 6061-T6 Aluminum alloy was selected for the characterization procedure, while 

the results were validated using 304 Stainless Steel. 

B.2.1 Sample Preparation 

For tensile testing, samples were prepared by cutting sections of 3/16” diameter 

rod (approximately 4.8 mm) to lengths of 125 mm. This length of sample allowed for a 25 

mm extensometer to be used while leaving 25 mm of unrestrained material above and 

below the extensometer between the grips, with 25 mm of material secured within the 

upper and lower v-grooved grips used during mechanical testing. It was not necessary to 

prepare a gage region for these samples, as an extensometer was being used, and 

samples were only to be tested in the linear elastic region. 

For compression testing, samples were prepared by cutting sections of 3/16” 

diameter rod (approximately 4.8 mm) to lengths of approximately 12 mm. In order to 

produce samples with plano-parallel loading surfaces and the preferred 2:1 aspect ratio 

(length:diameter), a specialized fixture was developed. With carefully machined holes, 

the rough 12 mm lengths of material were inserted into the fixture, which was used to 

polish one end of the sample until perpendicular to the major axis of the cylinder. The 

sample was polished using successively finer grades of silicon-carbide polishing paper, 

producing a perfectly smooth loading surface. The length of the sample after polishing 

one end was approximately 11 mm. The sample was then removed from this hole and 

transferred to a second, taking care to flip the sample, exposing the remaining 

unpolished surface. The process was repeated until the sample was flush with the 

precisely machined surface of the polishing fixture, producing a sample with a precise 

length of 9.6 mm, and a pair of plano-parallel loading surfaces. 
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B.2.2 Mechanical Testing 

As described earlier, this protocol involved completion of two rounds of 

mechanical testing. Tensile testing was used in order to determine the accurate elastic 

modulus of the 6061-T6 Aluminum alloy used for characterization of the machine 

compliance behaviour. Standard uniaxial compression testing of 6061-T6 and 304 

Stainless Steel samples was used to complete the characterization procedure and validate 

the results. 

B.2.2.1 Tensile Testing 

Tensile testing was performed using a servo-hydraulic 8521 Instron (Instron Inc., 

Massachusetts, USA) equipped with a 100 kN load cell and a 25 mm extensometer (SN: 

229, Instron Inc.). Standard wedge action v-grooved grips were used to secure the tensile 

specimens during mechanical testing. A constant crosshead speed of 1.716 mm/min was 

used, resulting in a similar initial strain rate across the gage region of the tensile 

specimens (25 mm), as would be produced in the compression specimens during 

subsequent testing. Samples were loaded within the elastic region only, with force-

deformation data recorded during loading and unloading of samples (equal crosshead 

speed was used for loading and unloading). Based on the known yield strength of 6061-

T6 Aluminum alloy (σy = 276 MPa), the load at yield for the sample geometry used 

during tensile testing was found to be 4932 N. In order to ensure that no plastic 

deformation was experienced, samples were loaded to 1500 N, or to a stress of 

approximately 0.3σy. A total of three samples were prepared for mechanical testing, with 

five loading and unloading trials completed for each sample, allowing for accurate 

characterization of the elastic properties of the 6061-T6 Aluminum alloy being used in 

this preliminary investigation. 
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B.2.2.2 Uniaxial Compression Testing 

Uniaxial compression testing was performed using the MCD described in Section 

3.3. A continuous loading protocol was used in order to determine the force-deformation 

relationship of the prepared samples under uniaxial compression. Load was applied at a 

motor speed of 0.6 mm/min, after the application of a 5 N preload. In order to ensure 

that the machine compliance was characterized over the entire range of expected loading 

for the primary study, samples were loaded to 750 N. Force-deformation data was 

recorded during loading only. Compression testing trials were conducted both with and 

without the self-aligning disc (described in Section 3.3.1.2) in position, allowing for 

accurate characterization of the effects of this component on the compliance behaviour 

of the testing stage. Three compression samples were prepared for each configuration of 

the MCD (three each for with and without the self-aligning disc), with five loading and 

unloading trials completed for each sample. 

In order to verify the findings of the machine compliance characterization study, 

the process was repeated with 304 Stainless Steel. The reported elastic modulus was 

used for this material, eliminating the need to conduct tensile testing in this validation 

study. The procedures described earlier for uniaxial compression of Aluminum samples 

was used when performing this study. 

B.2.3 Data Processing 

After completing the tensile testing trials, the collected force-deformation data 

was used to determine the elastic modulus of the material. The force-deformation 

loading curves were first converted to engineering stress-strain curves using the known 

sample geometry, along with basic engineering mechanics relations. The elastic modulus 

of the material was then defined as the slope of the linear region of the curve, determined 
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through linear regression. For each trial, the elastic modulus was determined using both 

the loading and unloading curve. It was determined that the loading behaviour was 

similar during both loading and unloading, allowing for all data points to be averaged, 

providing a highly accurate estimation of the true elastic modulus for the material used 

in this investigation. 

After plotting the force-deformation loading curves of the compression testing 

trials, the theoretical loading curve was plotted based on the known elastic modulus 

determined through tensile testing. This curve expressed the theoretical deformation as 

a function of applied force. The difference in deformation (measured vs. theoretical) for 

any given applied force represents the machine deformation due to compliance. By 

evaluating the difference between these curves for each data point of a given loading 

trial, the characterization curve describing the compliance behaviour of the MCD was 

produced. Regression models were then used to produce an expression describing the 

machine compliance as a function of applied load. 

B.3 Results 

B.3.1 Tensile Testing 

Tensile testing of prepared 6061-T6 Aluminum alloy simple rod samples yielded 

excellent results, showing strong linear behaviour during both loading and unloading. 

The engineering stress-strain loading curve for a representative trial of one sample can 

be seen in Figure B.3. The loading behaviour was consistent for all trials and each 

sample, indicative of the highly stable mechanical properties of this linear elastic 

isotropic material. After preparing engineering stress-strain loading curves for each trial 

of all samples, the elastic modulus was determined for every loading segment, defined as 
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the slope of the linear region of the loading curve. This value was determined using 

linear regression models. Complete results of this analysis can be found in Table B.1. 

 

Figure B.3 – Engineering 

stress-strain loading curve for 

a representative trial of one 

6061-T6 Aluminum alloy 

sample under tensile loading 

 

Table B.1 – Complete results of 6061-T6 Aluminum alloy tensile testing 

Condition 
Trial 

Number 

Modulus (MPa) 

Sample 1 Sample 2 Sample 3 

Loading 1 67551 66413 68119 

Loading 2 70686 68207 67813 

Loading 3 68151 69662 69410 

Loading 4 69054 68121 67850 

Loading 5 70008 67446 70858 

Average:  69090 67969.8 68810 

Standard Deviation:  1288.55 1187.50 1317.90 

Unloading 1 67132 68006 69932 

Unloading 2 69803 68509 71187 

Unloading 3 67728 69014 71544 

Unloading 4 68946 68745 68533 

Unloading 5 68737 68229 69732 

Average:  68469.2 68500.6 70185.6 

Standard Deviation:  1050.66 400.55 1209.26 
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Using Student’s t-test, it was shown that there was no significant difference 

between the elastic modulus values calculated based on the loading curves, and those 

calculated based on the unloading curves (p = 0.353). After pooling all loading and 

unloading trials, the average elastic modulus for the 6061-T6 Aluminum alloy used in 

this study was found to be 68.8 ± 1.2 GPa (mean ± standard deviation). 

B.3.2 Uniaxial Compression Testing 

Uniaxial compression testing revealed highly linear behaviour for both platen 

configurations included in this study (fixed flat platen and self-aligning disc). There was 

negligible non-linearity observed at any point during loading, indicating that the MCD 

being used was designed with great precision. As a result, the undesirable non-sample 

deformation that can occur when there is initial settling of the load stage components in 

the early stages of a compression test was eliminated. Characteristic loading curves for 

the two platen configurations can be seen in Figure B.4. 

Using the accurate elastic modulus for the 6061-T6 Aluminum alloy, as 

determined through tensile testing, the theoretical force-deformation curve was 

produced for each trial (theoretical deformation as a function of applied load). The 

difference between the theoretical deformation and the measured deformations were 

plotted, producing a characteristic curve describing the machine compliance behaviour. 

A representative figure illustrating these three curves can be seen in Figure B.5. As there 

was no non-linear behaviour observed in the loading curves of this loading stage, it was 

determined that these compliance characterization curves would be best described as 

linear, allowing for linear regression models to be developed for each trial. This greatly 

simplified the analysis procedure, allowing for the machine compliance to be described 

as a simple linear spring with a defined spring constant. Complete results for this 

analysis can be found in Table B.2. 
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a) b) 

Figure B.4 – Engineering stress-strain loading curve for a representative trial of one 6061-T6 

Aluminum alloy sample under compressive loading for two platten configurations, a) Fixed flat 

compression platen, and b) Self-aligning disc with fixed flat platen 

 

 

Figure B.5 – Theoretical and 

measured force-deformation 

loading curves for a 

representative sample (fixed 

flat platen), along with the 

resulting machine compliance 

curve (defined as the 

difference between the 

measured and theoretical 

loading curves) 
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Table B.2 – Complete results of 6061-T6 Aluminum alloy compression testing 

Condition 
Trial 

Number 

Stiffness (N/mm) 

Sample 1 Sample 2 Sample 1 

Fixed 1 16925 15115 15849 

Fixed 2 16013 15469 14745 

Fixed 3 17043 14759 14854 

Fixed 4 16085 14803 15674 

Fixed 5 16402 15276 15411 

Average:  16493.6 15084.4 15306.6 

Standard Deviation:  472.83 304.40 489.98 

Self-aligning 1 13410 14062 14077 

Self-aligning 2 13889 14050 14488 

Self-aligning 3 14583 13691 14223 

Self-aligning 4 13670 14501 14525 

Self-aligning 5 13920 14610 14430 

Average:  13894.4 14182.8 14348.6 

Standard Deviation:  435.85 373.45 191.52 

 

Student’s t-tests revealed that there was a significant difference between the 

machine compliance linear spring constants of the two platen configurations included in 

this study (p = 2.05x10-7). It was observed that the fixed flat platen configuration 

reported greater stiffness (15.6 ± 0.8 kN/mm) than the self-aligning disc configuration, 

with an average linear spring constant of 14.1 ± 0.4 kN/mm. This procedure was 

repeated using a second linear isotropic material (304 Stainless Steel), allowing for 

validation of the machine compliance characterization procedure. Similar mechanical 

testing results were observed, with negligible non-linear behaviour observed for all 

samples and trials. As seen when using 6061-T6 Aluminum alloy, there was a significant 

difference reported between the machine stiffness of the two different platen 

configurations (p = 1.72 x10-4), with the fixed flat platen configuration having greater 

stiffness (15.5 ± 0.6 kN/mm) when compared with the self-aligning disc configuration 

(14.3 ± 0.4 kN/mm). In addition, there was no significant difference between the 

machine compliance linear spring constants determined using 6061-T6 Aluminum alloy, 
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and those determined using 304 Stainless Steel for either platen configuration (p = 0.731 

and p = 0.248 for fixed flat platen and self-aligning disc, respectively). This finding 

confirms that the results of this analysis can be applied when conducting mechanical 

testing of a variety of materials covering a large range of elastic moduli. 

B.4 Conclusions 

This preliminary investigation provided valuable insight into the compliance 

behaviour of the MCD being used for the primary study. As a result of the unique 

hydration requirements and spatial limitations associated with this study, it was 

determined that it would not be possible to use an external extensometer to accurately 

measure sample deformations during mechanical testing. Machine compliance 

characterization was necessary in order to determine the amount of deformation 

expected within the loading frame for any given applied load. It was determined that the 

MCD being used exhibited highly linear behaviour, with no initial non-linear settling 

behaviour commonly observed in larger loading stages. As a result, it was possible to 

express the compliance behaviour of the testing stage as a simple linear spring constant, 

allowing for the machine deformation due to compliance to be accurately calculated for 

any applied load (within the range explored in this study, selected as 0-750 N). 

In addition, it was found that the addition of the self-aligning disc significantly 

reduced the machine stiffness, likely as a result of the Hertzian contact stresses 

developed as a result of the curved contact surface between the self-aligning disc and the 

flat compression platen. Having characterized the machine compliance with this self-

aligning disc, this reduction in stiffness is not of concern for the primary study, as the 

linear spring constant for this configuration is known, allowing for accurate correction 

during analysis of force-deformation data.  
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With the machine stiffness accurately determined, the true sample deformation 

could be calculated from the measured deformation using the following expression: 

         B.3 

where δs represents the true sample deformation, δt represents the total measured 

deformation, otherwise referred to as the actuator displacement, k represents the 

machine stiffness (linear spring constant as determined through the analysis presented 

in this appendix, expressed in kN/mm), and F represents the applied load, expressed in 

kN. This expression should be used to correct the measured displacement for each data 

point, producing the true force-deformation curve, properly accounting for any 

deformation experienced by the loading frame. 
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