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Abstract 

Osteoporosis is a degenerative bone disease that causes an increase of fracture risk. The 

present method of diagnosing the disease is through a bone mineral density (BMD) scan which 

neglects bone quality. Due to the complexity of bone, experimental testing is difficult; hence 

the use of finite element models can assist in understanding deformation behaviour and failure 

mechanisms. The aim of this study is to construct specimen specific-finite element models to 

investigate stiffness sharing and axial strain distributions of cortical versus trabecular bone of 

rat L4 vertebral bodies with and without the inclusion of vascular apertures.  

In a previous experimental study, healthy (SHAM), osteoporotic (OVX) and treated 

osteoporotic (OVX+E) rat vertebrae underwent uniaxial compression while synchronously 

imaged with a micro-CT machine [1]. For the present study, these images have been processed 

into 3D FE models.  The ratio of cortical shell stiffness to total vertebral body apparent stiffness 

was 70.1 ± 4.5% across all models with no significant difference across health conditions. 

However, since this value is significantly (P<0.01) higher than previously reported values in 

humans, caution should be taken when extrapolating rat vertebrae behaviour to those of 

humans.  When viewing the axial strain, it was found that in the OVX models, the trabeculae 

had statistically significantly lower mean strains but a larger proportion of high strain elements 

creating more strain heterogeneity. Another confounding issue in these rat vertebrae is the 

presence of large vascular apertures in the dorsal surface of the cortical shell, that have been 

shown to be associated with cracks [2]. Additional models were created that removed these 

holes by virtually filling them in. The apparent stiffness of the cortical shell was found to 
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increase by only 0.5%. Looking at the average axial strain distributions with the removal of the 

vascular apertures, the trabeculae strains showed minimal change, but the cortical shell 

experienced a significant (P<0.01) increased average axial strain across all health conditions. 

These results suggest that failure likely originates in the cortical shell and is affected by the 

presence of the vascular apertures, before progressing into the reduced trabecular network in 

the region adjacent to the vascular apertures.   
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Chapter 1: Introduction  

1.1  Motivation  

Osteoporosis is a disease characterized by low bone mass and micro-architectural 

deterioration of bone tissue, leading to increased bone fragility and a consequent increase in 

fracture risk [3]. The likelihood of developing a fracture is more common in postmenopausal 

women and as many as 40% of woman after the age of 50 will develop a fracture, with 16% of 

those occurring in the vertebrae  [4]. Subsequent fracture is more likely after an initial bone 

fracture and only a 10% reduction in vertebral strength leads to a 50% increase of vertebral 

fracture risk [5]. The impact of the disease on the economy and population is also vast, with 

over 200 million women worldwide affected [6].  In 2015, osteoporosis was estimated to cost 

$17.8 billion in fatal falls, non fatal falls, and hospitalization in the U.S. alone. This cost is 

expected to rise to $25 billion by the year 2025 as the average age of the population increases 

[7].  

The current gold standard method for diagnosing osteoporosis is through a dual X-ray 

absorptiometry (DXA) scan that can assess the mineral content where the bone is most 

susceptible to fracture. This method gives a BMD value that can be used to find a T-score based 

on healthy bone tissue. The unitless T-score value is calcuated as   

T − score =
BMD − YN

SD
 

where YN is the normal average BMD value in a young healthy human and SD is the standard 

deviation of the population. According to the World Health Organization Standards (WHO), a T-
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score ≤ -1 is defined as osteopenia or at risk of osteoporosis. Values ≤ -2.5 indicate a high risk of 

osteoporotic bone fracture. Although this approach is simple and noninvasive, there are many 

limitations. Firstly, the T-score is only based on the normal average and YN and SD values differ 

between countries and sex [6]. Additionally, fractures occur in bone classified as healthy as well 

as osteopenic bone [4], suggesting BMD alone is an insufficient predictor of fracture risk. The 

results can also be skewed as the BMD does not take into account the degree of mineralisation 

and a decrease in apparent bone density is not always synonymous with a decrease in BMD [4]. 

Situations that can alter the results of a BMD scan include osteomalacia, previously embedded 

metal objects such as a screw, and soft tissue calcification.  Finally, usually the BMD at one 

anatomical site is comparable to another anatomical site for healthy patients, but this 

correlation decreases with age just as osteoporosis risk is increasing [4]. Therefore, an 

innovative approach that incorporates bone quality is needed to diagnosis osteoporosis, as well 

as design treatments and mechanical systems for mitigation of the disease. 

Bone quality and architectural parameters have become more extensively studied to 

better understand the deformation and failure mechanisms associated with bone [8]; this 

includes the geometry, cortical and trabecular morphometric measurements, bone porosity 

and various bone defects, such as vascular apertures that supply nutrients to the bone, that 

may also be present.  The interaction and load-sharing between the hard-cortical shell of the 

bone versus the porous inner network of trabeculae is also of interest to determine where 

failure tends to originate and how cracks tend to propagate through the geometry, which may 

be different in healthy and osteoporotic bone. Bone volume fraction, trabecular thicknesses, 

and cortical shell thicknesses can also provide understanding on where a vertebral body might 
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be the weakest.  Osteoporotic fractures most commonly occur at areas of high trabecular bone 

concentration such as in the ends of long bones, pelvis, and vertebrae and are believed to 

originate from the loss of bone density in these regions with age [9], [10]. The geometry of a 

vertebral body involves a porous trabecular network surrounded by a denser cortical shell. 

Additionally, there are vascular apertures or holes within the cortical shell that allow for the 

transport of nutrients. 

Animal models are often used in evaluating drug interventions associated with the 

disease; however, to be useful, the model must be representative of the important 

characteristics seen in humans. For example, rats have a similar biological system of bone 

remodeling to those of humans, but one limitation is the geometry [11]; rat vertebrae have 

proportionally larger vascular apertures and cortical shell thicknesses [1]. Therefore, potential 

differences in failure modes must also be considered.   

 In a recent study by Morton et al. [1], a correlation was found between vertebral 

fracture in the cortical and trabecular bone adjacent to the vascular apertures. There is little 

knowledge of the contribution they have in osteoporotic fractures generally, but their role in 

the rat is of interest given that the vascular apertures are larger, relative to the size of the 

vertebrae, than in humans. It is also not well understood if the vascular apertures are the main 

cause of failure mode in the vertebrae, if it is the reduction of trabecular network density near 

the vicinity of the apertures that is the cause, or if it is a combination of both these mechanisms 

[1]. As both the relative size of vascular apertures and the relative cortical shell thickness is 

larger in rat vertebrae, and may affect load sharing, this raises questions as to whether the load 
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sharing and the observed failure mode is representative of human vertebrae in both healthy 

and osteoporotic vertebrae.   

Average rat vertebrae range in height from 6-7mm and 8-9mm along the width in the 

medial-lateral axis with human vertebrae ranging from 28-29mm in height and 46-50mm in 

width [12]. The thickness of the cortical shell or cortex in humans has been found to range from 

0.25-0.40mm for vertebral geometry [9]. In rats, a cortical shell thickness of 0.154mm for 

healthy bone and 0.124mm for the dorsal side of osteoporotic bone was reported [1]. Previous 

studies that looked at the cortical shell relative load contribution in humans have found values 

ranging from 30% to 50% in humans [9], [13], [14] and 64% in canines [15]. Variations within 

one study were deemed to be dependent on bone extraction techniques, trabecular 

architecture and vertebral geometry [9]. To the author’s knowledge, only the study by Ito et al. 

[16] has been used to find cortical load contribution with the endplates removed in rat 

vertebrae, finding an average of 65.3 ± 12. % in the SHAM and 78.6 ± 7% in the OVX due to the 

reduced trabecular network [16] . Additional information is needed to interpret results across 

multiple rat vertebral geometries and investigate the effects specifically brought about by the 

vascular apertures.  

Cortical and trabecular mechanical behaviour has been regularly quantified using high-

resolution micro-CT imaging as it gives insight into the development of failure if synchronously 

imaged at different loading protocols [17]–[20]. These 3D image sets can be processed to 

extract the cortical shell and then converted into finite element analysis (FEA) models to study 

local and apparent behaviour. The pairing of micro-CT imaging and finite element analysis 

allows for specimen-specific non-destructive FEA models to be experimentally validated. Finally, 
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bone defects such as apertures or holes within the bone for nutrient transport can be expected 

to have detrimental effects on the mechanical behaviour. To consider them “defects” is 

perhaps one-sided; clearly, the apertures exist because they serve important anatomic and 

physiologic functions. Nevertheless, in terms of the mechanical behaviour, the represent stress 

concentrations and possible failure initiation sites. As a result, the load sharing between cortical 

and trabecular bone,  as well as the effects of the vascular apertures are studied to better 

understand the larger picture of osteoporotic fractures.  

1.2 Research Objectives 

The research objectives of this work are outlined as follows:  

• The overall objective of this study was to create specimen-specific FEA models of rat 

vertebrae undergoing uniaxial compression with three different bone conditions - 

healthy (SHAM), osteoporotic (OVX), and osteoporotic + treatment (OVX+E) - to 

assess the effects of disease on cortical shell apparent stiffness contributions and 

the influence of vascular apertures. From completing this objective, the following 

two studies could be created with the following goals:   

• Study 1 – Cortical Shell Contributions to Apparent Stiffness 

o Determine the relative contributions in apparent stiffness, calculated as 

nodal force over an applied nominal displacement, of the cortical shell versus 

trabecular network across the three health conditions by creating cortical-

shell only (CSO) models with the trabecular components removed. 
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o Investigate the role of the relatively large vascular apertures by virtually 

removing them, creating vascular aperture filled (VAF) models. 

• Study 2 – Effects of Vascular Apertures on Cortical and Trabecular Strain Distribution  

o Extract the cortical shell from the FEA models to independently determine 

the strain distributions under uniaxial loading in the cortical shell and the 

trabecular network.  

o Examine the change in strain homogeneity between models with and 

without the presence of the vascular apertures.   

1.3 Organization  

This thesis is divided into the following seven chapters:  

• Chapter 2 gives an overview of relevant literature. 

• Chapter 3 explains the methods and materials used in the thesis.  

• Chapter 4 provides the results from the two studies performed.  

• Chapter 5 discusses the main results of the studies and additional information on other 

studies performed, a general discussion and relevance to the current literature. 

• Chapter 6 provides the conclusions and future work that could be accomplished with 

further investigation.   

• Chapter 7 references the papers used in this thesis.  

• Appendix A and B provide information and images of additional related work.  
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Chapter 2: Literature Review 

This chapter summarizes relevant literature to understand the essentials of the thesis in the 

following six sections:  

• Section 2.1 provides insight into the function of bone, components of vertebrae and 

differences in bone type and composition; 

• Section 2.2 discusses osteoporosis and the use of rats as a clinical model;  

• Section 2.3 summarizes mechanical testing of total vertebral bodies on both a local and 

an apparent level;  

• Section 2.4 describes micro-CT and image analysis in bone and pertinent architectural 

measurements;  

• Section 2.5 discusses the use of the finite element method (FEM) to model bone tissue; 

and, 

• Section 2.6 summarizes previous experimental work by Morton et al. [1], [2]. 

2.1 Bone Function and Geometry 

2.1.1 Bone Structure and Function  

Bone provides structure and support of the human body, attachment sites to muscles 

for movement, and the creation of blood cells. It is an active material and constantly adapting 

to new mechanical loading conditions. Bone health is crucial for active living and deterioration 

of bone can be detrimental to one’s health.  There are lots of different shapes and sizes of 

bones from long bones such as the femur to irregular bones such as the vertebrae [21]. For this 

study, only geometry and bone qualities pertaining to vertebrae will be discussed in depth.  
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2.1.2 Vertebral Structure and Function  

The vertebrae maintain the upright position of the body while transferring axial loads to 

the remainder of the axial skeleton. There are 33 vertebrae in humans, some fused together, 

and others separated by an intervertebral disc such as in the lumbar region. In the lumbar 

region, a vertebra consists of a vertebral body, surrounded by processes that connect to 

ligaments and muscles and support most of the weight of the body; the geometry is displayed 

in Figure 2.1[21]. The dorsal surface of the vertebral body is adjacent to the vertebral foramen 

which houses the spinal cord. Generally, there are slight differences between the cervical, 

thoracic, and lumbar vertebrae but the main body with extending pedicles and vertebral 

foramen remains consistent. The outer shell of the vertebral body and pedicles are made from 

cortical bone whereas the inner component is trabecular bone. Between each vertebra are 

intervertebral discs (IVD), which contain a high percentage of water and collagen that act as 

shock absorbers and allow for bending of the spine.   

 

Figure 2.1: Vertebral geometry of the human lumbar spine [21] 
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There are also holes or apertures within the cortical shell of the vertebrae on the dorsal 

and the ventral sides to allow for blood vessels and nutrients to be transported through the 

bone. These vascular apertures, which have also been referred to as nutrient foramina, are 

typically elliptical in shape [22]. Vertebrae have different amounts of apertures, of varying size 

and location within the cortical shell. Any hole can be expected to create a stress concentration 

which can act as a failure initiation site. For example, holes created by the removal of a bone 

screw have been found to cause weakening [23]. In at least one case these apertures, or 

foramina, have not been found to be the origin of a fracture. Rather the apertures actually 

strengthen the bone further away from the apertures but cause a strain concentration along 

the edge near to the aperture [22]; however, they have also been found to be associated with 

cracks that may lead to failure [2]. There is little knowledge of the contribution these apertures 

have in osteoporotic fractures generally, but their role in the rat is of interest given that the 

vascular apertures are larger relative to the size of the vertebra, than in humans. It is also not 

well understood if the vascular apertures are the main initiator of failure in the vertebrae, if it is 

the reduction of trabecular network density near the vicinity of the apertures or a combination 

of these two structural changes [1]. 

2.1.3 Trabecular and Cortical Bone  

There are two predominant types of bone tissues: cortical and trabecular.  Cortical or 

compact bone is denser with a more organized structure and found on the surfaces of bone. It 

has a typical porosity of 6% mainly due to the presence of blood vessels that run through the 

bone orthogonally and parallel to the principal axis [24]. Trabecular bone, which is also known 

as spongy or cancellous bone, consists of a network of rods and plate-shaped trabeculae found 
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at the ends of long bones, in the hips, and in vertebrae. It has a porosity of approximately 80%, 

but again shows variation with location, specimen, and health condition. Trabeculae typically 

grow in response to the loads under which they are placed according to Wolff’s Law [25]. 

Therefore, there is a distinct mechanical axis within the trabecular bone parallel to the direction 

of the collagen fibrils. [26].  Cortical and trabecular bone work together to provide protection of 

organs, storage of certain minerals, and mechanical support of the human body. A full image of 

the two types of bone, and locations within the femur and vertebrae, is given in Figure 2.2, [7].  

 

 

In humans, the typical height of an L4 vertebrae ranges from 25.4 – 30.2mm [27] with a 

cortical shell thickness for an L3 of 0.24-1.04mm [28]. A mean trabecular length has been found 

to be 0.47 – 0.71mm with a mean major width of 0.13-0.23mm [29]; therefore, high resolution 

imaging is needed to capture the details of the geometry.  

Figure 2.2: Structure of trabecular and cortical bone within the femur 
and vertebrae as well as zoomed into the surface layer [7]. 
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2.1.4 Tissue Level Properties and Composition 

Bone exhibits different mechanical properties at different hierarchical levels, displayed 

in Figure 2.3 [30], that work together to optimize the performance of the bone.  These levels 

can be split into three principal areas: (1) the cellular or sub-nanostructure level consisting of 

hydroxyapatite crystals within a collagen matrix, (2) the local level where these collagen fibrils 

form trabeculae and osteons consisting of dimensions in the 10-500μm range and (3) the 

apparent scale of an entire vertebra which consists of a trabecular network inside a denser 

cortical shell.  Each of these levels contribute to the mechanical properties of bone and each 

level’s properties can be quantified through different characterization techniques. 

On the simplest level, bone consists of a mineral phase within a matrix of collagen fibres 

with varying amounts of hydration and can be classified as a composite.  Collagen is a protein 

that provides elasticity and mineral nucleation sites where hydroxyapatite crystals grow in a 

preferential orientation parallel to the long axes of collagen, producing anisotropy [31]. In 

trabecular bone, the interior is more mineralized than the surface thus creating material 

heterogeneity [32].   

Moving up the hierarchical scale, collagen fibrils are formed with the embedded 

minerals. In trabecular bone, these fibrils are organized into thin sheets or lamella between 50 

and 300μm thick. The connection of these rod or plate-like structures creates the network. 

Cortical bone is also arranged as lamellae but concentrically around blood vessels for the 

transport of nutrients from the marrow through the bone to form an osteon, a basic bone 

structural unit [30].  



12 
 

 

2.2 Bone Disease and Metabolism 

2.2.1 Bone Remodelling and Osteoporosis 

Embedded in the lamella of cortical and trabecular bone are osteoclasts, osteoblasts, 

and osteocytes. These cells are crucial to bone remodelling, a process where the tissue is 

regularly resorbed, and then new tissue is created. Osteoclasts are found on the surface and 

break down old osteocytes. Osteoblasts build new bone and differentiate into osteocytes, 

mature bone cells [33].  Bone remodelling is initiated by a range of stimuli, including hormonal 

changes, and occurs by osteoclasts dissolving old bone while osteoblasts form new bone.  In 

estrogen depleted osteoporosis, there is an increase in the number of osteoclasts without an 

increase in osteoblasts. This imbalance increases cortical porosity, enlarges the resorption area 

on trabecular surfaces causing stress concentrations, and reduces osteoclast cell death [34]. 

Figure 2.3: Hierarchy found in bone from the sub-nanostructure to the 
macrostructure level. [16] 
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Since women undergo a more dramatic change in hormones which is characterized by age from 

menopause, they are more susceptible to developing osteoporotic fractures [35]. Due to this 

gradual weakening, most osteoporotic fractures result from routine daily tasks rather than from 

a traumatic fall or injury [36].  

2.2.2 Animal Models 

Rat models are often used in studying diseases such as osteoporosis due to their size, 

convenience, and a vast knowledge of their biology. When choosing an animal model, it should 

be able to reliably reproduce the disease being studied and the progression should be similar to 

that of humans [37]. Similarities between rats and humans include that they have the same 

biological mechanisms to increase bone mass, and bone maturity happens similarly to that of 

humans growing from children to adults. The effects of estrogen-induced treatments have also 

been shown to be similar in humans and rats [11]. However, rat vertebral geometry is different 

in important ways. Rats have been found to have a relatively thicker cortical shell and have 

vascular apertures that are also proportionally larger, relative to the vertebrae size, than that of 

humans [1].  In addition, since they are quadrupedal, this raises questions about whether the 

different principal loading axis changes the nature of their trabecular network relative to 

humans. The rat model should be selected based on scientific reasoning, not ease of use. 

Therefore, consideration is needed when extrapolating test data from rat bone tissue to 

investigate osteoporosis in humans [37].  
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2.3 Mechanical Testing of Vertebral Bodies 

2.3.1 Total Vertebral Body Testing 

Total body vertebral compression testing involves a series of standard steps to best 

mimic in-vivo loading. The spine involves the intervertebral discs as well as the vertebral bodies 

and, depending on the study, the IVDs are removed to isolate the vertebral body. Bone marrow 

is also usually removed at this point and the specimen is wrapped in gauze to ensure hydration 

[1].  Unless mechanical testing is performed immediately, the specimens can be frozen and 

thawed again before testing is completed [38].  

In compressive testing, it is important to ensure that the loading surface is 

perpendicular to the loading platform of the micro-compressive device that is often used. The 

use of bone cement or poly(methyl-methacrylate) (PMMA) is used to anchor the vertebrae in 

place as it has similar material properties and can be attached to the cranial and caudal ends of 

bones with relative ease. PMMA is a two-part thermoplastic and a 2:1 mixing ratio for powder 

to liquid has been used for bone applications [1]. Vertebral specimens are often kept in 

hydration during testing to negate the effects of dehydrated bone material changes [39].  

2.3.2 Total Vertebrae Material Properties 

To understand the mechanical behaviour of the total or whole vertebrae requires 

knowledge of the behaviour of its two major components: trabecular and cortical bone. Testing 

of vertebral architecture is also commonly performed using cored samples of trabeculae and 

this method poses its own advantages and limitations. The apparent properties of a cored 

trabecular sample exhibit reduced strength compared to cortical bone due to the porosity. 

There is a plastic large area which causes irreversible deformation as the trabeculae start to 
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collapse and fill the marrow spaces, followed by a rapid increase in stiffness. Buckling can occur 

and the porosity makes for a higher number of stress concentrations [40]. Purely cortical bone 

on the other hand is denser but more brittle, Figure 2.4 [41]. The strength in tension and 

compression also differ, with the vertebral bone being stronger in compression [42] [43], as 

that is the loading mode that is most associated with typical physiological behaviour.  

 

 

2.3.3 Nanoindentation 

One issue with comparing the mechanical behaviour of trabecular and cortical bone is 

that it is hard to separate the geometry from the tissue properties. There is some debate as to 

whether cortical bone is simply a less porous version of trabecular bone or different 

fundamentally. An argument that there is a difference in the two types of bone tissue comes 

from the degree of mineralization.  Cortical bone has been found to have a lower remodelling 

rate and therefore a higher degree of mineralization [44]. Since the elastic modulus increases 

with increasing mineralization, cortical bone, with its higher mineralization, is likely to have a 

Figure 2.4: Cortical and trabecular bone force-displacement curve for 
apparent properties [30]. 
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higher elastic modulus [45]. Nanoindentation studies confirm this theory and have found 

cortical bone to have a higher elastic modulus. [30], [46], [47]. Zysset et al. [46] found a 

significant difference between trabecular (6.9 ± 4.3 GPa) and cortical (25.0 ± 4.3 GPa) elastic 

modulus in human femurs through nanoindentation, (Figure 2.5a). Conversely, Wang et al. [47] 

completed a similar study on bovine vertebrae and tibias and observed a smaller difference 

between trabecular (20 ± 2 GPa) and cortical (24.7 ±2.5 GPa) elastic moduli in the longitudinal 

direction, as seen in Figure 2.5b, [47].  These examples show just some of the variations 

between results in the literature.  

 

(a)                                                                                                            (b) 

Figure 2.5: (a) - Nanoindentation study performed on human vertebrae by 
Zysset et al. (b) – Nanoindentation study with bovine vertebrae, a study 
performed by Wang et al.  on the right. 
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2.4 Bone Imaging and Morphometric Measuring 

2.4.1 Micro-Computed Tomography 

X-ray micro-computed tomography, shown in Figure 2.6 [48], which creates a series of 

images by projecting X-rays through a sample, has been heavily used to study bone behaviour 

and geometry [1], [18], [49]. The result is a non-destructive 3D voxel reconstruction of the 

geometry of the sample reported in grayscale values that are functions of density and 

radiopacity [48]. The resolution of the image depends on the X-ray source. 

 

The images can be segmented to create a binary image or processed via other methods 

as desired. Certain micro-CT machines allow for a materials testing stage (MTS) within the 

device and allows for the specimen to be mechanically tested whilst synchronously taking 

images at certain strain levels [2], [50].This allows the visualization of the progression of failure 

Figure 2.6: Simplified micro-CT setup [10] 
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in image guided failure assessment (IGFA) [51]. In total vertebral body geometry, this means 

that architectural parameters can be monitored at different periods of failure as well as the 

geometry post failure [1].  

2.4.2 Image Processing   

Segmentation is a process of dividing the pixels or voxels of an image into discrete 

components such as bone and empty space [49]. The simplest form of image segmentation is 

applying a threshold to covert grayscale images into binary. The threshold value can either be 

selected manually or with a specific algorithm, for example Otsu’s global threshold method 

[52]. Although more sophisticated approaches have been proposed, a global threshold value is 

often used for simplicity [38], [49], [53], [54]. The key to successful segmentation is to maintain 

all the architectural parameters, especially the trabecular connections. The integrity of the 

trabecular components can be kept by applying the same threshold to the entire 3D data set as 

opposed unique values for each 2D image. One limitation of a global threshold method is the 

disregard for beam hardening in which the X-ray is more focused at the centre of the specimen 

and circular artifacts are present around the rest of the image [55]. These artifacts can be 

minimized through image processing techniques such as a Gaussian blur [18], [56], [57]. The 

effect of applying a Gaussian blur to an image can be seen in Figure 2.7 [18].  
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2.4.3 Virtually Extracting the Cortical Bone  

Once bone tissue voxels have been identified in a 3D structure, it is often necessary to 

isolate either the cortical shell or trabecular network for additional measurements. There are 

many methods to remove the cortical shell from the trabecular network. A seemingly simple 

approach is a semi-automated hand contouring slice-by-slice method, but this is time 

consuming and subject to operator error[58]. Buie et al. [59] proposed a dual threshold 

algorithm that uses two input thresholds, and a series of automated imaging processing steps, 

to separate cortical and cancellous voxels as depicted in Figure 2.8 [59].  A third method defines 

the inner edge of the shell as the first empty voxel after a series of voxels. One limitation here is 

that there is an increase in the thickness of the shell when the trabeculae are directly adjacent 

to the shell [9]. Finally, one procedure differentiates the two by density and location [60] where 

another separates the bone and non-bone components through filtering and removing the 

Figure 2.7: The effect of Gaussian filter on image quality and noise. [35] 
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largest connected component as the trabecular network [16]. Each method has advantages and 

limitations that can all contribute to differences between studies and varying results.  

 

2.4.4 Architectural Parameters  

From the use of micro-CT, architectural parameters can be defined to help study bone 

geometry. There is a set of standard morphometric measurements with consistent measuring 

techniques between studies. In bone, morphometric indices, such as bone volume and total 

volume, can be calculated from a direct counting of the voxels. Thickness of a single trabeculae 

can range from 100-150μm [61] and determined as from the diagram in Figure 2. 9 [58].  

Figure 2.8: The dual threshold algorithm applied to the vertebral body of a 
human performed by Buie et al. [59] 
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Abbreviation Description Units 

Ct.Th Cortical Shell Thickness taken as the mean thickness mm 

Ct.Th.D Cortical shell thickness on the dorsal side of vertebral body mm 

Ct.Th.V Cortical shell thickness on the ventral side of vertebral body mm 

Tb.Th Mean trabecular thickness mm 

BV/TV Ratio of the number of bone voxels to number of voxels % 

 

2.5 Using Finite Element Analysis in Bone Tissue Applications 

Finite element analysis (FEA) involves splitting a geometry into a series of discrete 

elements to form a mesh. For a structural analysis, these elements each have behavioural and 

material properties associated with them. A global matrix is created to represent the response 

of the entire system subjected to the applied boundary conditions and solution parameters. 

Figure 2. 9: Trabecular thickness standard measurement [45]. 
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2.5.1 Meshing 

Two methods have been proposed to convert micro-CT images into FE models, a voxel-

based procedure and a surface tetrahedral mesh. Voxel-based meshing converts the 3D voxels 

from segmented micro-CT data into a series of hexahedral brick elements [62]. This method has 

been widely implemented in FE models of bones [60], [63] and allows for equal sized elements 

that are increased from the original voxel size in the micro-CT images to reduce computational 

time whilst still converging [64]–[66]. A disadvantage of the voxel based method can be the 

step-like geometry and increase in stress concentrations if the voxel size is too large, Figure 

2.10 [67].   

 

(a)                                                          (b) 

(c)                                                          (d) 

Figure 2.10: Illustration of various meshing approaches including (a) -  a 
high resolutions and (b) low resolution voxel-based meshing, as well as 
tetrahedral meshes with (c) small or (d) large surface triangulations. 
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Alternatively, a mesh of tetrahedrons can be generated based on a triangulated surface 

of the geometry. This method does create a smoother surface then the hexahedral approach, 

but it requires more solver CPU time [67] and has been proven to be less accurate with 

complicated geometries such as a trabecular network. Since the mesh is often ill-conditioned 

some solvers may not converge and irregular mesh boundaries may also occur [68]–[70].  

2.5.2 Material Properties 

Although there are many advances in using finite element analysis for complex high-

resolution geometries, there are additional input parameters needed to accurately model the 

material properties of bone due to the various levels of deformation. Cortical and trabecular 

bone are assumed to have the same elastic properties in the tissue level [53], [71]. Several yield 

criteria for apparent level modelling have been proposed including the Tsai-Wu Failure criterion 

commonly used in composites [72] and a modified super-ellipsoid criterion specifically 

formulated for trabecular bone [73] but none are yet implemented into standard FEA software. 

Therefore, most FE studies on vertebral bodies that focus on geometric qualities use an 

isotropic elastic material model for simplicity. Depending on the study, elastic moduli applied to 

FE models in the literature can vary from 1 GPa [19] for trabecular cored models to 19 GPa [56] 

for total vertebral bodies. Some methods involve using geometric nonlinearities to predict post-

yield behaviour, if it is worth the computational expense, and post-yield behaviour is of 

importance for the study [74],[75].  

Within the elastic models, some extend to include anisotropy by using experimentally-

determined fabric tensors; orthotropic tensors have been found to be most appropriate. Since 

the anisotropy is largely determined from the trabecular architecture [76], orthotropy can be 
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implemented, but often not in micro-CT data FE models as imaging alone cannot capture the 

anisotropic properties accurately [54]. To determine the constitutive parameters governing the 

mechanical behaviour they must be determined experimentally. Tissue level material 

heterogeneity is often disregarded but has been shown to cause as much as a 21% decrease in 

Young’s modulus compared to a homogeneous model [77].  A Poisson’s ratio of 0.3 is widely 

used, finding that changing the ratio from 0.15 to 0.35 varies the elastic modulus by less than 

2% [78].  

2.5.3 Resolution 

When creating models that include cancellous bone, it is important that the resolution 

be chosen to ensure trabeculae are represented by an adequate number of elements. Using too 

large of an element (i.e., low resolution) can cause a loss of trabecular components. 

Convergence studies suggest that a minimum ratio of trabecular thickness to element size of 

three [25] or four [79]. However, this has also been shown to produce different results for 

tissue and apparent properties. Depalle et al. [80] concluded that on the apparent level, 

resolutions of 20µm and 80µm for models of human trabecular bone imaged at a resolution of 

20µm were highly correlated. However, stress concentrations were more sensitive to element 

size and formulation and did decrease with an increase in voxel size.  

Element formulation must also be considered when selecting resolution. Using linear 

elements showed stress concentrations whereas quadratic elements negated these 

concentrations and actually showed a better prediction of stress fields along the trabeculae 

[80]. However, Niebur et al. [79] concluded that using higher order elements still caused stress 

concentrations in shear but were less sensitive in compression and that the convergence may 
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depend on architecture of the trabecular network, stating error is larger for lower density 

specimens. Overall, it depends on the hierarchical level at which the stresses and strains are 

computed as to the most accurate element size and using quadratic elements can help to 

remove stress concentrations at trabeculae that might cause over-stiffening depending on 

specimen, loading scenario and element formulation [80].  

2.5.4 Solver and Error 

There are two main types of solvers; a direct solver, and an indirect solver. In a direct 

solver the elemental matrix is solved equation by equation which is computationally expensive 

but good for ill-conditioned meshes and nonlinearities. In the preconditioned gradient method, 

which is an indirect-iterative solver, there is no need to assemble the entire matrix, the memory 

requirements are lower, and the solver begins with an initial guess that is material and element 

dependent then iterates until the solution has converged [81], [82]. 

Finite element analysis converges to an approximation solution and is never 100% 

accurate. There are several errors that can contribute to discrepancies in the solution. Firstly, 

poorly shaped elements can cause local high stress concentrations, especially in voxel-based 

models with large voxel sizes which create a geometry that resembles a stair-case. Material 

models and boundary conditions also create limitations in that it is hard to demonstrate 

behaviour at all levels in hierarchical materials. Discretization error is also present which is 

dependent on the mesh density. Finally, user error when setting up a model, and computer 

error in the form of truncation or rounding error, will also affect the accuracy of the predicted 

results.  
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2.5.5 Cortical and Trabecular Load Sharing 

There is a defined cortical shell thickness (Ct.Th) that varies with specimen, anatomical 

site and location within the bone itself. In humans, values of 0.25 – 0.40mm have been 

calculated [9].  In rats, which are comparatively much smaller, a cortical shell thickness of 

0.15mm for healthy bone and 0.12mm for osteoporotic bone have been reported, roughly only 

half that of humans [1]. This suggests that the relative cortical contribution in uniaxial 

compression would be larger in rats. Rockoff et al. [14] studied human lumbar vertebrae in 

compression, finding the cortical load contribution to be 25-55% and found more force is 

transmitted through the cortical shell in older subjects. More recently, Eswaran et al. [9] 

concluded that the contribution from the cortical shell was 52 ± 9% and stated the reasoning 

behind the larger contributions was from the unloading of the remaining peripheral trabeculae 

adjacent to the shell.   

There is also believed to be different contributions at varying locations within the 

vertebral body with values of 30% near the endplates to a maximum of 50% cortical load 

contribution in the mid-transverse region with no significant differences between healthy and 

osteoporotic bone [60]. These values are calculated for human compressive behaviour with 

little investigation into rats. One study, by Ito et al. [16] did look at rat vertebral compression 

calculating the cortical shell load contribution of 65.3±12.5% in healthy models and 78.6±7.0% 

in an osteoporotic induced model.  Due to the varying nature of bone and the broad range of 

values reported, more investigation needs to be completed into cortical load contribution in rat 

vertebrae for healthy and osteoporotic bone tissue.  
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2.6 Previous Experimental Study 
 

In a previous experimental study by Morton [1],[2], thirty lumbar rat vertebrae were 

uniaxially compressed while synchronously imaged with a micro-computed tomography 

scanner (MicroXCT 400, Xradia Inc., California, USA) at a voxel resolution of 20.3μm. The 

intervertebral discs, posterior areas, and soft tissues were removed, and the ends of all samples 

were embedded in poly(methyl-methacrylate) (PMMA) to ensure a loading surface 

perpendicular to the loading axis, (Figure 2.11). Three experimental groups were examined: (1) 

healthy vertebrae (SHAM, n=10), (2) bilateral ovariectomized osteoporotic induced vertebrae 

(OVX, n=10) and (3) bilateral ovariectomized osteoporotic induced vertebrae with an estradiol 

treatment (OVX+E, n=10).  Half of the vertebrae underwent a compressive incremental loading 

protocol, where micro-CT images were acquired at, 2, 3 ,5 and 10% nominal strain and a 

displacement rate at 0.6mm/min. The specimens were submersed in a saline solution to ensure 

proper hydration and synchronously imaged at the specified strains with a micro-CT scanner.  

The remaining 15 vertebrae were tested to failure under continuous loading; however, those 

results were deemed questionable because a pre-conditioning protocol was not used to 

remove viscoelasticity.  
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From quantitative morphometric measurements extracted from the micro-CT images, it 

was found that the OVX had a statistically lower bone volume fraction (BV/TV) and thinner 

cortical shell thickness on the ventral side. In terms of apparent stiffness, there was no 

statistically significant (P=0.280) difference between the diseased, healthy or treated state and 

all samples typically exhibited brittle failure with similar loading behaviour in the linear region.  

Through qualitative incremental failure analysis (QIFA), three predominate failure paths were 

observed: (1) – Type I, involving a crack initiating in the vicinity of the vascular apertures on the 

dorsal surface  and propagating through to the ventral surface, (2) – Type II, a similar crack 

initiating adjacent to the vascular aperture and propagating to the cranial endplate and (3) – 

Type III, a localized failure of the cranial endplate [2].  These failure modes are shown and 

described in detail in Figure 2.12.   

 

Figure 2.11: Experimental rat vertebrae specimen embedded into PMMA -
(shown in florescent green) to create uniaxial loading conditions, shown as (a) a 
single specimen, and (b) inside the loading platform [1],[2]. 

(a)                                                                                                (b) 

 

(a)                                                                                                             (b) 
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 From these results, it was concluded that failure was highly dependent on the 

presence of vascular apertures, particularly their size as well as their effect on neighbouring 

trabecular architecture. It was suggested that these failure modes were a result of either stress 

concentrations in the cortical shell from the apertures themselves, or from a reduced 

trabecular network adjacent to the apertures, but it was unclear which cause was responsible. 

Therefore, a follow-up finite element analysis study investigating the effect of these vascular 

apertures on relative loading of the cortical shell and trabecular network in diseased and 

healthy rat vertebrae was recommended.   

 

Figure 2.12: Failure modes established through QIFA [1],[2]. 
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Chapter 3: Materials and Methods  
 

3.1 Image Processing  

In a previous experimental study, healthy (SHAM), osteoporotic (OVX) and treated 

osteoporotic (OVX+E) rat vertebrae were tested in uniaxial compression. Half the samples were 

subjected to incremental compression while synchronously imaged with a μCT machine at each 

step, while the second half were loaded in continuous compression.  It was concluded that due 

to the absence of a stress relaxation period in protocol 2, the experimental apparent stiffness 

results were not comparable to the FEA models examined herein; however, the images were 

used for their geometries to increase the sample size.  In the present study, the sets of micro-CT 

voxel images were blurred with a Gaussian filter (sigma = 1.0) to remove noise from the image, 

Figure 3.1a. The sigma value was optimized qualitatively. The image sets were subjected to a 

global threshold [83] using Otsu’s Method [52] calculated on the entire 3D stack of images so as 

to not reduce the number of trabecular connections [84].  The images were then cropped to a 

region of interest that only contained the vertebral body and unconstrained elements floating 

within the images were removed to ensure model convergence [67]. All image processing was 

completed using MATLAB, Figure 3.1b (The MathWorks, Inc., Natick, MA). 
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A custom voxel-based meshing procedure [62] was implemented to convert the bone 

components into a series of quadratic hexahedral elements, Figure 3.1c. Using quadratic 

elements has been found to negate the stress concentrations from linear elements in 

compression [80]. Additionally, hexahedral elements are preferred over a tetrahedral surface 

mesh as it allows for direct correlation of complex geometry and creates a well-conditioned 

mesh with equal sized elements [65]. The voxel size of the original images was 20.3μm [1], a 

third the size of the average trabecular thickness [25]. To decrease computational complexity, 

the voxels were rescaled in all directions to sizes of 26.39μm, 30.45μm, 40.6μm, 80.4μm, 

160.2μm and 203.0μm to complete a mesh convergence study (Figure 3.2). The model was 

         (a)                                                                                                             (b) 

(c)                                                                                                             (d) 

Figure 3.1: (a) – Raw image of a slice. (b) – Processed image by methods described. 
(c) – Images converted into voxels within ANSYS. (d) – The dual threshold algorithm 
applied to processed image and the trabecular network removed. 
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assumed to be converged once the apparent stiffness values were within 10% of the next 

smallest voxel size apparent stiffness, converging at a value of 30.45μm (1.5 x 1.5 x 1.5 the 

original micro-CT resolution) [79], [80], [82]. This value is roughly half that of the trabecular 

thickness, larger than recommended for linear brick elements [67]; however, since only the 

apparent values were considered in the present study, and hexahedral elements were used, 

this element size was employed for all FEA models, Figure 3.1c.   

 

 

Figure 3.2: Mesh convergence of SHAM, OVX and OVX+E specimens at various 
voxel sizes.  The dotted lines indicated ± 10% of the stiffness of the smallest voxel 
size modelled (26.39μm). 
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3.2 Model Setup  

The PMMA used by Morton et al. [1],[2] to align the specimens was not radiopaque and 

hence not visible in the micro-CT images [2]. Therefore, since the caudal surface for all 

specimens was not flat, virtual PMMA was added to the cranial and caudal surfaces to create 

uniaxial boundary conditions [56]. A preliminary study- (see Appendix A)- showed that minimal 

bending moment was produced around the dorsal-ventral axis on the vertebrae caused by the 

addition of PMMA to the surfaces.  The PMMA was added such that it was central to the body 

of the vertebrae not necessarily the processes. When determining the placement of the virtual 

PMMA, extra measures were taken to make sure a bending moment was not caused by the 

PMMA geometry while also trying to save computational time.  The displacement along the 

dorsal-ventral plane was calculated to determine if there was a bending moment at various 

PMMA shaped geometries.  If the PMMA was placed too close to the dorsal side a bending 

moment was created and an optimal position of 90% of the total length in the dorsal-ventral 

axis was used. The PMMA and bone tissue were also regarded as one body for simplicity as the 

interaction of the interface between the two materials was not considered significant for this 

study. The resulting models were subjected to a 2% uniaxial compressive strain with the caudal 

surface fixed in the axial direction while still allowing for movement in the medial-lateral plane. 

An applied strain of 2% was selected as it was within the elastic region for all experimental 

stress-strain curves. On the cranial surface, a frictionless displacement was applied to the top of 

the PMMA in the cranial-caudal direction while again allowing for expansion and contraction of 

the vertebral body medially and laterally. Images of the model setup can be seen in Figure 3.3. 
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Both the bone tissue and PMMA were modeled as isotropic linear elastic materials with 

a Poisson’s ratio of 0.3. Bone has a hierarchical structure where the apparent properties differ 

greatly from the local properties [30]. However, on the elemental scale, cortical and trabecular 

bone can be assumed to be equivalent as they contain similar material constituents of 

hydroxyapatite crystals within a collagen matrix [10]. Therefore, in FE applications, the two 

types of bones can be given the same material properties [53], [71], [85]. Additionally, since the 

focus of the study involved a comparison between SHAM, OVX and OVX+E geometries on 

mechanical behaviour, the use of a common material model is a reasonable assumption. An 

elastic modulus of 2 GPa was used for all bone elements, based on the linear apparent stiffness 

from the experimental load-displacement curves [1],[2]. The PMMA had a mixing ratio of 2:1 

and an assumed elastic modulus of 3 GPa [56]. All models were simulated using ANSYS (Release 

17.1 ANSYS, Inc., Canonsburg, PA) on a Dell OptiPlex 9020 SFF (i7-4790, 16GB RAM) computer. 

A preconditioned gradient solver (PCG) was used with a tolerance of 1E-08 as it is much quicker 

than a direct-solver and optimal for large geometries with a well-conditioned mesh [82] . Each 

Figure 3.3: Images of one FEA model showing (a) the 3D structure with 
the PMMA placed on the caudal and cranial ends, (b) a 2D slice of the 
model in the sagittal plane and (c) the 3D structure without the inclusion 
of the PMMA.  

(a)                                                                   (b)    (c) 

 

(a)                                                                                                             (b) 
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model varied in size due to the geometric differences but on average had 2.6 million elements 

when the PMMA was included. Some models also had fully intact vertebral processes whilst 

others were slightly cut off from the experimental specimen preparation, but since the loading 

was applied central to the body of the vertebrae there was no difference on the boundary 

conditions of the vertebral body between models.   

3.3 Cortical Shell Extraction  

For each cortical-trabecular model (TVB, n = 30), a second model was created that 

removed the trabecular components from the vertebral body to enable loading of just the 

cortical shell (cortical-shell only models, CSO, n = 30). The raw images were converted into 

binary images with the same procedure as the TVBs and using the same voxel size (30.45μm). 

An additional convergence study was completed to ensure the apparent properties of the CSO 

models were converged with the original voxel size. The dual threshold algorithm introduced by 

Buie et al. [59] was employed to extract the cortical shell, Figure 3.1d. These images were then 

converted into quadratic hexahedral elements using the voxel-based meshing algorithm 

described above. PMMA was virtually added to the cortical-shell only models with the same 

geometry as the corresponding TVB models. Material properties, boundary conditions and 

solution parameters were consistent to allow for a direct comparison between the two types of 

models. This also allowed for the differentiation of cortical and trabecular elements to focus on 

the distribution of strains within each component. Strains were separated into high strains (<-

0.05), mid-level strains (-0.05 to -0.02), and low strains (-0.02 to 0) based on results. 
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3.4 Vascular Aperture Filling  

 To study the effects of the vascular apertures on the apparent level mechanical 

behaviour, the holes were virtually filled in with bone elements to create vascular aperture 

filled (VAF) models (n=30), Figure 3.4. To the author’s knowledge, such a procedure has not 

been described in the literature. Filling was performed by creating a 3D volume in MATLAB by 

contouring a polygon on a slice-by-slice basis in the vascular aperture region. This region was 

then masked with the binary image set of the specific specimen to create a model without a 

vascular aperture. Each model had at least one vascular aperture in the dorsal side with a few 

models also having ventral apertures. Since the primary mode of failure from the experimental 

work was observed to originate from the dorsal region, only the dorsal region vascular 

apertures were filled [1],[2]. In the instances where multiple vascular apertures in the surface 

were present on the dorsal side of the same model, two dorsal volumes were manually 

contoured and masked. Nodes and quadratic elements were formed from the voxels. Once 

again, PMMA was applied to the cranial and caudal surfaces with the same geometry as the 

TVBs and the CSOs. Boundary conditions and material properties remained consistent.  
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3.5 Statistical Analysis  
 

Statistical analyses were completed. First, a one-way ANOVA test was used to determine 

if there was statistical significance between the SHAM, OVX and OVX+E groups for a given set of 

measures. If there was significance, pairwise t-tests were performed to asses the differences 

between the healthy vs treated, healthy vs osteoporotic, and osteoporotic vs treated values. 

These analyses were completed for the apparent stiffness, the cortical stiffness contributions, 

and for the cortical element number calculations. Statistical significance was considered a P 

value of less than 0.01 for all calculations to reduce the chance of a Type I error. Additionally, 

for comparison of histomorphometry measures to experimental values, a simple R2 value was 

used to measure correlation and a P value was found based on the t-score of the Pearson 

correlation coefficient.  Likewise, a two-way ANOVA test was employed to reveal differences 

between groups with and without the vascular apertures filled in.  

(a)                                                                                                             (b) 

Figure 3.4: 3D reconstruction of specimen in ImageJ with the original geometry. 
(b) - 3D reconstruction with the removal of the vascular apertures. 
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Chapter 4: Results  
 

4.1 Study 1 – Relative Contribution of Cortical Shell to Apparent Stiffness  
 

4.1.1 Specimen Specific Total Vertebral Body (TVB) Models 
 

Apparent stiffness was calculated as the sum of the nodal forces on the caudal plane 

divided by the applied displacement which was 2% of the height of the corresponding 

vertebrae. This value, reported in N/mm, was used to compare the specimen-specific FE models 

of the three disease states (SHAM,OVX,OVX+E); results are summarized in Table 4.1. In the TVB 

study, ANOVA revealed that the apparent stiffness was significantly (P<0.01) affected by 

disease state and pairwise t-tests indicated that the OVX was statistically different from the 

SHAM and OVX+E models, (Table 4.2).  These predictions do not agree with the experimental 

values where no significant difference was found between groups in terms of the apparent 

stiffness [1], [2]. There was no statistical difference between all types in the average number of 

elements, which is correlated with volume, and the larger models tended to be the ones with 

the transverse processes still intact. This latter analysis was completed to see if the reduced 

BV/TV in the OVX vertebrae could affect the stiffness.   
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Table 4.1: Average apparent stiffness and average number of elements for the SHAM, OVX and 
OVX+E FE models. 

 

Table 4.2: One-way ANOVA and paired t-test analyses of the TVB model apparent stiffness and 
the average number of elements across the models. 

*Indicates statistical significance (P<0.01) 

4.1.2 Cortical Shell Only Models 
 

The shell thickness of the cortical shell only (CSO) models was determined using the 

same method as the experimental work of Morton et al. [1], [2] which corresponded to the 

thinnest component closest to the vascular aperture. Similar cortical thicknesses between the 

FE model geometry and the experimental vertebral images were calculated but by using the 

dual threshold algorithm, the thickness was overestimated slightly. This disparity is likely a 

 

n 

Average Apparent Stiffness 

± Standard Deviation 

(N/mm) 

Average Number of 

Elements ± Standard 

Deviation 

SHAM 10 1589 ± 182 1 464 745 ± 168 767 

OVX 10 1323 ± 152 1 284 545 ± 161 107 

OVX+E 10 1671 ± 197 1 387 846 ± 146 532 

Across All Models 30 1528 ± 231 1 379 045 ± 170 871 

Statistical Method Apparent Stiffness P Values 
Average Number of Elements 

P Values 

One-Way ANOVA 0.001* 0.055 

SHAM & OVX t-test 0.004* - 

OVX & OVX+E t-test 0.006* - 

SHAM & OVX+E t-test 0.371 - 
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function of the lower resolution used in the FE models.  A thicker cortex may result in a higher 

cortical stiffness contribution in the FE models than is found in vivo. The cortical shell stiffness 

contribution was taken as the ratio of the CSO apparent stiffness to the TVB apparent stiffness 

for each specimen. These results are reported in Table 4.3. On average, the percentage of the 

ratio of apparent stiffness of the cortical shell to the TVBs was 70.1 ± 4.5%, which means the 

average trabecular contribution can be inferred to be roughly 30%. Comparing the average 

contribution percentages for each condition against all models yielded no statistical difference 

(P=0.429). Additionally, the number of elements contained in the cortical shell versus the total 

vertebral models was calculated - (Table 4.3). Table 4.4 displays the calculated ANOVA value 

with statistical significance (P<0.01) shown in the OVX paired t-tests, where a lower percentage 

of elements in the cortical shell was found.  

 

Table 4.3: Cortical stiffness contribution among the SHAM, OVX and OVX+E and the percentage 
of elements classified as cortical bone from each group. The cortical apparent stiffness was 
taken as the ratio of stiffness from the CSO models to the TVB models. 

Model Type 
Cortical Apparent Stiffness 

Contribution ± Standard Deviation 

% of Elements found 

within the Cortical Shell 

SHAM 71.0 ± 4.3% 79.2 ± 2.5% 

OVX 68.5 ± 5.8% 75.2 ± 2.0% 

OVX+E 70.7 ± 2.2% 81.3 ± 2.9% 

Across All Models 70.1 ± 4.5% 78.56 ± 3.5% 
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Table 4.4: One-way ANOVA and a paired t-tests P values of the cortical apparent stiffness 
contributions and the percentage of elements found within the cortical shell. 

*Indicates statistical significance (P<0.01) 

Important quantitative morphometric indices such as the volume of the specimen, the 

bone volume fraction (BV/TV) and the trabecular thickness (Tb.Th) were previously measured 

[1], [2]. These results were compared against the FE model apparent stiffness and cortical 

apparent stiffness contribution in a correlation analysis, as summarized in Table 4.5. All three 

prescribed parameters were shown to be correlated to the FEA apparent stiffness. The ventral 

apertures, in terms of size, showed that in the OVX there was a correlation between the size of 

the aperture and the cortical shell contribution. This means that in the osteoporotic models 

with larger holes, there was a lower contribution of the cortical shell and more load sharing of 

the trabecular network in terms of apparent stiffness. The thickness of the cortical shell only 

exhibited a correlation when all models were considered and only in the ventral area which is, 

on average, thicker than the dorsal cortical shell thickness across all specimens.  

 

 
Cortical Apparent Stiffness 

Contribution 

Percentage of Elements found 

within the Cortical Shell 

One-Way ANOVA 0.429 3.1E-05* 

SHAM & OVX t-test - 0.001* 

OVX & OVX+E t-test - 5.1E-05* 

SHAM & OVX+E t-test - 0.105 
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Table 4.5: Correlation analysis for FE model apparent stiffness, cortical stiffness contributions 
and measured quantitative morphometric indices from [1],[2]. 

 N 
Parameter or 

Model Type 
Correlation (R) P Value 

FEA App. Stiffness and Volume, 

BV/TV and Tb.Th 

30 Volume 0.512 0.004* 

30 BV/TV 0.713 8.72E-06* 

30 Tb.Th 0.467 0.009* 

Vascular Aperture Area and 

Cortical Apparent Stiffness 

Contribution 

10 SHAM 0.630 0.060 

10 OVX 0.766 0.012* 

10 OVX+E 0.141 0.715 

30 All Models 0.485 0.007* 

Cortical Thickness in the 

Ventral Side and Apparent 

Stiffness 

10 SHAM 0.410 0.265 

10 OVX 0.228 0.551 

10 OVX+E 0.837 0.003* 

30 All Models 0.620 3.04E-04* 

Cortical Thickness in the Dorsal 

Side and Apparent Stiffness 

10 SHAM 0.182 0.636 

10 OVX 0.110 0.777 

10 OVX+E 0.374 0.313 

30 All Models 0.290 0.127 

*Statistically significantly different from all other groups (P<0.01) 

4.1.3 Vascular Aperture Filled Models 
 

The volume of added vascular aperture(s) in the dorsal region, where most of the 

vascular apertures are located, was compared against the experimentally determined vascular 

aperture volume [1], [2], resulting in a high significance (P = 6.3E-15) between the two, which 

validates filling in of the apertures. A one-way ANOVA (P = 0.913) revealed no statistical 

significance in terms of apparent stiffness of the VAF and TVB as a result of disease state 
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(SHAM, OVX, OVX+E). The average increase in stiffness caused by filling of the vascular 

apertures was 0.46 ± 0.02%, (Table 4. 6), with no models experiencing a decrease in stiffness. It 

was also found that for larger volume vascular apertures or when there were multiple 

apertures, there was a higher increase in stiffness.   

Table 4. 6: Percentage of increase in apparent stiffness with the filling of the vascular apertures. 
 

Average % Increase in Apparent Stiffness ± Standard Deviation 

SHAM 0.46 ± 0.07% 

OVX 0.49 ± 0.07% 

OVX+E 0.43 ± 0.07% 

ALL Models 0.46 ± 0.07% 

 

4.2 Study 2 – Effects of Vascular Apertures on Cortical and Trabecular Strain 

Distribution  
 

4.2.1 Strain Distributions within the Cortical and Trabecular Network 
 

Classifying elements as belonging to either the cortical shell or the trabecular network 

enabled the strain in those two regions to be analyzed separately. PMMA elements were not 

included in the analysis. Histogram plots of the averaged distribution of strain within the bone 

elements when a 2% strain was applied to the cranial surface of the PMMA and are shown in 

Figure 4.1. Since each model contains a different number of elements, the normalized 

distributions were averaged among the ten different samples within each health condition 

(SHAM, OVX, OVX+E). There were a few larger compressive strains, assumed to be strain 

concentrations. Therefore, only the bulk of the elements, and only strains with magnitudes less 
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than -0.1 compressive strain were accounted for in the calculations. Important differences are 

noted between the OVX data plot and the other two groups. In the cortical shell, there were a 

reduced number of elements showing low compressive strains (-0.02 to 0) compared to the 

SHAM and the OVX+E. At mid-level strains (-0.05 to -0.02) there were a larger number of 

elements in the OVX than the SHAM and OVX+E, and at high strains (-0.1 to -0.05) there were 

similar amounts across all model types.   

 

Figure 4.1: Trabecular network, cortical shell and total vertebral body axial 
compressive strain distribution taken as an average from the 10 specimens each 
for SHAM, OVX, OVX+E with a 2% applied compressive strain. The % of elements 
in the Y axis corresponds to the ratio of number of elements in each bin to the 
entire number of elements for either the trabecular network, cortical shell or total 
vertebral body. The dashed lines represent the standard deviations of the data.  



45 
 

In order to better understand the proportion of bone elements at certain strain levels 

the results of Figure 4.1 were replotted as cumulative distribution plots and analyzed at high   (-

0.1 to -0.05), mid (-0.05 to -0.02), and low (-0.02 to 0) compressive strains. When only the 

elements within the trabecular network were considered (Figure 4.2), the OVX models had 

more elements at high strain and a surprisingly smaller proportion of elements in the mid and 

low strain groups. The lower strain levels in the trabeculae are expected in that the proportion 

of the load they support, relative to the cortical bone, is much smaller and the remodelling of 

the trabecular network is expected to produce lower, more homogeneous strains. The cortical 

shell results show that there are proportionally fewer elements at low strains (-0.02 to 0), more 

in the middle (-0.05 to -0.02) and roughly the same at high strains (-0.1 to-0.05) in the OVX, 

Figure 4.3.  Looking at the total of the vertebral body, since there are more cortical than 

trabecular elements, the distribution resembles the cortical shell.  
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Figure 4.2: Cumulative histogram of axial compressive strains present in the 
trabecular network at an applied strain of 2% across SHAM, OVX, and OVX+E 
models. High level strains correspond to axial compressive strains of -0.1 to 0.05, 
mid-level strain values are in the range of -0.05 to -0.02, and low strains are 
from 0 to -0.02. 
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Figure 4.4 shows the contour plots for the middle 50% of a specimen in the sagittal 

plane to illustrate the spatial distribution of strain in the region adjacent to the vascular 

aperture. Substantial visual differences in the density of trabeculae can be seen in an OVX 

model, (Figure 4.4a), versus a SHAM model, (Figure 4.4b).  Additional images are presented in 

Appendix C. It can also be seen that most elements are in the yellow range (-0.004 to -0.017) 

with a few high strains (>-0.05). In the SHAM, there is more uniformity among the contours and 

Figure 4.3: Cumulative histogram of axial compressive strains present in the 
cortical shell at an applied strain of 2% across SHAM, OVX, and OVX+E models. 
High level strains correspond to axial compressive strains of less than 0.05, mid-
level strain values are in the range of -0.05 to -0.02, and low level strains are 
from 0 to -0.02. 
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fewer very highly strained elements, coinciding with findings from the histogram plots in Figure 

4.2 and Figure 4.3.   

 

4.2.2 Strain Distribution Comparison of Vascular Aperture Filled Models 
 

For the VAF models, the axial compressive strains were compared via histograms across 

non-filled TVB models and between the trabecular network, cortical shell and total vertebral 

body - (Figure 4.5). The histograms for the trabecular elements, filled and unfilled, are virtually 

identical which suggests that the presence of the apertures has no influence on the strains 

experienced by the trabecular network. Conversely, there are subtle differences in the cortical 

(a)                                                                                                             (b) 
y 

z 

Figure 4.4: (a) -  Axial compressive strain for the middle 50% of an OVX specimen 
contour plot in the sagittal plane. (b) - Axial compressive strain for the middle 50% 
of a SHAM specimen contour plot in the sagittal plane. 
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shell histograms.  In the cortical shell and across the entirety of the vertebral body, the absence 

of a vascular aperture caused the mid-range strains (-0.05 to -0.02) to increase slightly or stay 

constant while decreasing the lower strains (-0.02 to 0).  As seen previously, changes to the 

total vertebral body resembled that of the cortical shell as there was a higher proportion of 

cortical elements.  

 

Figure 4.5: Trabecular network, cortical shell and total vertebral body 
axial compressive strain distribution taken as an average across the 10 
specimens for both the VAF and CTM SHAM, OVX, OVX+E models. The % 
of elements on the Y axis corresponds to the ratio of number of elements 
in each bin to the entire number of elements for each the trabecular 
network, cortical shell and total vertebral body. 
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4.2.3 Statistical Analysis of Results 
 

A one-way ANOVA test revealed statistical significance for the mean axial strains of the 

trabeculae (P = 1.2E-08) and the total vertebral body (P=0.004) across all groups, whereas the 

cortical mean axial strains were not significantly different (P=0.869).  A pairwise comparison 

between for the SHAM vs OVX+E, SHAM vs OVX, and the OVX+E vs OVX in both the axial 

trabecular strain distribution and across all elements, (Table 4.7), revealed statistically 

significant (P<0.01) differences in the OVX when compared to the SHAM and OVX+E. It is 

suggested from these results that the main changes in the osteoporotic bone are in the 

trabecular components and the cortical shell is less affected by the induction of osteoporosis.  

Table 4.7: One-way ANOVA and pairwise t-tests for strain distributions of the TVB models across 
the different combinations between SHAM, OVX and OVX+E for the trabecular elements, cortical 
elements and the total vertebral body. 

Statistical Method Trabecular Network Cortical Shell Total Vertebral Body 

One Way ANOVA 1.2E-08 0.869 0.004 

SHAM & OVX+E 0.037 - 0.446 

SHAM & OVX 1.30E-03* - 0.034 

OVX & OVX_E 4.62E-05* - 9.74E-04* 

* Indicates statistical significance (P<0.01) 

Two-way ANOVA was used to determine if there was an interaction effect between the 

health conditions of the model and the presence of the vascular apertures. This two-way 

ANOVA test between the vascular aperture filled axial strain results and not filled strain results 

across the SHAM, OVX and OVX+E revealed that the vascular apertures do not statistically 

significantly affect the trabecular bone, Table 4.8. The results display the P values for the mean 
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axial strain distributions for the presence of apertures (with or without), health state (SHAM, 

OVX and OVX+E), and the interaction between health state and apertures, with separate 

analyses between the trabecular network, cortical shell and total vertebral body. It was shown 

that the apertures had a significant affect (P=0.008) in the cortical shell. From this outcome, it 

can be inferred that the vascular apertures have less of an affect on the trabecular bone but do 

indeed reduce the axial strains of the cortical bone.  

Table 4.8: Two-way ANOVA P values for mean axial strain between vascular aperture filled 
(VAF) and total vertebral body (TVB) models. Three analyses were conducted, one for the 
trabecular network, cortical shell and the total vertebral body.  

Two-way ANOVA Statistical 

Analyses 

Presence of 

Apertures 

Health 

Condition 

Interaction between 

Aperture and Health 

Condition 

Trabecular Network 0.932 0* 0.999 

Cortical Shell 0.008* 0.5821 0.952 

Total Vertebral Body 0.035 0* 0.997 

* Indicates statistical significance (P<0.01) 

Due to the statistical significance found with the effect of apertures in the cortical shell 

from Table 4.8, a pairwise t-test was completed to determine where the statistical difference 

existed. The tests revealed the comparison between the SHAM VAF vs SHAM, OVX VAF vs OVX 

and OVX+E VAF vs OVX+E and resulted in statistical significance across all comparisons with P 

values of 9.201e-08, 2.093e-04, and 3.558e-06 respectively.   
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Chapter 5:  Discussion  
 

5.1 Study 1 – Cortical Shell Contributions to Apparent Stiffness 
 

Apparent stiffness at 2% compressive strain was determined for specimen-specific FE 

models of healthy (SHAM), osteoporotic (OVX) and osteoporotic + treatment (OVX+E) rat 

vertebrae. Using an isotropic linear elastic material model, OVX was found to be statistically 

significantly lower in apparent stiffness than the other two groups. This result does not coincide 

with the experimental study from which the micro-CT data were obtained [1],[2]; however, on 

an apparent level, it is still difficult to report why these differences are occurring between 

diseased and healthy states without an in-depth investigation into the bone architecture and 

bone quality. Viewing the models at an apparent level does not probe local behaviour that 

could be influenced by differences in quantitative morphometry that differ between the 

geometry of the three different types of models.  It was also revealed that the average number 

of elements between the SHAM, OVX and OVX+E was not statistically different between groups. 

This is because some models had processes intact whilst others did not, making it impossible 

correlate the number of elements in the SHAM, OVX and OVX+E to any bone quality measures.   

The cortical shell only (CSO) models revealed that between the SHAM, OVX, and OVX+E 

there was no significant difference in the ratio of the cortical shell apparent stiffness to the 

entire vertebral body apparent stiffness which averaged 70.1 ± 4.5%. The similar ratio in 

healthy and diseased vertebrae is explained by the thinning of both the cortical shell and the 

decrease in BV/TV that occurs in the OVX. Since the cortical shell carries the bulk of the load, 

small changes to the cortical shell will have much larger effects than comparable changes to the 
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trabecular network. Therefore, the thinning cortex causes a small drop in the proportion of load 

carried in the OVX. This value of 70.1 ± 4.5% is statistically significantly (P=0.005) higher than 52 

± 9% previously reported for in human vertebrae [9], which suggests that caution should be 

taken when extrapolating rat vertebral bone stiffness information to humans. It was thought 

that the number of elements in the cortical shell might compare to the apparent stiffness 

proportion that is being carried by the cortical shell.  However, it was found that this is not 

entirely true as overall a higher percentage of elements are located within the cortical shell in 

comparison to the stiffness contribution. This lack of relationship may result from the fact that 

the bone remodelling process optimizes the trabecular network depending on the physiological 

loading path. Therefore, although the trabecular network contained a lower number of 

elements, the manner in which the plates and rods are arranged creates a slightly stiffer 

trabecular network as to what might be expected based purely on geometry. Making this 

comparison might also be slightly erroneous due to the difference between processes among 

models, where some FE models have a larger number of cortical shell elements from the 

transverse processes.  

From a linear elastic standpoint, much of the correlation analysis in Table 4.5 is intuitive 

in terms of comparing geometric morphometric measures to the apparent stiffness or cortical 

apparent stiffness contributions. The larger the volume of the vertebral bodies, the larger the 

cortical shell apparent stiffness contributions. Although it was assumed that the presence or 

absence of the transverse processes did not cause any additional stiffness, the larger models 

tended to be stiffer and further investigation into end processes should be addressed. 

Additionally, there was a high correlation to the BV/TV and the trabecular thickness to the 
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apparent stiffness which would be predicted; the higher BV/TV and Tb.Th, the more load could 

be carried. The larger vascular apertures created a higher contribution of the cortical shell to 

the stiffness of the models. This is not necessarily intuitive, as large perforations of the shell 

would be expected to decrease its integrity and contribution to the vertebral properties. This 

effect is hypothesized to be from the reduction in trabecular density near the vicinity of the 

larger vascular apertures, which would underscore the detrimental effect that these apertures 

have on the trabecular network. When viewing the 3D models, it is clear there is a reduced 

trabecular network close to the vascular apertures from the higher amount of blood vessels and 

nutrient transport happening in that area (e.g., red region in Figure 5.1). Thus, the larger the 

area of the vascular apertures, the fewer the trabecular bone volume density in the vicinity of 

the apertures and the higher the cortical shell contribution. This relationship confirms the high 

influence of the trabecular network, when intuitively, one might think that larger vascular 

apertures result in a less stiff cortical shell. The ventral side of the cortical shell was found to be 

thicker than the dorsal thickness across all imaged vertebrae; therefore, it is a more important 

factor when looking at the apparent stiffness.  
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When the vascular apertures were filled, there was only a slight increase in the apparent 

stiffness across all models in the SHAM, OVX and OVX+E with an average increase of 0.46 ± 

0.07%. Although a higher change was expected, considering the large thick portions of cortical 

shell found on the cranial and caudal ends, relatively few elements were added. The percentage 

increase was seen to scale with the volume of the vascular aperture. The exact relationship is 

dependent upon the FE model formulation (e.g. linear vs nonlinear). While the presence or 

absence of the vascular apertures did not have an appreciable effect on the relative load 

sharing of the TVB models, further investigation is needed to consider their effects on local 

strains which are expected to be better determinants of failure initiation.  

 

 

Figure 5.1: Sagittal cross section of an OVX model, showing a lower 
density of trabeculae on the dorsal side where the vascular apertures 
are most readily found. 
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5.2 Study 2 – Effects of Vascular Apertures on Cortical and Trabecular Strain 

Distribution  
 

In this study, a 2% nominal compressive strain was applied to the FE models and the 

axial strain in each of the individual elements was plotted as a function of the proportion of 

total elements for either the cortical shell, trabecular network, or the entire vertebral body, 

(Figure 4.1 to 4.5). In the trabecular network, the OVX had a comparatively lower number of 

elements at small strains (-0.02 to 0) and a larger number of elements at high strains (less than -

0.05) than the SHAM and OVX+E models, indicating more heterogeneity within the OVX 

models.  This heterogeneity was thought to cause stress concentrations, which could lead to 

earlier initiation of local failures. In a more homogeneous axial strain distribution, fewer stress 

concentrations would be created, potentially delaying the onset of local failures, as found in the 

SHAM and OVX+E. There is also a reduced BV/TV of the trabeculae in the OVX, as seen in Figure 

5.1, resulting in some elements hardly contributing to the loading, and hence a more 

heterogeneous strain distribution. The contour plots in Figure 4.4, show this behaviour by 

comparing a SHAM and OVX cross section in the sagittal plane. The SHAM model has more 

elements and a more even distribution of strains near the dorsal surface whereas there are very 

few elements in the OVX. In the cortical shell the average axial strain distributions among the 

SHAM, OVX and OVX+E is statistically significantly different. It can therefore be inferred that the 

trabecular network is more influenced by osteoporosis in these rat vertebrae FE models. 

The creation of a set of models with the vascular apertures filled helped in determining 

their effect on the cortical shell or trabecular network. In the trabecular network, the two-way 

ANOVA revealed no statistical differences across all models, as would be expected from the 
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leftmost graph in Figure 4.5. Since the elements inserted to fill the vascular apertures were 

added to the cortical shell, a large change in trabecular response was not expected in linear 

models; however, it was possible that the strains in the trabecular network could be reduced 

from the strengthening of the cortical shell. The cortical shell average strain distributions were 

found to be significantly altered in the VAF across all models. This means that the cortical shell 

deformation behaviour is more heavily influenced by the vascular apertures and that the 

removal of the vascular apertures causes a reduction in the cortical shell strains. The FE models 

with larger vascular apertures have been shown to have a negative influence on the cortical 

shell as they reduce the number of trabeculae in that region, increasing the cortical shell 

apparent stiffness contributions. They also result in larger strain concentrations in the cortex. 

Therefore, not only is the presence of vascular apertures important in the cortical shell, their 

size and number directly influence the trabecular network in the mid-transverse region near 

the dorsal surface. The overall changes in the strain distribution were relatively subtle, 

suggesting that the vascular apertures only caused local changes in strain. These results suggest 

that the failure is more likely to originate from the vascular apertures, propagate through 

cortical shell, and eventually affect the trabecular network as opposed to failure starting in the 

trabecular network. In rat vertebrae with osteoporosis not only are the samples less stiff from 

the reduced trabecular network creating strain heterogeneity but additionally, the cortical shell 

is compromised from the relatively large vascular apertures.   
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5.3 Limitations 
 

Some limitations of this study must be considered when interpreting the outcomes. 

Firstly, the resolution of the FE models results in two elements across the trabecular thickness 

rather than the suggested minimum of three [25]. The coarser meshes may have caused stress 

concentrations within the trabeculae, increasing the local stiffness; however, these effects were 

probably reduced by using quadratic elements in the current study, rather than linear ones. 

Moreover, the convergence analysis suggested the model achieved a reasonable level of 

convergence. A second limitation is the inability of an isotropic linear elastic model to simulate 

any large deformations, as well as any material anisotropy and heterogeneity that is found in 

bone. Future studies should consider these effects in more detail. Using the apparent stiffness 

to calculate a single value for the cortical shell contribution ignores the changes in the cortical 

shell as a function of distance from the caudal endplate. Previous research in human vertebrae 

have revealed a higher load contribution in the mid-transverse plane [9], [60]. Finally, the 

endplates and the inclusion of an intervertebral disc (IVD) have been shown to have an effect 

given that the IVD alters the load transfer to the end plates [9]. 

5.4 Additional Investigations  
 

Additional studies were performed that compared FE models to the experimental 

results and found apparent level changes with the removal of the vascular apertures. These 

results were not found to be crucial to the objectives set in this thesis but they help create 

more clarity in the overall picture.  
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The vertebrae subjected to incremental loading during experimentation were able to be 

compared to the incremental total vertebral body (TVB).  The continuous models could not be 

compared against experimental results due to the lack of stress relaxation in the loading 

protocol [1], [2]. Due to the difficulties in defining a linear elastic modulus in the FE models that 

was represented in the experimental work, the apparent stiffness of the FE models and the 

experimental work were not highly correlated. Statistical significance (P=0.0015) was found 

between the experimental failure stress and the FE apparent stiffness, outlined in a correlation 

analysis in Table 5.1. This indicates that the apparent geometry of the vertebrae might be 

important in the linear elastic range as well as the behaviour near failure. This linear model of 

course does not predict failure, but it is intriguing that the failure can be related to the 

geometry of the models. Additional work with a nonlinear model would provide further insights 

into this correlation.  

 

Table 5.1: Apparent stiffness comparisons to experimental results from the incremental loading 
protocol for SHAM, OVX and OVX+E models. 

 
Average Apparent 

Stiffness (MPa) 
N 

Correlation to Experimental 

Failure Load (R) 
P 

SHAM 1653 ± 171 5 0.15 0.71 

OVX 1275 ± 178 5 0.63 0.06 

OVX+E 1656 ± 175 5 0.93 0.0001* 

All Models 1528 ± 250 15 0.75 0.0015* 

*(P<0.01) Indicates Statistical Significance 
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Although there was no significant increase in the stiffness of the TVB models with the 

removal of the vascular apertures, other measures were viewed on a more apparent level to 

further investigate this result. For example, the differences in apparent stiffness of the VAF and 

the TVB models between each health state were not found to be statistically significant. To 

determine the major changes in the model for the VAF and the TVB geometries, the absolute 

difference between the axial strain in the VAF and TVB model was qualitatively compared for 

corresponding elements.  It was revealed that the major changes took place in the ventral 

cortical shell and not the processes or the most lateral locations of the vertebrae. The larger 

changes were also mostly present in the cortical shell with little change in the trabecular 

network. This foresaw some of the results discussed in section 4.2.1-4.2.2.  In compression, 

higher changes were found directly lateral and medial to the vascular apertures within the 

cortical shell. For elements in tension, higher changes were found in the cranial and caudal 

vicinity of the vascular aperture. These locations can be expected for a linear elastic model 

under uniaxial compressive loading. That is, if a hole is present in the structure higher 

compressive stresses form at the sides of the hole whereas higher tensile stresses form on the 

top and bottom [86]. 

5.5 Relevance to Current Literature 
 

Ito et al. [16], who also studied rat vertebral cortical load contribution finding a cortical 

shell load contribution of 65.3±12.5% in healthy models and 78.6±7.0% in an OVX model, 

discussing the main contributions in change due to the trabecular network.  A difference with 

respect to the current study was that Ito et al. [16] loaded the trabecular network in isolation to 
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determine the related apparent stiffness, as opposed to the isolated cortical shell used in this 

study. Peripheral trabeculae connections that were lost using Ito’s approach may have result in 

decreased constraint, a phenomenon reported in the literature [9], [15], which could have 

resulted in an underestimation of the network’s mechanical stiffness. Differences in the cortical 

shell extraction methods and FEA modelling parameters may also explain the disparity in the 

results between the two studies.  

Although the cortical shell apparent stiffness is more readily investigated, few 

researchers highlight the importance of trabecular strain heterogeneity in osteoporotic bone at 

a larger scale in compression of vertebrae. This strain heterogeneity exemplifies the importance 

of the hierarchical structure in bone.  Van Rietbergen et al. [87] created FE models of femoral 

heads and reported that compressive strain distribution in the osteoporotic bone was less 

uniform than those in the healthy group, despite the magnitudes being similar in the selected 

region of interest [87]. This observation is in agreement with the results of the current work. 
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Chapter 6: Conclusions and Future Work 
 

6.1 Conclusions 
 

1. Thirty rat vertebrae underwent uniaxial compression in specimen-specific finite 

element models taken from previously acquired 3D micro-CT image sets. There were 

three conditions - SHAM, OVX and an OVX+E - each with a sample size of ten. The 

apparent stiffness was found by applying a uniaxial compressive strain of 2% to each 

linear elastic model. 

2. There was a statistically significant difference in apparent stiffness in the OVX when 

compared across the SHAM and the OVX+E groups. The ratio of cortical shell 

stiffness to cortical-trabecular model apparent stiffness was 70.1 ± 4.5% across all 

models with no significant difference between SHAM, OVX, and OVX+E. This 

proportion is statistically higher than the value reported in humans, therefore 

caution should be taken when comparing rat bone quality against human bone 

quality for assessing human osteoporosis fracture mechanisms.   

3. The effect on the apparent stiffness with the removal of the vascular apertures was 

found to be very small, showing only a small increase of 0.5% across all models. It 

was concluded that this was not significant information in determining their 

influence on the fracture mechanisms and a more in-depth approach was needed. 

4. The compressive strain among the elements for the trabecular network and cortical 

shell was calculated and histogram plots revealed differences among SHAM, OVX 

and OVX+E models as well as between the two types of bone tissue. In the OVX, it 
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was found that the trabeculae had larger strain heterogeneity contributing to areas 

of potential cracking.   

5. With the removal of vascular apertures, the trabeculae strains showed no changes, 

but the cortical shell had statistically significant changes across the SHAM, OVX and 

OVX+E. This suggests that failure would more likely be originated from the vascular 

apertures as there is a larger effect on the cortical shell for these linear models. 

6.2 Future Work 
 

The following additional studies may provide insight into the results discussed and address any 

unanswered questions:   

1. Being able to apply a higher resolution to the finite element models may be 

important when viewing local failure. Another convergence test solely looking at 

the trabecular network would clarify the convergence of the mesh size.  

2. Viewing at the stiffness contribution as a function of distance from either the 

cranial or caudal surface endplate would also provide additional information into 

the load sharing throughout the vertebral body as opposed to an overall value. 

3. The vascular apertures affect the trabeculae in the vicinity depending on size and 

number, a study to quantify those effects would help determine the compromise 

from the vascular apertures to the architecture.  

4. Finally, adding nonlinear geometric behaviour with a more robust material 

model may reveal interesting behaviour closer to failure. 
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Appendix A: PMMA Bending Moment Study  
 

A preliminary study was completed to compare different PMMA geometries, in order to 

reduce a possible bending moment. The displacement along the y-axis from a central point on 

the dorsal surface was calculated at three different z positions within the vertebral bodies. 

These displacements were plotted as a function of distance from the most dorsal side, Figure 

AA.1 and Figure AA.2. For Figure AA.1, the three different positions along the height of the 

vertebrae yield somewhat straight lines, this geometry is represented in Figure AA.3b, where 

the PMMA covers 90% of the cranial surface. Figure AA.2 displays displacement results from 

Figure AA.3c, where the PMMA is placed over half of the top surface, attempting to reduce the 

number of elements. It can be seen from the results, that as the caudal endplate is approached 

(z = low) the displacements in Figure AA.2 are no longer relatively constant across the y-axis, 

and thus a bending moment is produced.  This phenomenon is also witnessed in the contour 

plots.  From these investigations, a geometry resembling Figure AA.3b and displacement values 

in Figure AA.1 was selected as a bending moment was minimized and the PMMA geometry 

allowed for a quicker FE model.  
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Figure AA.1: Displacement versus distance from the dorsal side in the y direction 
for three different locations along z. The relatively straight line shows that no 
bending moment was created from the placement of the PMMA. In this case, the 
geometry that is represented in this graph is Figure AA.3b. 
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Figure AA.2: Displacement versus distance from the dorsal side in the y direction for 
three different locations along z. The geometry represented in this graph is Figure 
AA.3c. It can be shown that as z approaches the caudal endplate, the further from 
the dorsal surface, the larger the relative displacement. 

Figure AA.3: Axial displacement contour plot for (a) – a  model with the PMMA placed 
over the entire cranial surface. (b) – A model where the PMMA covers 90% of the 
surface and (c) – the same FE model with the PMMA placed at 70% of the entire 
cranial surface. 



74 
 

Appendix B: Additional Contour Plots 
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Figure AB.1 : Middle 50% of the caudal-cranial axis 
with just a few slices in the sagittal plane of a SHAM 
model axial compressive strain.   

Figure AB.2: Middle 50% of a SHAM model axial 
compressive strain.   
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Figure AB.3: Middle 50% in the sagittal plane of 
an OVX model axial compressive strain. The 
region on the dorsal (positive y region) has a 
reduced trabecular network near the cortical 
shell. 

Figure AB.4: Middle 50% in the sagittal plane of an 
OVX+E model axial compressive strain. A few slices 
in the transverse plane are shown. The density 
resembles that of the SHAM models. 



76 
 

 

 

y 

(a)                                                                                    (b) 

(a)                                                                                   (b) 

 

(a)                                                                                   (b) 

Figure AB. 5: SHAM model undergoing compressive uniaxial strains in the region near to the 
vascular aperture. The figure on the left, Figure AB-5a, shows the model with the vascular 
aperture not filled in and the image on the right, Figure AB-5b, is the exact same SHAM 
model, however the vascular aperture has been filled.   

Figure AB. 6: A transverse view of the central region of an OVX model with (a) 
and without (b) the vascular aperture filled. This image shows that it is difficult 
to compare models from the contour plots as there is little visual difference.   
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