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ABSTRACT 

Background: 

Dual energy X-ray absorptiometry (DXA), as the most established tool for the assessment of 

bone fragility, has limitations in identifying individuals with increased fracture risk. Peripheral 

quantitative computed tomography (pQCT) can provide additional information about bone 

fragility compared with DXA alone. The three-dimensional data acquired by peripheral 

quantitative computed tomography are a potential source to generate finite element analysis 

(FEA) models to further estimate bone mechanical properties. 

 

Aims: 

This doctoral project aimed to establish a FEA model based on pQCT data (pQCT-FEA) and to 

investigate its role in the assessment of bone fragility in three populations: older patients with 

low-trauma fracture, women following surgical menopause and young women with type 1 

diabetes mellitus (T1DM). 

 

Methods: 

This project consisted of four parts. In the first study, FEA models were established using distal 

radius pQCT cross-sections and were validated against forearm failure load obtained from 

mechanical testing in laboratory. In the second study, variables of DXA, standard pQCT and 

pQCT-FEA were compared between older patients with low-trauma fracture and controls. Their 

ability to classify the two groups were also examined. In the third study, bone loss was examined 
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between women who received and who did not receive hormone therapy following risk reducing 

bilateral salpingo-oophorectomy (RRBSO) and controls. In the fourth study, comparison was 

made in DXA, standard pQCT and pQCT-FEA variables between young women with T1DM and 

age-, height- and weight-matched controls. 

  

Results: 

For Study 1, high coefficient of determination (highest r2 = 0.86) was observed between pQCT-

FEA stiffness variables and forearm failure load. For Study 2, there were significant difference in 

pQCT-FEA stiffness variables between fracture patients and controls. Enhanced area under the 

receiver operating characteristic curve (AUROC) was found in pQCT-FEA stiffness variables in 

both females (0.83 for shearing stiffness) and males (0.81 for bending stiffness) compared with 

DXA variables (0.71 and 0.62, respectively, for total hip areal bone density). For Study 3, an 

average 14.1% decrease was observed in bending stiffness by pQCT-FEA in women who did not 

receive hormone therapy following surgical menopause. Although DXA can also detect bone 

loss over the 24 months follow up, the change was smaller (up to 6.0% at the femoral neck). At 

the 24 months visit, pQCT-FEA variables differ between women following surgical menopause 

and controls. For Study 4, no difference was observed in DXA measurements between young 

women with T1DM (p ≥ 0.08) although there was a trend towards lower aBMD at the lumbar 

spine in T1DM subjects than in controls after adjustment for confounders (p = 0.053). 

Significantly lower stiffness by pQCT-FEA was detected in young women with T1DM. 

 

Conclusions: 
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pQCT-FEA has good ability to predict bone failure load obtained from mechanical testing, which 

facilitates its application in clinical settings. It can provide additional information about bone 

strength deficits in patients with fragility fracture, women following surgical menopause and 

young women with T1DM. These findings warrant future study using pQCT-FEA for the 

assessment of bone fragility in other populations.  
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Chapter 1 

Introduction 
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Clinical assessment of bone fragility is based on dual energy x-ray absorptiometry (DXA) in 

clinical settings although it has limitations in identifying individuals with increased fracture 

risk. This thesis describes a novel yet relatively simple finite element modelling (FEM) 

framework based on peripheral quantitative computed tomography (pQCT) cross-sectional 

images and its application in different populations.  

 

A literature review is first presented in Chapter 2 to discuss the background information of 

bone biomechanics and biology, current assessment tools of bone strength, limitations of 

DXA, strengths of pQCT and the feasibility of using pQCT-based finite element analysis 

(FEA; pQCT-FEA) as a complementary or even alternative tool for the assessment of bone 

fragility in clinical settings. Current utility of finite element analysis in the assessment of 

bone fragility is also discussed in this chapter, followed by current knowledge of bone 

fragility from different clinical aspects including osteoporosis, surgical menopause and type 1 

diabetes. 

 

A validation study of pQCT-FEA against mechanical tests of cadaveric forearms is detailed 

in Chapter 3. Bone strength and stiffness estimates calculated from pQCT-FEA was 

compared with bone failure load obtained in the laboratory in this study. Chapter 3 is a 

chapter by publication, the data of which has been published in the journal Bone.  

 

In Chapter 4, the diagnostic performance of the pQCT-FEA technique was examined by 

comparing finite element (FE) variables with DXA variables in distiguishing older patients 

with low-trauma fracture from healthy controls. This chapter is a chapter by publication, the 

data of which has been published in the journal Osteoporosis International. 
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The FEM framework is utilised in the following chapters. Chapter 6 examined bone health 

following surgical menopause caused by risk-reducing salpingo-oophorectomy (RRBSO) and 

the role of hormone therapy (HT) in preserving bone density and bone strength among 

women who had undergone this procedure. This chapter is a chapter by publication and is 

under review by the journal Osteoporosis International when this thesis is submitted.  

 

Bone health of young adult women with type 1 diabetes mellitus (T1DM) was examined and 

compared with age-, height- and weigh-matched controls in Chapter 7. This chapter is a 

chapter by publication and is under review by the journal Calcified Tissue International when 

this thesis is submitted. 

 

Finally, in Chapter 8, a brief summary is concluded for the potential use of pQCT-FEA for 

the assessment of bone fragility in clinical settings. Future research directions are also 

proposed in this chapter. 

 

This thesis, as a whole, is an extension of a research project conducted during my degree of 

Master of Science with the University of Melbourne, which explored the role of standard 

pQCT variables in the diagnosis of osteoporosis (Appendix 1). Together with the current 

thesis for the degree of Doctor of Philosophy, the work is believed to contribute to the 

understanding of bone fragility with the application of pQCT and pQCT-FEA. 

 

Table 1.1 shows the structure of this thesis briefly. 
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Table 1.1 The brief structure of this thesis 

Chapter Description 

Chapter 1 

Introduction 

This chapter aims to provide a clear structure of the thesis for potential 

readers 

Chapter 2 

Literature review 

This chapter provides background information on: (1) basic knowledge of 

bone mechanics and bone biology, (2) various tools for assessment of bone 

fragility, and (3) bone fragility in osteoporosis, surgical menopause and 

T1DM 

Chapter 3 

Aims and methods 

This chapter describes research aims of the thesis and general methodology 

applied in each study 

Chapter 4 

Validation study 

This chapter by publication validated pQCT-FEA models used in the 

following chapters by comparing pQCT-FEA variables with bone failure 

load obtained from cadaveric mechanical tests 

Chapter 5 

Fracture study 

This chapter by publication compared the diagnostic performance of 

pQCT-FEA in older patients with low-trauma fracture with healthy controls 

Chapter 6 

WHAM study 

This chapter by publication examined bone health RRBSO and the effect of 

HT using DXA, standard pQCT and pQCT-FEA variables 

Chapter 7 

T1DM study 

This chapter by publication examined bone health in young adult women 

with T1DM using DXA, standard pQCT and pQCT-FEA variables 

Chapter 8 

Summary 

This chapter summarises findings from studies above and discusses 

potential future research directions using pQCT-FEA 

Appendices Appendix 1 is the work on the role of standard pQCT variables in the 

understanding of bone fragility during my Master of Science. Appendix 2 is 

the preliminary work on pQCT-FEA addressed in Chapter 5. 
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Literature review 
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2.1 Bone mechanical properties and the biological basis 

2.1.1 Introduction 

The human skeletal system provides structural support of the body and protection of the 

internal organs and serves as a primary reservoir to maintain mineral homeostasis (1). Bone is 

considered as a solid structure that breaks to failure (i.e. fracture) when external forces go 

beyond its loading limit, in which the basic functioning of the human skeleton will be 

impacted with potentially catastrophic consequences. Mechanical properties of whole-bone as 

a solid structure are dependent on two aspects: material and structure (2). From a clinical 

perspective, doctors and medical scientists are investing considerable efforts in developing 

novel technology for the assessment of bone fragility and new therapeutics to prevent fracture 

in different populations. These efforts are based on, at least in part, the knowledge of basic 

mechanical properties of bone and are applied in the fields of biomechanics and orthopaedics, 

as well as research on bone fragility. In this section of the literature review, background 

information on bone mechanical properties is discussed from first a material and then a 

structural perspective. As bone is arranged hierarchically from macro scale to micro scale and 

then to molecular scale biologically, this part of the literature review will also discuss the 

related biological background in this order. 

 

This section is not intended to provide an extended review on our current understanding of 

basic science but aims to introduce relevant background knowledge on biomechanics and 

biology that applies in the utility of the finite element analysis (FEA) based on pQCT, which 

is the main topic of this thesis. As pQCT scans appendicular skeleton, i.e. the radius, tibia and 

sometimes femur, discussion in this section mainly focuses on long bones that approximate a 

hollow cylindrical tube in biomechanics and biomechanical engineering (3 - 5). 
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2.1.2 Stress and strain 

When we discuss material properties of bone, structural factors are ‘normalised out’ to reflect 

bone’s intrinsic characteristics. In engineering, stress (σ) and strain (ε) are defined to 

normalize the geometric design which also contributes to the strength of a whole-bone (2). 

Stress is defined as the external force applied per unit area of a material (Equation 1), which 

is quantified in the unit of N/m2 (i.e. Pascal).When an external force is applied on a long 

bone, one can imagine two types of stress acting on the surface of small cubes (or ‘elements’ 

as in finite element models which will be discussed later) in the structure: normal stress 

perpendicular to the surface and shear stress tangential to the surface (Figure 2.1). 

 

𝜎𝜎 = 𝐹𝐹
𝐴𝐴
                                                                                                                (1) 

where σ is stress, F is the external force applied, A is cross sectional area of the 

material 

 

Strain describes as the deformation of material, relative to its initial size. Two types of strain 

may be calculated, normal strain defined as the change in length per unit length, or shear 

strain which is defined by the change in angle of a shape from its unloaded geometry (Figure 

2.2). Equations 2 – 4 show the calculation of strains in different situations.  
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Figure 2.1. Normal and shear stress. F: the external force acting on the long bone, σnormal: 

normal stress, σshear: shear stress 

 

 

Figure 2.2. Normal and shear strains. In the three situations, deformations are along with 

X-, Y- and Z-axis, respectively. l0: the original length of the material, l1: the length of the 

material after the deformation is along the Y-axis, l2: the replacement of the material along 

the X-axis, A: the deformational angle along the X-axis, l3: the replacement along the Z-axis, 

a: the deformational angle along the Z-axis. Calculation of strains is shown in Equation 2 – 4. 
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𝜀𝜀 = 𝑙𝑙1−𝑙𝑙0
𝑙𝑙0

                                                                                                                       (2) 

where ε is strain, l1 is the length of the material after the deformation is along the Y-

axis, l0 is the original length of the material 

 

𝜀𝜀 = 𝑙𝑙2
𝑙𝑙0 

 = tan A                                                                                                              (3) 

where ε is strain, l2 is the replacement of the material along the X-axis, l0 is the 

original length of the material, A is the deformational angle along the X-axis 

 

𝜀𝜀 = 𝑙𝑙3
𝑙𝑙0 

 = tan a                                                                                                              (4) 

where ε is strain, l3 is the replacement along the Z-axis, l0 is the original length of the 

material, a is the deformational angle along the Z-axis 

 

 

2.1.3 Young’s modulus 

A stress-strain curve can be obtained by plotting stress against strain to directly show the 

mechanical properties of a material (Figure 2.3). As shown in the figure, there are two parts 

of the curve: the linear part (elastic phase) and the non-linear part (plastic phase). The point 

that divides the two phases (point A in Figure 2.3) is called yield point. When stress exceeds 

the yield stress, the material deforms plastically (i.e. the material cannot recover to its 

original length after the external force is removed, which contrasts with elastic deformation, 



10 
 

where the material is able to recover to its original length after the external force is removed). 

When the external force continues, the material will then reach a point where a catastrophic 

fracture occurs (failure point, point B in Figure 2.3). In the elastic phase of bone material, 

stress and strain have a linear correlation that complies with the Hooke’s law, which 

identifies a constant slope for each elastic material (most solids are elastic material) (6). This 

constant for each material is defined as elastic modulus or Young’s modulus (E). Young’s 

modulus is an intrinsic property of solid material (7).  

 

 

Figure 2.3. Stress strain curve of bone. A: yield point, B: failure point, E: elastic modulus 

or Young’s modulus, which is the slope of the elastic phase 

 

2.1.4 Whole-bone strength and stiffness 
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Whole-bone mechanical properties depend not only on intrinsic material characteristics but 

also on structural factors (2). Similar to solid material properties, mechanical properties of 

solid structure can also be reflected by certain plots. A load-deformation plot is obtained by 

plotting external load against deformation of the structure (Figure 2.4). Similarly, two phases 

(elastic phase and plastic phase) make up the curve. 

 

 

Figure 2.4. Load-deformation curve of the tibia. A: yield point, B: failure point, k: 

stiffness of the tibia. 

 

At the elastic phase, bone (the tibia as in Figure 2.4) deforms elastically when the external 

load does not exceed the yield point of the tibia. Load and displacement have a linear 

correlation with each other. The slope is defined as the whole-bone stiffness (k). At the 

plastic phase after the external load exceeds the yield load, beyond which irreversible plastic 
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deformation occurs, the slope of curve begins to decrease (8). The point dividing the two 

phases is the yield point (point A in Figure 2.4). Failure point is the point when a catastrophic 

fracture occurs (point B in Figure 2.4). The definition of the structure strength is tricky as 

either yield load or failure load can be called structure strength depending on the situations 

where the name is used. However, whole-bone strength is often referred to failure load in 

biomechanics (2). The structure stiffness is defined as the external load needed to the deform 

a certain extent of the structure within the elastic phase (Equation 5).  

 

𝑘𝑘 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑙𝑙𝐿𝐿𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

                                                                                                  (5) 

where k is the structure stiffness 

 

When an external force is applied to a structure, the change in shape is usually in three 

dimensions. For example, as shown in Figure 2.5, when a long bone is compressed 

longitudinally, it becomes shorter along with the direction of the force applied but wider 

perpendicular to the force. In biomechanics, Poisson’s ratio is defined to describe the ratio of 

transversal change to longitudinal change (Equation 6). Poisson’s ratio is an intrinsic material 

property. The Poisson’s ratio of bone is about 0.3 (9). 
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Figure 2.5. A diagram showing how Poisson’s ratio is calculated. F: external force 

applied, d0: original diameter of the cross section, d: diameter of the cross section after the 

external force is applied, l0: original length, l: length after the external force is applied 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛′𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃 =  ∆𝐿𝐿
∆𝑙𝑙

=  𝐿𝐿−𝐿𝐿0
𝑙𝑙0−𝑙𝑙

                                                                                    (6) 

where Δd is the transversal change in cross-sectional diameter, Δl is the longitudinal 

change in length, d is the diameter of the cross section after the external force is 

applied, d0 is the original diameter of the cross section, l0 is the original length, l is 

the length after the external force is applied 

 

From an engineering perspective, stiffness and strength are two components reflecting 

different aspects of mechanical behaviour. While strength measures how much stress can be 
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applied to an object before it deforms permanently, stiffness is an indicator of the tendency 

for an object to return to its original form after being subjected to a force. Therefore, a strong 

object can be either stiff or elastic. However, when we talk about bone, difference between 

stiffness and strength has been observed to be less. Mechanical testing has shown strong 

correlations between bone stiffness and bone strength at both structural and tissue levels (10 - 

15), especially in axial loading of compression and tension of long bones (15, 16). Although 

the strong correlations varied between different ages, skeletal sites and species (17, 18), these 

findings enlighten future studies using stiffness for the assessment of bone strength, since 

strength is somewhat difficult to obtain (this will be discussed in Section 2.5) even in 

computational simulations. In fact, simulated bone stiffness is widely used to assess bone 

mechanical properties in current FEA research (19 - 21). 

  

2.1.5 Different loading modes 

The aforementioned structural mechanical properties of bone specifically describe axial 

compression. In the real world, a combination of different loads e.g. compression, tension, 

shearing, bending and torsion applies to whole-bone (Figure 2.6). The skeleton exhibits 

differences in response to different loadings due to variations in the spatial distribution of 

bone mass and arrangements of cortical and trabecular bone (22 - 24). Therefore, variations 

in strength and stiffness may be observed at different skeletal sites under different loads (25 - 

28). For example, cortical bone resists compressive loads more than bending or shearing 

loads (9, 26, 29, 30). On the other hand, trabecular bone behaves less predictably due to its 

structural characteristics (25, 31 - 33). In summary, the whole-bone mechanical reaction to 

various loads is very complex; therefore, simplification is needed to provide practical ways to 

assess bone strength and stiffness from a clinical perspective. 
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Figure 2.6 Different load cases at the tibia 

 

2.1.6 Cortical and trabecular bone 

The functions of the human skeletal system are based on its composition and organization 

that are optimized for the daily loads we experience (34). There are two types of bone in the 

healthy mature skeleton at a tissue level: cortical bone and trabecular bone, that contribute 

differently to the whole-bone strength (35, 36). Cortical bone is the compact part of the 

skeleton (Figure 2.7), which has higher density and less porosity than trabecular bone. It 

forms the shaft of a long bone and constitutes most of the bone mass of healthy adults’ 

appendicular skeleton (37, 38). Trabecular bone is the spongy part with lower density and 

more porosity that fills in the distal or proximal ends of long bones (Figure 2.7). Although 

accounting for only about 20% of whole-bone mass, trabecular bone is more metabolically 

active than cortical bone due to its large surface that is subject to bone remodelling (39). 

Trabecular bone is designed in the form of an interconnected porous network by units of 
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individual trabeculae, which presents struts and plates of bone matrix. Although trabeculae 

are sometimes in a well-organized form of orthogonal arrays to act as a ‘buffer zone’ and to 

transfer loading to the stronger cortical shell at long bones (40), they are arranged more 

randomly than cortical bone more often (41).  

 

 

Figure 2.7. Cortical and trabecular compartments of the tibia. As shown in the figure, 

cortical is more compact than trabecular bone. Trabecular has more pores that are connected 

with each other and are filled with bone marrow. 

 

It is a long-held notion that bone fragility is largely associated with trabecular bone loss after 

menopause. As discussed above, trabecular bone has more porous structure providing a large 
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surface for metabolism; therefore, it changes promptly with ageing and certain medical 

conditions than cortical bone (42, 43). This is evidenced by the fact that trabecular bone is 

compromised more than cortical bone in menopausal vertebrae Observed both in laboratory 

and in clinical settings (44 - 49). However, this conception has been changing recently (37, 

50), especially at the appendicular skeleton, where the incidence of low-trauma fracture is 

reported to be much higher than of central skeleton in older patients (51, 52).  Cortical bone 

is considered to have less opportunity than trabecular bone to be remodelled due to its design 

although it contributes up to 80% of bone mass (37). However, increased porosity has been 

observed at the intracortical surface in older osteoporotic patients (53, 54). This is of great 

clinical importance as up to 90% of longitudinal compression load is born by the cortical 

shell in long bones (55, 56). Although the role of cortical porosity in compromising bone 

strength still needs to be confirmed with more evidence, these findings suggest that cortical 

bone may contribute more than trabecular bone to long bone strength. Therefore, separate 

analysis of cortical and trabecular compartments of bone may enhance our understanding of 

bone fragility in future studies. 

 

From a histological level, both cortical and trabecular bone are comprised of two kinds of 

bone tissue. Lamellar bone is a well-organized, stress-oriented bone tissue that usually forms 

mature bone, while woven bone is poorly-organized with collagen fibrils arranged randomly. 

Woven bone is seen in immature bone, fracture callus or pathological bone. The difference in 

structure decides their different mechanical behaviours. Lamellar bone is strong and stiffer 

than woven bone, while woven bone is more flexible. These characteristics of lamellar and 

woven bone together contribute to the final mechanical performance of whole-bone. 
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Table 2.1 Summarized characteristics of lamellar bone and woven bone 

 Lamellar bone Woven bone 

Presence Mature bone Immature bone, fracture 

healing, pathological bone 

e.g. Paget’s disease 

Structure characteristics Lamellae: well organized, 

stress-oriented, parallel to 

collagen fibrils 

Poorly organized, collagen 

fibrils randomly arranged 

Formation Slow, remodelled from 

woven bone 

Quick 

Mechanical properties Stronger, stiffer Weaker, more flexible 

Osteocyte number Less More 

 

 

2.1.7 Cortical geometry 

As discussed above, the intrinsic material properties of human skeleton are relatively stable.  

Variations in bone geometry are therefore important in determining whole-bone mechanical 

behaviour (57). For example, a bigger bone is stronger than a smaller bone. This is not only 

intuitively correct but is also supported by scientific evidence (58, 59). Although from a 

topology perspective, the shapes of bones are conservative between individuals, the sizes of 

bone may vary to a greater extent. When a long bone is assumed as a hollow cylindrical tube, 

its geometric characteristics are shown to be associated with bone strength and fracture 

incidence (32, 60, 61). A higher incidence of fracture has been observed in males with thinner 

cortical shell than with thicker one (62), which suggests cortical thickness is positively 
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correlated with bone strength (63, 64). Variations in bone strength between different ethnic 

groups and sexes have also been explained by cortical cross-sectional area (CSA) (65, 66). 

The cross-sectional diameter is an important factor that influences how much the bone can 

bear external loading. Its role in maintaining skeletal integrity is reported to be more 

important than bone mass, which is reflected by a higher magnitude in resistance to bending 

load (67, 68).  

 

Figure 2.8 shows the cross-sectional cortical geometry parameters of a long bone. The 

essence of bone geometry is the spatial distribution of bone mass, which is influenced by 

many factors, e.g. genes, loading stimuli, ageing, developmental stage, disease states (40). 

Long bones are designed in an efficient way to resist daily loads applied on them. With a 

given amount of bone mass, bone’s ability to resist compression load that is in the direction 

aligned with its long axis depends on its CSA. Therefore, long bones with larger CSA (and 

larger diameter) can resist greater compression loads (57). In bending or torsion loads, this 

ability depends on how far away bone mass is distributed from long bone’s geometric centre, 

or cross-sectional moment of inertia (CSMI, Figure 2.8). Generally, with a given CSA, long 

bones with larger CSMI resist greater bending or torsion loads (40). This, again, is positively 

correlated with cortical diameter.  

 

As early as in 1980, Thompson noted age-related cortical bone loss involved cortical thinning 

and increased cortical porosity (69). Although an age-related increase in periosteal diameter 

has been observed, a net cortical thickness loss is confirmed due to gradual bone mass loss 

(70). At the spine, cortical thickness only slightly decreases with aging due to the cortical 

shell at this site being very thin itself (71). At the femoral neck, an annual decrease of 6.4% 
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in cortical thickness was reported at its superioposterior octant, where the highest stress 

occurs in a sideway fall (72). At the radius and the tibia, changes in cortical dimensions with 

aging are more quantified by pQCT and HR-pQCT. MacDonald et al reported 31% and 24% 

decreases in cortical thickness between age 20 – 90 years at the radius and the tibia, 

respectively, while the increases in cortical porosity were 167% and 259%, respectively (73). 

However, Nicks et al did not find any difference in cortical thickness between subjects with a 

mean age of 41 years and 63 years although a higher cortical porosity was highlighted in the 

older group (92% and 28% for women and men, respectively) (74). Although more details 

still need exploration about the specific patterns cortical dimensions change with aging, one 

thing seems sure for now that cortical thinning and cortical porosity increase with aging. 

 

 

Figure 2.8 Cortical geometry parameters. A long bone approximates a hollow cylindrical 

tube thus the cross section is considered as circular. R0: cross-sectional perimeter of the 

cortical shell, Ri: cross-sectional perimeter of the hollow circle, D: cortical diameter, CSA: 

cross-sectional area, CSMI: cross-sectional moment of inertia, PMI: polar moment of inertia 
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2.1.8 Trabecular microstructure 

Trabecular microstructure i.e. the size and spatial distribution, rods and plates, perforation 

and connectivity of trabeculae also contributes to the whole-bone strength and stiffness, 

especially at sites where it is trabecular-rich, e.g. vertebral body or epiphysis of long bones 

(75). Osteoporosis in ageing is not only a consequence of decreased bone mass, but, more 

importantly, also of disrupted trabecular microstructure. This is reflected in the definition of 

osteoporosis by the National Institutes of Health, which emphasizes compromised trabecular 

microstructure as a crucial basis for bone fragility (76). Experiments in sheep have shown 

that up to 70% of the femur’s ability to resist axial compression load can be explained by 

trabecular microstructural properties (77). The resistance of trabeculae to different loads 

varies and depends on many factors among which the orientation of trabeculae plays an 

important role (78). The human vertebral body can bear more compression load that is along 

with trabeculae’s vertical orientation compared to load that is antero-posteriorly or laterally 

directed (75, 79). In the ageing vertebral body, the decrease in transverse-arranged trabeculae 

is observed to be greater than in vertical-arranged trabeculae (80). Although trabeculae are 

arranged relatively randomly as discussed previously, the change in their arrangement due to 

ageing seems to fit for vertebra’s mechanical needs. During the process of ageing, individual 

trabeculae become thinner (i.e. more struts, less and thinning plate structure, and more 

trabecular perforation) progressively. This leads to lower trabecular volume and CSA, 

reduced trabecular number, thickness and connectivity, and increased trabecular separation. 

All the deterioration contributes to compromised bone strength independent of cortical 

change (81).  
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Before the advent of high-resolution devices that are able to provide bone macrostructural 

and microstructural measurements in vivo, our understanding of bone fragility at the clinical 

level was largely limited to bone mass and bone density, which are only part of the whole 

story. Although bone biopsy enables the examination of more details, this invasive test was 

not widely applied even at that time. New analysis methods are now exploring more details 

on these factors which we ignored previously. More details of bone macrostructure and 

microstructure will be discussed in the following sections of this literature review. 

 

2.1.9 Bone remodelling 

The skeleton is a dynamic organ that is metabolically active. Bone remodelling is the process 

of removal of older bone and replacement with new bone to maintain its mechanical 

performance, as well as calcium and phosphorus homeostasis (82, 83). Three types of bone 

cells are involved in the process of remodelling. Osteoclasts are multinucleated cells 

originating from the monocyte macrophage lineage (84). They are the only known cells that 

resorb bone. Osteoblasts are mononuclear, cuboidal cells that differentiate from mesenchymal 

precursor cells. They produce the organic matrix of bone by synthesis and secretion of type 1 

collagen and assist in making the newly-produced bone mineralized (85). Osteocytes make 

up most of the cells in the skeleton. They are derived from osteoblasts trapped in lacunae 

which have completed the task of bone formation. Osteocytes have long dendritic processes 

that extend into channels of bone matrix. Together, they form the lacunar-canalicular network 

that senses mechanical or chemical stimuli and transfers the signal to initiate bone 

remodelling process (86, 87). After osteocytes activate the remodelling process, osteoclasts 

are recruited to the site where bone resorption is started (88). Following the end of resorption, 

osteoblasts migrate to the cavities left by osteoclasts and begin to form new matrix which is 



23 
 

called osteoid. The newly formed matrix has more organic components and less mineral than 

mature bone matrix until it becomes mineralized under the regulation of several pathways, 

among which phosphoprotein kinases, alkaline phosphatase and vitamin D work together to 

assist in the deposition of hydroxyapatite crystals (89, 90). In the whole procedure, 

osteoclasts and osteoblasts work together in a basic multicellular unit (BMU) to make sure all 

steps are sequential (91). Normal bone remodelling is a highly-ordered process regulated by 

various hormones and proteins, both systemically and locally (82). This process of self-

adaptation enables homeostasis of bone from a cellular level. More importantly, it stabilizes 

the whole-bone structure from a macrostructural aspect and prepares the whole-bone for 

further mechanical loading. 

 

Bone remodelling replaces portions of the skeleton to maintain its mechanical performance 

under varying loading conditions. In contrast to remodelling, bone modelling refers to the 

process of independent actions of osteoclasts (bone formation) or osteoblasts (bone 

resorption) to ‘customise’ the shape and size of bone (92). Therefore, this process is 

continuous and prolonged without BMU formed. However, it should be noted that many 

orthopaedists and bone scientists refer to both modelling and remodelling activities as 

‘remodelling’, which should be kept in mind in certain situations (91). Main differences 

between modelling and remodelling are summarised in Table 2.2. 
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Table 2.2 Summarised differences between bone modelling and remodelling 

 Bone modelling Bone remodelling 

Definition Reshaping and/or resizing of 

bone 

Replacement portions of the 

skeleton 

Cells involved Independent actions of 

osteoclasts or osteoblasts 

Sequential, combined 

actions of osteoclasts, 

osteoblasts and osteocytes 

Outcome Change of bone’s size, 

shape, or both 

Does not usually affect size 

and shape 

Rate Greatly reduced after 

skeletal maturity 

Occurs throughout life, 

although substantially 

reduced after skeletal 

maturity too 

Process Continuous and prolonged Episodic, with each episode 

having a definite beginning 

and ending 

 

 

2.1.10 Collagen and mineral 

When bone is studied at a molecular level, it is comprised of organic and mineralized 

components. Type I collagen is the primary organic component and accounts for one quarter 

of bone weight. Apatite in the form of hydroxyapatite accounts for up to 65% of bone weight. 

The rest is water, either in a free or bound form with other molecules. The characteristics of 

the three components are summarized in Table 2.3.  
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Table 2.3 Composition of whole-bone from a molecular level 

Component Site of specific molecule Volume (%) 

Water, 10% Bound 60-80 a 

 Free 20-40 a 

Organic matrix, 25% Collagen 90 

 Non-collagenous proteins 10 

Apatite mineral, 65% In gaps between collagen ends 28 

 Intrafibrillar 58 

 Interfibrillar 14 

a The precise ratio of bound and unbound water depends on a number of factors, including 

age 

 

Many factors related to these components influence the mechanical behaviour of bone. 

Collagen fibrils are considered to strengthen bone. It has been observed that fracture 

incidence is higher at the tibia with reduced collagen composition (93). Moreover, the cross-

linked bond structure between adjacent fibrils has been proved to resist high compression 

loading (94). In osteoporotic animal models, abnormal collagen fibrils which are arranged 

randomly are observed (95). In osteoporotic patients, a decrease in mean collagen fibril 

diameter is associated with compromised bone strength (41). Variations in fibril spacing may 

also contribute to bone fragility (96). In addition, a recent rat study suggested that 

degenerated apatite orientation tested by X-ray diffraction analysis and collagen orientation 

tested by birefringence analysis are associated with decreased Young’s modulus tested by 

nanoindentation at the lumbar spine following ovariectomy (97).  
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Bone mineral is important to bone mechanical behaviours. In fact, it is the basis of clinical 

assessment of bone fragility due to its high absorption of X-ray. The amount of 

hydroxyapatite correlates positively with bone stiffness. In other words, over-mineralized 

bone can resist greater forces from a microcrack, but once a microcrack occurs, less energy is 

needed to break the bone to failure; and vice versa (98). This creates a dilema of whether 

more bone minerals are better for the maintenance of bone mechanical behaviour. Indeed, 

patients with fragility fracture are found to be either under-mineralized or over-mineralized 

(99). This dilemma also underlies the concern of atypical femoral fracture in osteoporotic 

patients treated by long-term antiresorptive drugs (100).  
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2.2 Assessment of bone mechanical behaviour 

2.2.1 Introduction 

Assessment of bone strength can be based on measurements of almost any aspect discussed 

previously. In clinical settings, assessment of bone strength and fracture risk is mainly based 

on DXA, which is the most-established tool for the diagnosis of osteoporosis recognised by 

both the World Health Organization (WHO) and International Society for Clinical 

Densitometry (ISCD). Other X-ray-based imaging modalities, such as quantitative computed 

tomography (QCT), pQCT and high-resolution pQCT (HR-pQCT) are also used in clinical 

settings and scientific studies. Non-X-ray-based imaging modalities e.g. magnetic resonance 

imaging (MRI) and quantitative ultrasound (QUS) are also available in the assessment of 

bone fragility. While these techniques provide non-invasive measurements of a range of 

variables in vivo, mechanical testing directly breaks whole-bone or part of a whole-bone and 

obtains mechanical properties in laboratory-based settings. Other invasive methods which 

provide measurements of other aspects that contribute to whole-bone mechanical behaviour 

are also discussed here in this section. All in all, these techniques provide various options for 

the determination of bone mechanical properties in different settings for different purposes. 

Each technique has advantages and disadvantages in application. Certain combinations of 

them may improve our understanding of bone fragility in certain situations. 

 

2.2.2 Mechanical testing 

Mechanical testing directly measures biomechanical properties, either of whole-bone or of 

localised properties within the bone (3, 101). Yield or failure load of bone is obtained from 

different testing configurations. Strain gauges attached to a bone surface are used to record 

strain at certain points. Compression, bending and torsion testing are widely used in 
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biomechanical experiments with bone of either human or animal origin. Regardless of testing 

modes, specimens need to be prepared and stored before testing. In most situations, fresh 

frozen specimens are stored in 0.9% saline solutions or fresh specimens embalmed in 

formalin solutions before testing. Although embalmed bone specimens can be kept longer for 

future use due to the ability of formalin to reduce microbiological infections, this preservation 

method has limitations in preserving the mechanical properties of bone. The amidogen of 

polypeptides in bone can connect with menthol molecules to increase collagen fibril 

crosslinks (102) which are important factors influencing whole-bone mechanical behaviour, 

as discussed previously. Decreased Young’s modulus, yield stress and increased yield strain 

have been observed in formalin-fixed bone tissue compared with fresh frozen bone tissue 

(103, 104), especially when bone is stored at a higher temperature than 4 °C or for longer 

than 4 weeks (105). Fresh frozen specimens have been reported to preserve bone mechanical 

properties (106), therefore are recommended in order to improve accuracy in mechanical 

testing (107). Dry specimens are used for mechanical tests at times (108 - 110). While 

increasing the friction between specimens and testing plates thus ensuring specimens being 

held tightly, use of dry specimens has been reported to exaggerate the experimental stiffness 

compared to hydrated specimens (108, 111, 112). More importantly, free water is a crucial 

component of bone and contributes to the final mechanical behaviour of whole-bone. 

Therefore, results from mechanical testing using dry specimens should be interpreted with 

caution. 

 

Mechanical testing can be performed either on whole-bone or bulk tissue excised from 

whole-bone, or even tiny tissue specimens from bone biopsy (101, 113). Whole-bone testing 

is the most direct way to obtain the structural performance by loading a whole-bone or a 

major part of whole-bone to failure. Structural stiffness, failure load and energy to failure can 
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be obtained from whole-bone testing. Bulk tissue specimen testing investigates material 

characteristics of bone by ruling out whole-bone geometric factors; however, microstructural 

confounders such as cortical porosity or trabecular orientation may still impact the obtained 

measurements (67). Excised specimens from either cortical or trabecular bone are prepared to 

cylindrical or cuboidal structure of several millimetres in scale from which apparent elastic 

modulus and yield stress can be obtained (18, 114). Indentation is a method that can measure 

material mechanical properties from an even finer scale (e.g. microindentation for individual 

trabeculae or osteons, or nanoindentation for individual lamellae) (115, 116). Generally, this 

engineering method uses hard-tipped material as a rigid indenter and presses the indenter into 

bone tissue with a given force; therefore, material stiffness can be calculated from the area of 

the imprint. This technique is traditionally applied ex vivo; however, in vivo 

microindentation has emerged in clinical studies recently (117), which may provide a good 

prospect for direct clinical assessment of bone mechanical properties in the future. 

 

Different testing modes are applied in mechanical testing of bone. Compression testing is 

usually used for whole-bone mechanical behaviour of the vertebrae or bulk tissue specimens 

from cortical or trabecular bone at other skeletal sites (106). In a typical compression test, 

whole-bone or bulk tissue is fixed in the testing machine with two platens (Figure 2.9). While 

the bottom platen stays stationary during the test, the compressing platen loads the specimen 

with a vertical compressive force. Compression testing is widely used in testing the 

mechanical properties of vertebrae due to the comparable loading mode they are exposed to 

in daily life (67). Compression testing is also of clinical importance at certain long bone sites, 

e.g. the distal radius or proximal femur (118, 119). 
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Figure 2.9 A typical compression test setup. As shown in this schematic, the bottom platen 

stays stationary when load is applied to the specimen from the upper platen. 

 

Bending tests are the most widely-used method for whole-bone testing. There standard 

bending test setups: the three-point and four-point bending tests. In both tests, the whole-bone 

is supported by two supports. In three-point testing, load is applied by one prong located at 

the opposite surface of the specimen at a point corresponding to the exact middle point of the 

two supports (Figure 2.10 A) (3, 120), while in four-loading testing, loads are applied by two 

prongs located at the same side as in the three-point testing. The distances from the two 

prongs to the middle point of the two supports are equal (Figure 2.10 B) (1). As one can 

easily point out, the three-point test will create high shearing stress about the loading point 

(121). The four-point bending test ensures a uniform bending moment between the two 

loading points (3, 121); however, the three-point bending test is more widely used in 

mechanical experiments because it is easier to achive uniform contact with the points 

contacting the bone.  
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Figure 2.10 Diagrams showing the setup of three-point and four-point bending tests. A: 

three-point bending test; B: four-point bending test.  F: the load applied to the long bone, X: 

the distance from the corresponding point to the middle of two supports to loading point(s). 

 

In summary, mechanical testing provides direct insights into skeletal mechanical properties 

from a whole-bone level to a nano scale. Both structural and material characteristics can be 

obtained from various mechanical tests.  Therefore, a choice should be made based on the 

research purpose since each testing method has advantages and disadvantages compared to 

others. However, it should be noted that all mechanical tests are conducted either ex vivo or 

invasively, which greatly limits their potential clinical application. Results from animal 

experiments or human cadaveric tests may be compared with results from clinical assessment 
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(which will be discussed in the following sections), but interpretation should be with caution 

due to the structural/biological differences of bone in vitro from tissues in vivo. 

 

2.2.3 X-ray-based techniques 

2.2.3.1 Introduction 

In current practice, X-ray-based techniques are used for most of clinical tasks of bone 

strength assessment. DXA is the most established tool for the diagnosis of osteoporosis and 

assessment of fracture risk, although it has limitations in identifying individuals with 

increased fracture risk (122). Quantitative CT and pQCT provide both volumetric bone 

density and bone macro-geometric parameters that contribute to whole-bone strength. Over 

the past decades, HR-pQCT which enables assessment of bone micro-structure is developing 

popularity in clinical research. Micro-CT can also measure bone micro-structure but is 

limited to ex vivo studies. When X-ray travels through the scanned site, its attenuation is 

different for bone and soft tissue due to differences in their ability to absorb X-ray (123). This 

forms the basis of X-ray-based examinations. All the X-ray-based modalities above provide 

various options for the assessment of bone mechanical properties. The roles of DXA and 

pQCT for bone strength assessment will be discussed in the following two sections of this 

literature review. Here a brief review on QCT, HR-pQCT and micro-CT is provided.  

 

2.2.3.2 Quantitative computed tomography 

Quantitative CT uses a conventional clinical CT scanner to measure bone macro-geometric 

parameters as well as volumetric bone mineral density (vBMD) (124). As discussed above, 

the abilities of different tissues to absorb X-ray are different. X-ray attenuates more in bone 

tissue than in soft tissue. This forms the basis of an CT image of different densities, or CT 
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numbers. The CT number of a certain tissue is defined as the ratio of the difference in X-ray 

absorption between that tissue and water to the X-ray absorption of water (Equation 6). The 

CT number of water is therefore 0.  

 

 𝐶𝐶𝐶𝐶 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑠𝑠 =  𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡− 𝜇𝜇𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤
𝜇𝜇𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤

 * 1000                                                                          (6) 

where μtissue is the X-ray absorption coefficient of a certain tissue, μwater is the X-ray 

absorption coefficient of water. The unite of CT number is Hounsfield unit (HU) 

 

Unlike conventional CT that focuses more on tissue morphology i.e. size or shape of a certain 

tissue or focus, quantitative CT measures tissue characteristics by figures. Strictly speaking, 

the word ‘quantitative’ as in the name of QCT can mean any quantitative analysis from a CT 

image; however, the term QCT only refers to the quantification of bone density in current 

practice (125).  

 

Linear correlation exists between CT number of bone and its apparent density (126). 

Although direct transformation from CT number to bone density is achievable and used in 

clinical research sometimes (127 -129), quantification of bone mineral density (BMD) is 

usually achieved by a calibration phantom of known density that is scanned with bone tissue 

at the same time in most cases. Most calibration phantoms are made of dipotassium 

phosphate (K2HPO4) or calcium hydroxyapatite [Ca5(PO4)3], although other materials are 

also used. These phantoms are believed to have comparable ability to validate the quantitative 

analysis, although a higher coefficient of determination (r2) with QCT results was reported in 
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the use of phantoms made of Ca5(PO4)3 than of K2HPO4 in the same situation (e.g. scanner, 

peak voltage, tube current) (130). 

 

During CT scanning, the X-ray source and detector rotate around the site of interest. 

Therefore, data acquired are three-dimensional and volumetric (130), which is an advantage 

over DXA and forms the basis of finite element analysis (these two aspects will be discussed 

in detail in the following sections). The resolution of QCT also enables separate analysis of 

cortical and trabecular compartments of bone tissue, although it is still not adequate for the 

assessment of bone microstructure (131). Compared to other X-ray-based techniques, QCT is 

the only modality that can provide in vivo volumetric measurements of the spine (101), 

which strengthens its utility at the central site.  

 

Many studies have investigated the ability of QCT measures to predict bone mechanical 

properties. At the lumbar spine, Biggemann et al reported the r2 between compression 

strength and vBMD to be 0.68 (132). One study by Ebbesen et al observed a similar r2 

between QCT vBMD and compression strength of the lumbar spine (r2 = 0.61) (133). A 

greater correlation in females (r2 = 0.75) than in males (r2 = 0.68) was also noted (133). 

Comparable results were reported by Buckley et al; however, when they separately analysed 

the trabecular vBMD, they found much lower correlation (r2 = 0.17) with compression 

strength, suggesting a  major contribution of cortical bone to the final strength even at this 

trabecular-rich site (134).  Nevertheless, the ability of integral vBMD to predict failure load 

of other loading modes was barely satisfactory. For example, in an anterior bending 

experiment of the lumbar spine, the integral vBMD only explained 18% of the final bending 

strength (135). When the investigators further took cross-sectional area of the endplate into 
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account, the r2 was observed to increase slightly (r2 = 0.21). Although this increase in r2 by 

including geometric properties was much smaller than what was observed in Biggemann’s 

study (r2 increased from 0.68 to 0.91) (132), the results proved the importance of macro-

structural measurements in the assessment of bone strength. This finding was supported by 

Buckley’s study as well, where r2 increased from 0.63 to 0.76 and from 0.17 to 0.42 for 

integral and trabecular vBMD, respectively, after inclusion of CSA (134). Quantitative CT 

measurements of the lumbar spine also provided acceptable prediction of failure strength of 

the appendicular skeleton. Moderate r2 values of 0.57, 0.47 and 0.41 were reported between 

lumbar spine QCT (vBMD x CSA) and radius strength under three-point bending, axial 

compression and a fall-simulated configuration, respectively (118).  

 

Quantitative CT is also used at the proximal femur, but analysis was more complex due to the 

irregular structure at this site. In a lateral impact loading experiment, r2 between integral 

vBMD of total proximal femur region and failure load was reported to be 0.76 by Cheng et al 

(136). However, variations in r2 of different sub-regions were observed, ranging 0.59 – 0.88 

for femoral neck, trochanteric, intertrochanteric and Ward’s regions. Further analysis of 

different cortical and trabecular measurements at the femoral neck and trochanteric region 

showed great variations in r2 as well, with lowest r2 with failure load observed in femoral 

neck cortical vBMD (r2 = 0.07) and highest r2 in trochanteric cortical area (r2 = 0.83). Among 

femoral neck measurements, cortical area had the highest r2 with femoral strength (r2 = 0.66). 

This was comparable for trochanteric trabecular vBMD, the r2 of which was 0.69. Cortical 

vBMD at trochanteric region was also observed to have low r2 with femoral strength (r2 = 

0.28). However, Cheng reported r2 of single vBMD or geometric variable in this study, 

whether a combination of vBMD and geometric parameter improved the ability of QCT to 

predict femoral strength was then answered in another study by Lang et al (137). In this 
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study, r2 between integral vBMD of the whole proximal femur region and femoral strength 

from the fall loading configuration was observed to be 0.66. This value increased to 0.74 

when minimal femoral neck CSA was considered. In fact, when the minimal neck CSA was 

included in the regression models, all r2 of vBMD measures were observed to increase to 

some degree, with highest increase observed in femoral neck integral vBMD (from 0.48 to 

0.70). The same findings were observed for a stance loading configuration from this study, 

although QCT measurements predicted failure load of the stance configuration better than of 

lateral impact loading on average. These findings suggest a combination of bone density and 

geometric variables improve the predictive ability of QCT and is therefore applied in later 

QCT studies (138 - 141).  

 

In summary, QCT provides medium to good ability to predict bone strength, although it is 

primarily used at spine or proximal femur. Data are relatively limited on the role of central 

QCT measurements to predict appendicular skeletal strength, as well as on the role of QCT 

measurements of the peripheral sites since it is more commonly used at central sites. While 

QCT can provide volumetric BMD and geometric measurements, as well as separate analysis 

of cortical and trabecular bone, its resolution is not high enough to depict the trabecular 

microstructure and bone porosity which are important factors contributing to whole-bone 

strength as discussed in the previous section. On the other hand, the volumetric data acquired 

by QCT can be a source for finite element analysis. This will be discussed in Section 2.5. 

 

2.2.3.3 High-resolution peripheral quantitative computed tomography 

High-resolution pQCT has the same ability with QCT to provide vBMD measurements of 

bone and to separately analyse cortical and trabecular tissues. More importantly, it can assess 
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not only macro-structure but also micro-structure of bone. This strength results from its in-

plane isotropic resolution of 85μm (the recent newer generation of HR-pQCT on the market 

has a resolution of 60 μm but most published studies have used the first-generation HR-

pQCT) which enables analysis of individual trabeculae (142, 143). However, as a new 

technique, it faces problems of relatively long scanning time and high cost for procurement 

and maintenance. Therefore, it is still not as widely available as DXA and QCT currently.  

 

HR-pQCT provides a variety of measurements of bone density, geometry and microstructure 

of total, cortical and trabecular bone (Table 2.4). Variance has been observed in the ability of 

different HR-pQCT variables of the vertebral to predict experimental failure load at central 

sites which was due to different testing configurations and whether in combination of other 

techniques (144 - 147). The ability of HR-pQCT variables at the appendicular sites to predict 

corresponding experimental failure load is of more clinical importance. In a compression 

experiment of the appendicular bone section, HR-pQCT To.BMD was found to correlate 

better with experimental stiffness and failure load at the tibia (r2 = 0.53 and 0.66, 

respectively) than at the radius (r2 = 0.30 and 0.35, respectively) (148). Ct.BMD was 

observed to have slightly higher r2 than Tb.BMD at this site. For microstructural parameters 

in this study, Ct.Th had the highest r2 with tibial and radius failure load (r2 = 0.71 and 0.48, 

respectively). For the prediction of lateral compression failure load of the proximal femur, r2 

was reported to be 0.16 and 0.55 for radius and tibial HR-pQCT Po.BMD, respectively (149). 

In the studies above where the predictive ability of DXA was also assessed, some HR-pQCT 

measures had higher r2 with bone mechanical strength or stiffness than DXA measures (144, 

145, 147 – 149). However, most r2 of HR-pQCT measures were still medium.   
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Table 2.4 HR-pQCT measurements, units and abbreviations 

Measurements Units Abbreviations 

Integral bone measurements   

    Total bone mineral density mg HA/cm3 To.BMD 

    Total bone area mm2 Tt.Ar 

    Total volume mm3 TV 

    Bone volume mm3 BV 

    Bone surface mm2 BS 

    Bone volume ratio % BV/TV 

    Bone surface ratio % BS/BV 

Cortical bone measurements   

    Cortical bone mineral density mg HA/cm3 Ct.BMD 

    Cortical thickness mm Ct. Th 

    Cortical porosity % Ct. Po 

Trabecular bone measurements   

    Trabecular bone mineral density mg HA/cm3 Tb.BMD 

    Trabecular thickness mm Tb.Th 

    Trabecular separation mm Tb.Sp 

    Trabecular number per mm Tb.N 

 

 

The biggest advantage of HR-pQCT over other techniques is that it is the only available tool 

for in vivo assessment of bone microstructure  although this utility is limited to peripheral 

bones. Many validation studies of HR-pQCT microstructural parameters are available against 
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μCT measurements and good agreement between them was identified (150 - 159). One aspect 

that is not covered in this section is HR-pQCT-based micro FEA. The micro FEA by HR-

pQCT will be discussed in Section 2.5. Although providing promising assessment for bone 

strength, HR-pQCT, as a relatively new technique, is not widely available currently due to 

high procurement and maintenance cost and long scanning and analysis time.  

 

 

2.2.3.4 Micro computed tomography 

Micro CT is widely used in animal experiments or human cadaveric studies to assess ex vivo 

bone microstructure due to its ultra-high in-plane resolution of less than 10 μm (160). It is 

also available for human bone biopsies. During μCT scanning, the specimen is rotating to 

different directions of the projected X-ray. Projective data at each direction are then 

reconstructed to form three-dimensional data (161). Although newer μCT scanners enable 

follow up of changes of bone microarchitecture in small living animals, the limited scanning 

space and requirements for small tissue volumes constrain their use in living humans (162, 

163). Moreover, the increased resolution of μCT is achieved by extremely long scanning time 

and high radiation exposure (164, 165). 

 

Micro CT parameters have been reported to correlate very well with bone mechanical 

properties obtained from animal experiments, with r2 ranging from 0.81 to 0.90 against 

ultimate load (161). Although it is not practical for μCT to scan bone in vivo for human 

beings, ex vivo μCT data can be used to validate measurements assessed by other modalities 

e.g. HR-pQCT (see previous section).  
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2.2.4 Non-X-ray-based techniques 

2.2.4.1 Magnetic resonance imaging 

High-resolution MRI (HR-MRI) is another available imaging modality that provides three-

dimensional structural data (166). While existing data showed poor to medium correlations 

between HR-MRI structural measurements and experimental failure load (r2 ranging from 

0.14 to 0.48) (167 - 169), these results correlated well with μCT measurements (r2 ranging 

from 0.26 to 0.94) (170 - 173). The advantage of HR-MRI is that, by applying a magnetic 

field to hydrogen in water in tissues, it does not expose patients to ionizing radiation. 

However, the scanning time associated with HR-MRI is relatively long which limits its utility 

in clinical assessment of bone fragility, especially among older people or patients with 

fracture. 

 

2.2.4.2 Quantitative ultrasound 

Quantification of bone measurements by QUS is achieved by attenuation of sound waves 

through bone tissue (174). QUS directly measures sound wave velocity and broadband 

attenuation, both of which follow certain functions of bone density and microarchitectural 

properties (131, 174). Although QUS can be used at central sites e.g. spine or proximal femur 

(175, 176), applications of QUS is limited at calcaneus in most studies. QUS is not a X-ray-

based examination thus does not expose patients to ionizing radiation. Newer QUS devices 

are designed with small dimension and are portable and ideal for community use (177). 

However, due to the indirect quantification of BMD, results obtained by QUS cannot 

compare with other modalities directly.  
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Results from ex vivo mechanical testing have shown medium to good correlations between 

bone failure load and QUS measurements (r2 = 0.50 – 0.67 for sound velocity and r2 = 0.37 – 

0.64 for broadband attenuation) (178 - 180). In all these studies, QUS and mechanical testing 

were performed at the same sites. The ability of calcaneus QUS variables to predict bone 

strength at different sites was reported to be poor, with some prediction even poorer than 

DXA (138).  

 

2.2.4.3 Other analysis of bone quality 

Fourier transform infrared (FTIR) and Ramen spectroscopy analyse mineral and organic 

composition of bone tissue by characterizing certain absorption peaks on infrared or Raman 

spectrum (181, 182). These techniques examine tissue properties of bone biopsy specimen 

under an optical microscope. FTIR and Ramen spectroscopy measurements are found to 

identify more fracture patients than DXA alone (183). The invasive process of biopsy may 

hinder its wide application, however, newer Raman spectroscopy with an in vivo probe can 

be applied from skin surface (184). 

 

Ashing analysis weighs bone mineral mass of a specimen directly by removing organic 

components at a very high temperature (185). However, this simple method takes neither 

heterogeneity of bone tissue nor microstructural variations into consideration (101).  

 

Collagen maturity can be assessed by high pressure liquid chromatography (HPLC) (186). 

While examining minor alterations in collagen crosslinks, this technique also needs invasive 

biopsy to provide bone tissue. 
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2.2.5 Summary 

In summary, many examinations are available to assess bone mechanical behaviour from 

various aspects. DXA is the most widely used technique for bone density testing, and its role 

in the assessment of bone strength and fracture risk will be discussed in the next section 

separately. Peripheral QCT, as the main topic of the current thesis, will also be discussed 

separately thereafter. Mechanical testing of different loading modes and configurations 

provides the most direct measurement of bone mechanical properties, but as a destructive 

process, it can only be used in the laboratory to validate other assessment methods. By adding 

a density phantom to existing all-purpose CT scanners, QCT has potentially wide use in 

clinical settings. However, its relatively high radiation exposure may be a concern for both 

patients and healthcare providers. HR-pQCT exposes patients to smaller amount of radiation 

and can assess bone microarchitecture in vivo, although its application is limited to peripheral 

sites. As a relatively new technique, its high cost may impede its wide utility, at least 

currently. As non-X-ray-based modalities, HR-MRI and QUS may improve our 

understanding of bone fragility together with conventional examinations, but more data are 

needed to validate their clinical use. Bone quality analysis including FTIR spectroscopy, 

Raman spectroscopy, ashing and HPLC provides insights into bone quality from a finer scale 

and may attract more attention for future research; however, they are not mainstream 

examinations currently. 
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2.3 Dual energy X-ray absorptiometry in the management of osteoporosis 

2.3.1 Osteoporosis: definition and pathophysiology 

In etymology, the word “osteoporosis” is formed by three parts (187). “osteo-” originating 

from the Greek word “osteon” means bone. “poros” originates from the Latin word “porus” 

and the Greek word “poros” and means a pore or minute opening. “osis” is word suffix 

expressing “state” or “condition”. Therefore, the direct message conveyed by the word 

“osteoporosis” is “a condition of bone with small pores”. The most recent definition of 

osteoporosis from a medical point of view is “a skeletal disorder characterized by 

compromised bone strength predisposing to an increased risk of fracture” by the US National 

Institutes of Health (NIH) (76). While emphasizing the consequence of osteoporosis, this 

definition does not tell the reason for compromised bone strength and consequent fragility 

fracture. The older version of this definition answers this by stating osteoporosis is “a 

systemic skeletal disease characterized by low bone mass and micro-architectural 

deterioration of bone tissue with a consequent increase in bone fragility and susceptibility to 

fracture” (188). This definition integrates change in bone quantity and quality in osteoporosis, 

as well as concerns about its consequence.  

 

The basic pathophysiology of osteoporosis is the imbalance of bone formation and resorption. 

As discussed previously, bone is a dynamic organ where formation and resorption occur 

simultaneously to maintain homeostasis of bone tissue (82). The early decades of life are a 

bone accrual period when more bone is formed than resorbed until reaching peak bone mass 

(PBM) around the age of thirties (189, 190). After PBM is reached, bone mass is lost at a 

slow rate gradually until the age around fifty years when bone loss is increasingly fast (189, 

190). This is an inevitable ageing process that is seen in both women and men. However, 
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women are found to be more vulnerable to osteoporosis with a three-fold ratio to men (191). 

This attributes to lack of estrogen resulting from menopause in women. Estrogen mediates 

bone remodelling by both promoting bone formation and suppressing bone resorption (192, 

193). Serum estradiol level has been observed to correlate negatively with serum level of 

sclerostin, which is a Wnt signalling pathway inhibitor (194, 195). Wnt signalling is 

associated with the osteocyte’s response to mechanical stress, which, in turn, activates 

osteoblast activity of bone formation (196). The inhibitory role of estrogen on bone 

resorption is, in part, by disturbing osteoclast differentiation from monocytes which is 

modulated by osteoblast activity (197). More importantly, estrogen also induces osteoclast 

apoptosis through the receptor activator of nuclear factor (RANK) κB signalling pathway 

(198, 199). Therefore, postmenopausal women are more susceptible to bone loss due to 

estrogen deprivation. The more detailed role of estrogen in osteoporosis will be discussed in a 

later section. 

 

2.3.2 Diagnosis of osteoporosis 

In clinical practice, the diagnosis of osteoporosis generally is based on areal bone mineral 

density (aBMD) determined by DXA (200). In the diagnostic criteria for osteoporosis 

established by WHO, a system based on the T-score, which is the difference between 

individual aBMD and reference (of healthy young adult individuals of the same sex) mean 

aBMD compared to reference standard deviation (SD) (Equation 7), is used to classify 

normal bone density, osteopenia and osteoporosis (Table 2.5). Patients with a T-score of no 

less than -1.0 are considered to have normal bone density. Osteoporosis is diagnosed with a 

T-score of no more than -2.5. Patients with a T-score in between are considered to have 

osteopenia. When an osteoporotic T-score is accompanied with a fragility fracture, severe 
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osteoporosis is diagnosed. The standard measurement sites are the lumbar spine, total hip or 

femoral neck.  

 

𝐶𝐶 − 𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠𝑛𝑛 =  𝐼𝐼𝐷𝐷𝐿𝐿𝐷𝐷𝐼𝐼𝐷𝐷𝐿𝐿𝐼𝐼𝐿𝐿𝑙𝑙 𝐿𝐿𝑎𝑎𝑎𝑎𝐷𝐷−𝑅𝑅𝐷𝐷𝑅𝑅𝐷𝐷𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝑎𝑎𝑎𝑎𝐷𝐷
𝑅𝑅𝐷𝐷𝑅𝑅𝐷𝐷𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑆𝑆𝐷𝐷

                                                             (7) 

where SD denotes for standard deviation 

 

Table 2.5. World Health Organization diagnostic criteria for osteoporosis 

Diagnosis T-scores 

Normal bone density T-score ≥ -1.0 

Osteopenia -2.5 < T-score < -1.0 

Osteoporosis T-score ≤ -2.5 

Severe osteoporosis T-score ≤ -2.5 with fragility fracture 

 

 

In practice, reference data used currently in the diagnostic criteria come from different 

sources (201). For the total hip and femoral neck, reference data are from Caucasian women 

aged 20 – 29 years obtained from the National Health and Nutrition Examination Survey 

(NHANES) III in the USA (202, 203). For the lumbar spine, local databases are used to 

generate normative data by each DXA manufacturer. The local references are also based on 

data of young women (201). This raises concerns about derivation of T-scores for individual 

patients from at least two aspects (204). The first concern is the application of female 

reference data to generate T-scores for males (205).  T-scores of males generated from female 

reference would be higher than those generated from male reference due to the averagely 
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larger bone size of males compared to females (205). However, increasing data have shown a 

similar fracture rate between males and females with the same aBMD (203, 206 - 209). These 

results lay the basis for both WHO and ISCD to recommend use of young female reference 

data for males (210). The second concern is the influence of race and ethnicity on the 

generation of T-score, especially at the total hip and femoral neck, where a T-score is derived 

from Caucasian data. Difference in osteoporosis prevalence and fracture risk exists among 

different racial and ethnic groups (211). Therefore, using local ethnicity-specific reference 

data for generation of T-scores at the lumbar spine while uniform Caucasian reference data at 

the total hip and the femoral neck is tricky. While this reflects the necessity of more data for 

other ethnic groups rather than Caucasians, local ethnic normative data are accumulating in 

some regions (212 - 215). This is also reflected in the Fracture Risk Assessment Tool 

(FRAX®) by the University of Sheffield where ethnicity-specific data are used to calculate a 

ten-year absolute fracture risk (216). 

 

2.3.3 Fragility fracture 

Osteoporosis is a silent medical condition. This lies in the fact that fragility fracture, as the 

consequence of osteoporosis, is often the first sign that attracts the attention of patients and 

physicians (76). Osteoporotic fracture, or fragility fracture, is a serious complication of 

osteoporosis. It is usually defined as fracture resulting from minimal trauma, such as a fall 

from a standing height or less (217). Therefore, it is sometimes called low-trauma fracture. 

However, the description of “low-trauma’ itself is vague as it is sometimes difficult to 

quantify “low trauma” at least in clinical settings. Moreover, even in the situation of “high 

trauma”, patients with osteoporosis are more prone to sustain a fracture than healthy people 

(218). Therefore, it is recommended that characterization of osteoporotic fracture be 
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associated with fracture sites where a fracture is sustained with ageing and low bone mass 

(210, 218, 219).  

 

Common sites for fragility fracture include the hip, the distal forearm and the vertebral body. 

Fragility fractures at other sites, such as the proximal humerus, the pelvis, the ribs, the distal 

femur and the tibia also occur among patients with osteoporosis. Hip fracture is the most 

severe complication of osteoporosis. This is reflected not only by the fact that more than half 

of the patients cannot gain total function rehabilitation after a hip fracture (220), but also by 

the high death rate within one year post hip fracture (221,222). The most common cause for 

an osteoporotic hip fracture is falling from a standing height, although a spontaneous hip 

fracture is also noted at times (223). A hip fracture occurs either at the femoral neck 

(transcervical or subcapital fracture) or at the trochanteric region (intertrochanteric fracture, 

which is more osteoporosis-related) (224).  

 

Distal forearm fracture (typically a Colles’ fracture) caused by a fall on the outstretched hand 

is the major fracture type in younger postmenopausal women (225). While this type of 

osteoporotic fracture usually does not require hospitalization and its prognosis is better than a 

hip fracture (226), the risk for a subsequent fragility fracture increases following a Colles’ 

fracture (227, 228). Given the younger age when a forearm fracture is sustained, appropriate 

follow-up may improve prevention of a future fracture at an older age.  

 

Vertebral fracture may be the most underestimated type although it is a strong predictor for a 

second fragility fracture not only of the spine but also of the hip and the forearm (227 - 229). 

This is because a vertebral fracture is often accompanied with a non-specific sign, back pain, 
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which is common in older people, thus does not come to clinical attention frequently (230, 

231). In clinical practice, a vertebral fracture is diagnosed using a mophometric method on 

lateral plain X-ray by Genant et al, which classifies the severity of a vertebral fracture 

according to the height loss of the vertebral body (232). 

 

2.3.4 Prevalence and burden 

The prevalence of osteoporosis increases with an ageing population. There are variations in 

the reported prevalence worldwide. In Europe, about one fifth of women aged greater than 50 

years are osteoporotic based on the WHO diagnostic criteria, while this figure is smaller in 

men, less than 10% (210, 233). Together, this summed up to 28 million people in Europe in 

2010. In the USA, according to NHANES 2005-2010 data, the overall prevalence was 10.3% 

for osteoporosis and 43.9% for osteopenia, from which it was estimated that a total of 10.2 

million people had osteoporosis and another 43.4 million had osteopenia in 2010 (191). In the 

Middle East, a cross-sectional study of 321 healthy women in 1999 observed a prevalence of 

28% for osteoporosis and 38% for osteopenia among women aged over 50 years (234). In 

mainland China, it was reported the overall prevalence of osteoporosis was 16.1% for people 

aged over 40 years from a study in 2002 (235). The prevalence of osteoporosis in Hong Kong 

was a little higher than in mainland China, 24.9% in women aged over 50 years (236). In 

Taiwan, prevalence was very high from recent data. The overall prevalence in 

postmenopausal women was reported to be 41.3% (237). In Australia, the estimated 

prevalence of osteoporosis was 23% and 6% for women and men, respectively (238). 

According to the WHO diagnostic criteria, more than half of the Australian population will 

suffer from osteoporosis or osteopenia by 2022 (238, 239). 
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Serious public health concern about osteoporosis arises from the high incidence of fragility 

fracture. It was estimated that up to 30% of women and 20% of men worldwide would 

sustain a fragility fracture after the age of 50 years which accounted for an annual incidence 

of up to 9 million fractures (210, 225). Europe is characterized by a high annual fracture 

incidence, where most countries have an annual fracture incidence of more than 200 cases per 

1,000,000 population (240). In Australia, it was reported by the Dubbo Osteoporosis 

Epidemiology Study group that 56% of Australian women and 29% of Australian men would 

have a residual lifetime risk of an osteoporotic fracture after age of 60 years (241).  

 

Fragility fracture is associated with significant morbidity and mortality (242, 243). Most 

fragility fractures cause substantial pain and loss of function for a certain period or even the 

residual lifetime, although recovery and rehabilitation vary amongst fracture types. Fragility 

fracture not only affects an individual patient’s life quality but also causes a great societal 

burden due to high costs associated. A meta-analysis (244) concluded that during the first 

year post a fragility fracture, medical expenditure related to hospitalization and rehabilitation 

was 2 - 6 times higher than before a fracture occurred and 2 - 4 times higher than in controls 

without fracture. Moreover, the societal burden is also reflected by quality-adjusted life years 

(QALY) lost. QALY is an indicator of both death and morbidity caused by a fragility 

fracture. QALY = 0 when one recovers from a fracture totally (i.e. no disability or life quality 

change). If one death happens as the result of fragility fracture, QALY = 1. QALY is 

quantified between 0 to 1 based on the impact of fracture on life quality. It was reported that 

QALY lost associated with osteoporotic fracture was 5.8 million worldwide and accounted 

for 0.83% of total global burden of non-communicable diseases (225). From the 

macroeconomic perspective, osteoporotic fracture cost 13.8 billion US dollars per annum in 

the USA (245), and 850 million pounds per annum in the UK (246). In Australia, 1.9 billion 
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Australian dollars were spent on direct costs of osteoporosis and osteoporotic fracture in 2007 

(247), which led to osteoporosis being one of the nine National Health Priority Areas. 

 

Due to the high prevalence and cost of fragility fracture, fracture liaison programs have been 

proposed for better management of fragility fracture (248 – 251). However, improved 

strategies for early screening and diagnosis, and prediction for fracture risk, are essential for 

appropriate osteoporosis management. 

 

2.3.5 DXA: technical aspects 

Dual energy X-ray absorptiometry is based on the method of X-ray spectrophotometry and 

applies two-dimensional projection technique to quantify areal BMD (aBMD) of patients. 

Before the wide application of DXA, single photon absorptiometry (SPA) was initially used 

for the determination of bone density (252). This technique detected attenuation of a greatly 

focused photon beam through the human body transmitted by single-energy radionuclides. 

There were two major weaknesses of SPA. First, while single energy radiation discriminated 

bone from soft tissue, it did not take into consideration variations in attenuation of the photon 

beam through different soft tissues. Therefore, a water bath was applied during a SPA scan to 

correct for variations in soft tissue thickness and composition (253). Moreover, the 

radionuclide photon source greatly impacted precision and resolution of the measurements 

and prolonged scanning time due to its physical decay (254). Although its successor, single 

X-ray absorptiometry (SXA) solved the second issue by replacement of the radionuclide 

source with a low radiation X-ray tube (255), correction for soft tissue variations was still an 

inconvenience until the introduction of dual photon absorptiometry (DPA) which also used a 

radionuclide source.  
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With the advent of DXA in the late-1980s, better quantification of bone mass enabled better 

understanding of bone fragility by solving the two issues discussed above (256, 257). DXA 

determines bone density using a low-dose X-ray tube with two energies. Generation of a dual 

energy X-ray spectrum is achieved by either X-ray absorption filters or voltage switching 

among commercial scanners used currently. An X-ray absorption filter made of certain 

material can divide polychromatic X-ray beam into high and low energy beams (258). The 

resultant two beams therefore have narrower spectral distribution than the original 

polychromatic X-ray beam from the X-ray tube. This helps reduce artefacts from beam 

hardening, a phenomenon of selective attenuation of low energy beam by the scanned tissue 

(259). Voltage switching is another way to produce X-ray beams of two energies by 

switching the X-ray tube between high and low voltage during scanning. The wider spectral 

distribution of X-ray beams by voltage switching than by absorption filters is therefore 

associated with greater beam hardening artefact, which needs to be eliminated by pixel 

calibration (260). 

 

Early DXA scanners generated pencil beam X-ray to scan patients back and forth. Currently, 

most DXA scanners use a fan beam for a single sweep scanning across the patient. This 

greatly shortens scanning time and exposes patients to lower radiation does (254). Common 

sites scanned include the lumbar spine and the proximal femur (including the femoral neck) 

as the standard measurements for osteoporosis diagnosis. A forearm scan is sometimes 

needed when significant artefacts appear on the standard sites. After the scan is completed, an 

automated threshold algorithm is used to detect bone edge. Mean bone density is then 

calculated for all the bone pixels within the edge. Bone mineral content (BMC) can then be 
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obtained with bone density and the projected bone area. Quality assurance scanning of a 

phantom, either made by the manufacturer or generic, is needed to maintain the scanner’s 

stability. Although different materials are used for a phantom by different manufacturers, the 

essential of a phantom should be the ability to simulate human tissue composition in real 

clinical scans (254).  

 

2.3.6 Prediction of bone strength by DXA 

The ability of DXA to predict bone failure load varied but generally poor to medium 

correlation was observed among studies. In a study by Cheng et al, vertebral aBMD measured 

by DXA was reported to explain 64% of variation in vertebral compression load (261). In 

another study by Perilli et al, poorer correlation was observed between vertebral compression 

failure and DXA aBMD and BMC (r2 = 0.37 and 0.49, respectively) (262). The predictive 

ability of DXA was improved significantly by lateral vertebral scan in this study (r2 = 0.70 

and 0.82 for aBMD and BMC, respectively). The poor predictive ability of standard vertebral 

measurements of DXA was also observed in animal experiments, with r2 reported to be only 

0.35 with ultimate compression load (263). A large study by Eckstein et al involving 

specimens from 110 donors revealed site-specific differences in the predictive ability of DXA 

(264). In this study, DXA scans were performed on the lumbar spine, the proximal femur and 

the forearm for each cadaver. Mechanical testing was conducted on the vertebrae 

(compression loading), the bilateral femurs (vertical and side impact loading for each), the 

bilateral radius (fall configuration, axial compression loading, and three-point bending). 

While failure loads displayed great heterogeneity between sites (r2 = 0.15 – 0.40) (which 

suggest variations exist between different skeletal sites although osteoporosis is considered as 

a systemic disease), the ability of DXA aBMD to predict bone failure load was the strongest 
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at the site scanned. For instance, vertebral aBMD accounted for 49% of variation in vertebral 

compression failure load, but for only 19% - 34% and 20% - 29% for different loading failure 

at the femur and the forearm, respectively. While total hip aBMD predicted up to 53% of 

variations in femur failure loads, its ability to predict vertebral and radius failure loads was 

relatively poor (r2 = 0.20 – 0.38). At the radius, DXA aBMD of the radius was observed to 

have the highest r2 with bending failure load of the mid-shaft (r2 = 0.79), but this figure 

decreased to 0.44 in a falling configuration, which may suggest its poor predictive ability at 

this distal site.   

 

2.3.7 Limitations of DXA 

Strong correlation exists between bone mass and bone strength (265), thus using bone density 

to predict bone mechanical properties and fracture risk is the standard practice in clinical 

settings. Although widely used clinically for decades, debate about its limitations in fracture 

prediction is ongoing.  

 

First, as a projection technique, DXA measures aBMD, which is the BMC in a projected area 

of bone (254). Although partly adjusted for bone length and width, aBMD does not take bone 

“depth” into consideration. This weakness makes aBMD susceptible to effects of variation in 

bone size (266). Therefore, the fracture risk will be overestimated in individuals with small 

bones and underestimated in those with large bones (267, 268). Great variations have been 

observed in bone macrostructure between different ethnic groups (269). This is one of the 

important considerations in the use of ethnicity-specific reference data to generate DXA T-

scores (212, 213).  
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Similarly, DXA provides an integrated measurement of aBMD as it is unable to separate 

cortical and trabecular bone measures. This, for example, reduces the sensitivity of the 

technique to detect trabecular bone loss which occurs in early stages of osteoporosis (270). 

Moreover, the inadequate resolution of DXA images cannot detect changes in bone 

microstructure which contributes to whole-bone strength (271, 272). 

 

Another weakness of DXA is that its measurements are sensitive to various artefacts 

including degenerative changes, e.g. osteoarthritis, prevalent vertebral fractures and extra-

skeletal calcium deposition (273). Areal BMD of individuals with significant degenerative 

diseases, e.g. spondylosis, will increase, which will suggest an artificially lower fracture risk 

(274). This problem is especially common in the spine with ageing. Aortic calcification 

which is common in aged people may also falsely increase aBMD, which, in turn, will 

underestimate fracture risk.  

 

The ability of aBMD to predict fracture is comparable to the use of blood pressure to predict 

stroke, and significantly better than serum cholesterol to predict myocardial infarction (275); 

however, DXA-measured aBMD has fair specificity but low sensitivity, i.e. aBMD can 

predict fracture risk but cannot identify individuals who will have a fracture. Many articles 

have reported that marked variations in the prevalence of fragility fractures were observed for 

a comparable aBMD determined by DXA (276 - 281). Indeed, the majority of patients 

presenting with fragility fracture have osteopenia by WHO criteria rather than osteoporosis 

on DXA examination (282 - 285), indicating the limited diagnostic sensitivity and predictive 

value of DXA. This weakness of DXA aBMD significantly limits its utility in initiating 

pharmacological therapy, leaving a large number of patients at risk of sustaining a new 
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fracture. Furthermore, the sensitivity of DXA is suboptimal to monitor treatment responses. It 

is argued that DXA cannot explain the observed changes in fracture risk during treatment 

(286, 287), which, on the other hand, may extend the treatment period of patients 

unnecessarily.  

 

Above all, DXA only measures bone quantity that partly explains bone mechanical 

properties. Although advanced post-processing programs such as hip structure analysis or 

trabecular bone score have been developed to compensate for the limited ability of DXA in 

the prediction of bone strength and fracture (288, 289), the intrinsic weakness of DXA cannot 

be overcome. Currently, a few fracture assessment tools are available for the calculation of 

absolute fracture risk, e.g. FRAX® by the University of Sheffield (290), GARVAN fracture 

risk calculator by the Garvan Institute of Medical Research (291), QFracture® by ClinRisk 

Ltd. (292). Although many clinical factors are taken into consideration in these calculation 

tools, including age, sex, body mass index, ethnicity, previous fragility fracture, long term 

use of oral glucocorticoids, alcohol consumption, tobacco smoking, rheumatoid arthritis, 

hyperthyroidism, hyperparathyroidism, falls, parental history of hip fracture, DXA is still the 

only radiological measurement in all fracture prediction tools. Other modalities, e.g. QCT, 

pQCT, HR-pQCT, QUS, HR-MRI (293 - 295), may provide additional information compared 

to aBMD alone and may be applied in clinical settings. Due to the limitations of DXA, the 

utility of alternative methods for fracture risk assessment in addition to aBMD should be 

considered.  
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2.4 Peripheral QCT in the assessment of bone strength and fracture risk 

2.4.1 Peripheral QCT: technical aspects 

Peripheral QCT uses a dedicated, purpose-built CT scanner for the quantification of BMD of 

the forearm and the tibia (296). Like a standard whole-body CT scanner, pQCT also provides 

an image of total linear X-ray attenuation coefficient, the values of which are calibrated to the 

X-ray attenuation coefficient of a calcium hydroxyapatite phantom. The calibration ascribes 

an individual BMC value for every voxel of the pQCT image. Then the pQCT analysis 

software can calculate the volumetric BMD of selected regions of interest (297). To maintain 

the quality of this calibration process, the phantom needs to be scanned daily prior to 

scanning of patients or study subjects. 

 

The radius and the tibia are the skeletal sites where pQCT often scans, although other skeletal 

sites can also be analyzed by pQCT, e.g. the ulna, the fibula or the femur (298). Sites 

measured by pQCT include a diaphyseal site where cortical measures are analyzed, and a 

metaphyseal site where trabecular measures are analyzed. The precise scanned sites are 

defined as percentage of the radius/tibia length from the distal to the proximal. Length is 

measured from the ulnar styloid process to the olecranon process at the forearm, and from the 

medial malleolus to the medial condyle at the tibia. The 4% site of the radius/tibia is the most 

measured site for trabecular bone, while various sites, e.g. the 20% (299, 300), the 33% 

(301), the 38% (302), the 50% (303, 304), the 65% (305, 306) or the 66% (307, 308) site, are 

scanned for cortical bone. Scans have been performed mostly on the non-dominant limb; 

however, the left limb (304, 309) or the right limb (310) was also studied. There is no 

agreement on the optimum measurement sites up to date (311, 312), therefore comparisons in 

pQCT variables are sometimes difficult between studies with different scanning sites. This is 
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one of concerns raised by ISCD to call for consistent scanning sites for pQCT, especially for 

the mid-shaft cortical measurements (125).  

 

As with HR-pQCT, movement artefacts also impact image quality of pQCT, which in turn 

may produce invalid results or non-analyzable data. Movement artefacts presenting as 

streaking or discontinuity of bone tissue are normal in children or aged fracture patients 

(313). Although some remedial analyses are available to quantify movement artefacts as 

much as possible to permit  an immediate decision whether to perform a re-scan (313, 314), 

prevention of movement artefacts still relies on technicians and patients/research subjects. A 

kind reminder by the technician before scanning would improve data validity.  

 

Analysis of pQCT uses simplification of density threshold and peeling program to separate 

cortical and trabecular compartments recommended by the manufacturer (315). The density 

threshold for total area detection is set at 169 mg/cm3 by default at the epiphyseal sites, while 

at 280 mg/cm3 at the diaphyseal sites. At the epiphyseal sites, separation of trabecular 

compartments is achieved by either a threshold of 400 mg/cm3, or 45% of total bone CSA. 

Separation of cortical compartments is not usually applied due to the thin cortical shell and 

limited endosteal border differentiation at the trabecular-rich sites (316, 317). At the 

diaphyseal sites, threshold for cortical separation is set at 710 mg/cm3 by default. Different 

peeling assumptions may affect vBMD results. It was observed that, compared with threshold 

peeling mode, the 45% peeling mode yielded up to 24.9% lower vBMD in healthy people, 

while the figure was higher, as up to 44.9% in patients with spinal cord injury (318). The 

difference was even higher in people with low vBMD. Although these thresholds are 

recommended by the manufacturer, manual input for analysis configurations is also available 
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(317, 319 – 321). However, different thresholds and peeling configurations make inter-

institutional comparison difficult; therefore, optimal configurations for different populations 

are needed for agreement. 

 

Four categories of measures can be obtained by pQCT (Table 2.6): (1) bone mass parameters: 

bone mineral content and density, including total content/density (Tot BMC/vBMD), 

trabecular content/density (Trb BMC/vBMD), and cortical content/density (Crt 

BMC/vBMD); (2) bone geometric parameters, including total cross-sectional area (Tot CSA), 

trabecular CSA (Trb CSA), cortical cross-sectional area (Crt CSA), cortical thickness (Crt 

Thk), periosteal circumference (PeriC), endosteal circumference (EndoC); (3) bone strength 

parameters, including cross-sectional moment of inertia (CSMI), stress strain index (SSI), 

bone strength index (BSI); (4) muscle parameters, including muscle CSA (MCSA), muscle 

density (MDen).  

 

2.4.2 Advantages of pQCT 

Peripheral QCT has some advantages compared to DXA. First, it measures volumetric BMD. 

Instead of measuring bone density and bone mass in a projected two-dimensional plane as 

DXA, pQCT can monitor bone mineral density in a given volume due to the volumetric data 

acquired (322). Therefore, bone density determined by pQCT is a true physical density of 

bone tissue (in the unit of mg/cm3) which is independent of bone size.  

 

Second, as discussed above, pQCT can separately estimate trabecular and cortical 

compartments of bone (312) while DXA calculates an average or integral aBMD of 
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Table 2.6. Standard pQCT measurements 

Parameter category Parameter Abbreviation 

Bone mass Total bone mineral content Tot BMC 

 Total volumetric bone mineral density Tot vBMD 

 Trabecular bone mineral content Trb BMC 

 Trabecular volumetric bone mineral density Trb vBMD 

 Cortical bone mineral content Crt BMC 

 Cortical volumetric bone mineral density Crt vBMD 

Bone geometry Total cross-sectional area Tot CSA 

 Trabecular cross-sectional area Trb CSA 

 Cortical cross-sectional area Crt CSA 

 Cortical thickness Crt Thk 

 Periosteal circumference PeriC 

 Endosteal circumference EndoC 

Bone strength Cross-sectional moment of inertia CSMI 

 Stress stain index SSI 

 Bone strength index BSI 

Muscle Muscle cross-sectional area MCSA 

 Muscle density MDen 

 

 

the whole-bone only. Trabecular bone is about 8 times more metabolically active than 

cortical bone, and changes more quickly in response to time, many diseases and treatment 

than cortical bone (311). The ability of pQCT to discriminate between trabecular and cortical 
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compartments is advantageous since cortical and trabecular structures are differentially 

associated with fragility fracture (323).  

 

Third, pQCT can also measure bone geometry allowing estimation of bone strength. 

Geometric parameters have a strong correlation with bone failure loads measured 

experimentally (59, 324 - 327). In postmenopausal women, bone geometry parameters are 

significantly different from those in young females (328). SSI assessed by pQCT, which 

reflects the mechanical competence of human bone, is based on the calculation of geometric 

parameters and has been recommended as a diagnostic indicator for osteoporosis or related 

bone-weakening diseases (303, 125, 329 - 334). In a study by Cointry et al, it was even 

argued that the mechanical competence of bone was mostly determined by those geometric 

parameters rather than BMD (335), while other studies found no evidence that geometric 

parameters performed better than BMD alone (318, 324, 326, 336 - 338). Although it is 

unclear which parameters contribute more to fracture prediction, it is likely that a 

combination of BMD and geometric parameters can improve fracture prediction compared to 

single variables. 

 

As an X-ray-based modality, pQCT inevitably exposes patients to ionizing radiation; 

however, its associated radiation exposure is much lower than that of standard whole-body 

CT scanners (125). Peripheral QCT exposes patients to even lower radiation than DXA, 

whose radiation exposure is recognized as very low. For example, the effective dose is < 

0.001 mSv for one pQCT scan at the wrist, compared to 0.0047 mSv for one DXA scan of the 

hip (339). Modalities such as HR-pQCT and MRI have equivalent radiation exposure to 

pQCT or no ionizing radiation exposure, respectively, but these modalities are not widely 
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available due to their expense and associated maintenance costs. Low radiation exposure 

associated with pQCT also gains its popularity in measurements for children and adolescents 

(312). 

 

Satisfactory precision was observed in pQCT measures from previous studies (340 - 343). In 

a serial study by Wong et al, the short-term coefficient of variation (CV) ranged from 0.030 

for Trb vBMD to 0.070 for Crt vBMD at the distal radius, and from 0.011 for Trb vBMD to 

0.052 for Tot vBMD at the distal tibia (344). Better short-term precision was observed for 

pQCT compared to MRI and HR-pQCT in the series, which suggests better reproducibility of 

pQCT measures. Although another part of the series found higher long-term precision in HR-

pQCT than in pQCT, this advantage was only significant for quantifying change where 

smaller effect sizes were expected. The authors recommended pQCT as a better modality for 

studies expecting larger effect changes (345). 

 

Further, due to its ability to acquire volumetric data and to capture the distribution of density 

within bone, pQCT is a suitable source for FEA. FEA models have been reported as a good 

predictor of osteoporotic fracture at some bone sites, e.g. the spine and the hip (346, 347); 

however, few FEA models at the radius or the tibia using pQCT images have been developed. 

Thus, pQCT-based FEA models may be a research direction for the assessment of bone 

strength at the appendicular skeleton, which is the main purpose of this thesis. 

 

Due to all these qualities, pQCT may therefore provide additional information compared to 

DXA for the assessment of bone strength and the prediction of fracture risk, and may 

contribute to the understanding of bone fragility in patients with fragility fracture. 
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2.4.3 Peripheral QCT in the prediction of bone mechanical properties 

The radius is the most scanned site by pQCT. Lochmuller et al reported slightly stronger 

correlation of pQCT radius Crt vBMD than DXA distal radius aBMD against failure load of 

bending (r2 = 0.83 vs 0.77), compression (r2 = 0.62 vs 0.61) and falling configuration (r2 = 

0.42 vs 0.41) (326). Similar findings were reported in another falling configuration 

experiment by Muller et al, where r2 was 0.48 for pQCT Crt vBMD vs 0.34 for DXA distal 

radius aBMD (59). However, BMC determined by both pQCT (r2 = 0.72) and DXA (r2 = 

0.50) was found to have higher correlation with radius failure load than BMD. Ashe et al 

compared pQCT measurements with mechanical testing results of the radius with 10-degree 

inclination that mimics a falling fracture. Up to 81% of variation in radius failure load was 

explained by Tot BMC and Crt Thk separately, compared with 39% and 75% of DXA aBMD 

at the ultra-distal and distal radius, respectively. Generally, bone quantity parameters 

predicted failure load with medium to strong r2 ranging from 0.51 (for Crt vBMD) to 0.81 

(for Tot BMC). While Crt Thk and Crt CSA correlated strongly with failure load (r2 = 0.81 

and 0.77, respectively), polar SSI (SSIp) and Tot CSA were found to correlate only poorly 

with failure load (r2 = 0.47 and 0.12, respectively) (336).  

 

The tibia is another site where pQCT is often applied. In a study by Kontulainen et al where 

correlation of compression and bending mechanical loads of the tibia was evaluated against 

pQCT measurements at multiple tibial sites, BSI and SSI at multiple sites (4%, 10%, 50% 

and 66% for BSI, 50% and 66% for SSI) were found to correlate strongly with both 

compression and bending failure load (r2 = 0.60 – 0.85). For compression failure load, Tot 

BMC/aBMD had a stronger correlation than Trb BMC/vBMD (r2 = 0.75/0.68 vs r2 = 
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0.54/0.56, respectively). For bending failure load, Crt CSA was the best predictor at both 

50% and 66% sites (r2 = 0.86 and 0.80, respectively) (348). In another tibial bending 

experiment, r2 between pQCT Crt CSA at the 25% tibia and failure load was observed to be 

0.75, compared with 0.72 for cortical area determined by MRI and 0.74 for aBMD of tibial 

mid-shaft determined by DXA (349). 

 

Correlations of pQCT Tot BMC at multiple sites against experimental failure load at the hip, 

which is a clinically important site, are relatively weak to medium (58). In both axial 

compression loading along the femoral long axis and side impact configuration, proximal Tot 

BMC was found to correlate best with femoral compression failure load with r2 = 0.45 and 

0.40, respectively. Total BMC at different sites of the radius and the tibia predicted only 30% 

- 44% and 27% - 41% of variations in each configuration, respectively. After including bone 

geometric parameters in each regression model, Tot BMC of the proximal femur was still the 

best predictor for compression failure load (r2 = 0.54), while femoral neck Tot BMC became 

the best predictor for side impact failure load (r2 = 0.60). Improvement was not significant for 

radius and tibia measurements though (r2 = 0.33 – 0.40 for compression failure load and 0.32 

– 0.42 for side impact failure load). In the next year after the previous data were published, 

the same research group reported further results on comparison of different imaging 

modalities in the prediction of femur failure load with a slightly larger sample size (138). In 

general, DXA measurements of different regions of the femur were found to perform better 

than pQCT measurements of the radius (pQCT tibial measurements were not reported in this 

study but were assumed to have similar correlation with femoral failure loads with the radius 

measurements as reported in the first study), with highest r2 found for DXA femoral neck 

BMC to be 0.52 compared with 0.31 for pQCT Tot BMC of the 4% radius. However, it was 

also found that DXA of the radius yielded comparable r2 (r2 = 0.35) with pQCT radius 
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measures. Overall, results from these studies suggest at least for the prediction of proximal 

femoral strength, DXA measurements of proximal femur may perform better than pQCT 

radius and tibia measurements. 

 

In a study by Weatherholt et al, pQCT measurement of the humerus was evaluated to predict 

humeral diaphysis torsional mechanical properties due to common spiral fracture at this site 

(350). SSIp was found to correlate strongly with both maximum torque and torsional rigidity 

measured from the mechanical experiment (r2 = 0.94 and 0.92, respectively). Cortical CSA 

(r2 = 0.85 and 0.71, respectively) and Crt BMC (r2 = 0.76 and 0.61, respectively) but not Crt 

Thk (r2 = 0.50 and 0.35, respectively) were also found to have good correlation with these 

torsional mechanical properties. However, Crt vBMD did not show a statistically-significant 

correlation with the mechanical characteristics at this site. While results from this study may 

provide information about ex vivo performance of pQCT at the upper arm, in vivo 

application is greatly limited due to the relatively small scanning space for many people 

(315).  

 

2.4.4 Peripheral QCT in the assessment of fracture risk 

The role of standard pQCT measurements in discriminating patients with fracture from 

controls is somewhat controversial. Some studies reported good ability of standard pQCT 

measurements in differentiating fracture patients from controls without fracture. The AUROC 

and odds ratio (OR) per SD decrease were reported to range 0.63 – 0.70 and 1.56 – 2.17, 

respectively, for pQCT measurements at the 4% radius to distinguish patients with vertebral 

fracture from controls (351). Measurements of pQCT radius and tibia parameters also showed 

good ability to differentiate between patients with distal forearm fracture and controls without 
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fracture, as reported by Crockett et al (352). Drey et al reported higher OR for pQCT than for 

DXA measurements among older people with and without fracture (353). Longitudinal data 

from the Hertfordshire Cohort study showed a significant hazard ratio (HR) for incident 

fracture at any site associated with one SD decrease in pQCT parameters of the radius 

(ranging 1.24 – 1.91) and tibia (ranging 1.16 – 1.69) in women (354). Similar trends were 

also observed in men. After adjustment for DXA aBMD, the relationships were attenuated 

slightly but were still of statistical significance in both sexes. Another longitudinal study also 

concluded that there was a significant relationship between incident fracture and pQCT radius 

and tibia measurements in men, with HR ranging 1.4 – 2.2 and AUROC ranging 0.73 – 0.80 

after adjustment for femoral neck aBMD (334). 

 

Some studies reported comparable or lower ability of pQCT than DXA. Clowes et al reported 

comparable ability of DXA and pQCT to differentiate between women with major 

osteoporotic fractures (i.e. fracture of the forearm, the vertebrae, the hip or the humerus) and 

controls (355). The reported AUROC for DXA aBMD of the total hip [0.734, 95% confident 

interval (CI) (0.701 – 0.765)], the lumbar spine [0.727, 95% CI (0.695 – 0.758)] and the 

forearm [0.697, 95% CI (0.663 – 0.729)], respectively, was slightly higher than pQCT Tot 

vBMD [0.696, 95% CI (0.658 – 0.731)], Trb vBMD [0.685, 95% CI (0.648 – 0.721)] and Crt 

vBMD [0.663, 95% CI (0.625 – 0.700)] of the forearm but with no statistical significance. 

This trend was also seen in OR for different DXA and pQCT measurements. For hip fracture 

only, Augat et al observed higher AUROC of DXA aBMD at the femoral neck and the total 

hip (both = 0.80, no confidence interval reported) than of pQCT Tot vBMD (0.61), Trb 

vBMD (0.65), Crt vBMD (0.52), Crt Thk (0.56) and SSIp (0.54) (356). For vertebral fracture 

only, Kroger et al reported better performance of DXA at both the spine and the femoral neck 

compared with pQCT radius vBMD in women (357). This was the same with DXA femoral 
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neck aBMD versus pQCT radius vBMD in men, but unexpectly was not the case for DXA 

spine aBMD versus pQCT radius vBMD (0.82 vs 0.91, respectively) which may be attributed 

to the small sample size of fracture patients in men. 

 

Due to the inconsistency in the reported ability of pQCT for the assessment of fracture risk, 

Wong did a meta-analysis reporting the combined effect from published data at that time 

(358). The pooled analysis showed a combined OR of 1.44 [95% CI (1.38 – 1.51)] for Tot 

vBMD for the prediction of fracture of any type. Higher OR was calculated for Trb vBMD 

[1.50; 95% CI (1.45 – 1.56)] and Crt vBMD [1.77; 95% CI (1.69 – 1.85)], while lower OR 

was calculated for Crt Thk [1.25; 95% CI (1.07 – 1.46)]. The ORs varied with specific 

fracture site but ranged 1.25 – 1.95 generally. ORs for pQCT tibia measurements were not 

available due to small number of studies published at that time. While the limitation of this 

systematic review is lack of direct comparison with DXA, current knowledge at least backs 

up further exploration of pQCT in fracture risk assessment. 

 

2.4.5 Summary 

Peripheral QCT utilises a dedicated CT scanner for the determination of volumetric BMD at 

the appendicular skeleton. Its strength over DXA in separately analyzing cortical and 

trabecular compartments of bone and providing geometric assessment may enhance its 

clinical use. Many data are available so far supporting its high ability in predicting 

experimental failure load, differentiating people with and without fracture, as well as 

predicting incidental fracture. Although it does not surpass DXA in all measured sites or for 

all purposes, its role for clinical use warrants future study. Furthermore, due to the three-
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dimensional data acquired by pQCT, finite element analysis based on pQCT images seems a 

potential research focus and is investigated in this thesis.   
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2.5 Finite element analysis for the assessment of bone fragility 

2.5.1 Introduction 

Fracture of bone is a multifactorial event (359). Intrinsically, decreased bone quantity, 

compromised bone quality including bone geometry, microarchitecture, mineralization, 

hydroxyapatite crystal characteristics, collagen characteristics, and weakened bone material 

properties contribute to the inability of bone to resist external forces applied on it. 

Extrinsically, high energy accidents and tendency to fall should also be considered (360). 

Assessments based on each specific aspect above have been developed for the estimation of 

bone strength, and statistical models combining some of these aspects are also available for 

calculation of fracture risk (101, 131, 290).  

 

FEA is a mathematical and engineering method to determine the mechanical ability of a 

complex structure under external loading by assigning mechanical properties to each unit, or 

“element”, in the modelling framework (361). Due to the solid mechanical characteristics of 

the human skeleton, FEA has gained wide application in the estimation of bone strength with 

the development and advancement of CT technology (347). Therefore, the ISCD endorsed its 

application in fracture risk assessment in their 2015 official positions (362). In this section, 

clinically-relevant basics and the application of FEA are reviewed from existing literature. 

Limitations and potential research directions are also discussed.  

 

2.5.2 Finite element method basics 

The principal of FEA is to reduce a complex structure into smaller, simple elements with 

known material mechanical properties (363). Therefore, estimation of whole-bone strength 

may be calculated by the combined mechanical behaviour of these finite elements under a 
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given external force. Basic mechanical background knowledge applied in FEA has been 

discussed in the first section of this literature review. Generally, a structure’s mechanical 

properties can be reflected by its stiffness and yield or failure strength. With normalization of 

bone size (i.e. length or area), strain and yield or failure stress are obtained as material 

properties. Load-deformation and stress-strain curves depict the structural and material 

properties of bone. Both curves present an elastic phase where the Hooke’s law applies and a 

plastic phase where irreversible changes occur beyond the yield point. These basic concepts 

in mechanical engineering are the basis for FEA. 

 

Raw CT data are first segmented to isolate the region of interest, the bone, by either manual 

segmentation or automated software (364). Finite elements may be obtained by directly 

converting the voxels in CT data into a hexahedral mesh, also known as a voxel mesh, or by 

fitting an irregular mesh of hexahedral, tetrahedral or pentahedral elements to represent the 

volume of bone (365). As discussed in the previous section, the voxels of the CT image 

represent different attenuation coefficients of the tissue to absorb X-ray. Based on a bone 

density phantom, the X-ray attenuation is converted to apparent density of each voxel. The 

same method can also be applied to obtain tissue mechanical properties. However, the main 

weakness of the direct auto-transformation is the irregular surfaces which lead to difficulty in 

identifying where fracture would occur. Instead of hexahedral elements, tetrahedral or 

pentahedral elements are sometimes applied to produce smoother surfaces and more detailed 

fracture site of the evaluated structure (366 - 368). These tetrahedral or pentahedral elements 

have good ability to refine the fracture site, but they also increase elements greatly and need 

more manual input thus increasing processing time. 
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The ability of FEA to explore details of bone tissue depends on element size, which, in turn, 

is decided by the spatial resolution of CT image. In the human skeleton, the sizes of 

individual osteons and trabeculae are basically 0.2 mm and 80 – 150 μm, respectively (41). 

Micro CT and HR-pQCT have high spatial resolution which enables simulation of trabeculae 

and osteons. FEM generated from μCT and HR-pQCT images are therefore called micro FE 

(μFE) which denotes the ability of detailed analysis of individual trabeculae and osteons. 

While in QCT, and potentially pQCT, each voxel contains both osteons/trabeculae and bone 

marrow. FEM generated from QCT and pQCT images are therefore termed homogenized FE 

which denotes the determination of apparent mechanical properties of the mixed tissue. It 

should be noted that definitions of μFE and homogenized FE are not purely based on the 

spatial resolution of different CT techniques, but actually reflect whether FEA can assess 

details of osteons and trabeculae. Indeed, even for HR-pQCT with an in-plane resolution of 

60 – 85 μm, bone volume is often exaggerated (153); therefore, homogenized FEA can be 

generated and performed as an alternative (365). 

 

To predict the strength, failure criteria are applied in FE models. However, failure occurs 

when the external load goes beyond yield point, the termination of the elastic phase. 

Therefore, linear FEA investigates bone’s elastic properties under a certain range of strains 

without detailing the failure stress occurring during the plastic phase. Nonlinear FEA can 

solve this problem by a sequence of mathematical linear approximations for the plastic phase 

(369). The requirement of multiple loading input sometimes results in extremely long 

processing time even on super computers. Although nonlinear FEA is still achievable for 

QCT-based homogenized FEA (370, 371), it is not suitable for μFEA models in population 

screening currently (365). 
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Failure criteria applied also limit the wide application of nonlinear FEA. Although simulation 

of the plastic phase is possible in nonlinear FEA, yield stress is needed as an input (372). 

However, most yield stresses applied in bone nonlinear FEA are directly from other solid 

materials (373 - 375). Differences in material characteristics between bone and other solid 

materials may make the calculated failure load invalid (375). Therefore, simplified criteria 

based on strain are applied in practice (376). For example, the most accepted failure criterion 

at the distal radius was proposed by Pistoia et al as 2% of bone tissue exceeding a strain of 

0.007 (377). 

 

2.5.3 Model validation 

As with aBMD determined by DXA, bone mechanical properties calculated from FEA were 

compared with experimental data derived from mechanical testing for model validation. At 

the spine, FEA presented good ability to predict mechanical properties derived from 

experimental testing (134, 367, 368, 378 - 382). In a compression test of individual vertebral 

bodies of the lumbar spine by Crawford et al, strength and stiffness calculated from 

hexahedral homogenized QCT-based FEA explained 92% and 91% of variation in 

experimental compression strength, respectively, compared with 81% and 72% for QCT 

BMC and vBMD, respectively (378). Similarly, Buckley et al also reported outperformance 

of QCT-FEA over standard QCT measures in predicting experimental strength and stiffness 

in the thoracolumbar spine (134). In their study, while r2 of FEA strength and stiffness 

against experimental strength were reported to be 0.80 and 0.81, the r2 of total vBMD and 

trabecular vBMD were only 0.63 and 0.17, respectively. In another compression test of 

individual vertebral bodies of the thoracolumbar spine by Liebschner et al, stiffness 
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calculated from hexahedral homogenized QCT-based FEA predicted 81% and 79% of 

variation in experimental compression stiffness and strength, respectively (379). In their FEA 

model, they added a 0.35 mm thick layer of cortical shell with uniform material mechanical 

properties to achieve geometric accuracy. Although they did not compare FEA measures with 

QCT bone quantity measures directly, the inclusion of a thin cortical shell for spine FEA was 

accepted by many studies later (367, 380 – 382). For non-linear FEA of the spine, Imai et al 

reported a high r2 between experimental and FEA yield loads (r2 = 0.90), and between 

experimental and FEA failure loads (r2 = 0.96) (368); however, Dall’Ara et al reported only 

medium correlation between experimental and FEA failure load (r2 = 0.49) (383). In 

Dall’Ara’s study, QCT BMC was observed to correlate better with the experimental failure 

load than FEA failure load (r2 = 0.70). The reason may be that in this study, the loading plate 

was designed to rotate according to difference in resistance to loading of the anterior and 

posterior sides of the vertebral body. Therefore, after initial axial loading, the loading plate 

inclined to the weaker side. No data have been reported on the linear FEA under such loading 

configuration so far; therefore, it is unclear whether the finding of outperformance of QCT 

BMC over FEA was by chance.  

 

At the proximal femur, FEA was reported to correlate strongly with experimental mechanical 

properties. Koivumaki et al reported up to 87% of variation in experimental failure load of 

fall configuration can be explained by FEA failure load (384). Comparable results were also 

reported by Nishiyama et al, of r2 = 0.81 between FEA and experimental failure loads under 

fall configuration, and of r2 = 0.89 between FEA and experimental stiffnesses (385). For 

stance load configuration, yield load of a linear FEA was reported to explain 89% of variation 

in experimental failure load (386). QCT FEA was reported to predict experimental 

mechanical properties of the proximal femur better than DXA. In a study by Dragomir-
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Daescu et al, r2 between FEA stiffness and experimental stiffness was 0.87, and was 0.85 

between FEA yield load and experimental failure load (21). In comparison, r2 of femoral neck 

aBMD and total hip aBMD were only 0.44 and 0.29 against experimental stiffness, and 0.78 

and 0.71 against experimental failure load, respectively. QCT FEA also outperformed QCT 

BMC and vBMD measures at the proximal femur. In another study by Dall’Ara et al, QCT 

FEA failure load predicted 80% and 85% of variation in experimental failure loads of stance 

and fall loading, respectively, while the figures were 56% and 68% for QCT vBMD, and 69% 

and 70% for QCT BMC, respectively (371). QCT FEA stiffness predicted 82% and 74% of 

variation in experimental stiffness of stance and fall loading, respectively, while the figures 

were 31% and 61% for QCT vBMD, and 36% and 58% for QCT BMC, respectively. The 

superiority of FEA over standard QCT and DXA measurements was supported by results of 

Cody et al, who reported higher predictive ability of QCT FEA (r2 = 0.84) than standard QCT 

(r2 = 0.66) and DXA (r2 = 0.57) measures for failure load under stance loading configuration 

(135). In a study comparing experimental failure load with yield load calculated from linear 

hexahedral FEA, Keyak et al reported the r2 to be 0.94 (387). When they separately analysed 

stance and fall loading configurations, higher r2 was observed for fall (r2 = 0.90) than stance 

(r2 = 0.75) loading configuration. The r2 were also found to be higher than QCT bone quantity 

measures (r2 = 0.82 for intertrochanteric BMC of fall loading and r2 = 0.61 for sub-capital 

vBMD for stance loading). In another study comparing nonlinear and linear FEA models by 

Keyak, higher r2 was observed for the nonlinear model (r2 = 0.93) than for the linear model 

(r2 = 0.77) under stance loading of the proximal femur (388). Later in a nonlinear tetrahedral 

FEA study by Bessho et al, strong correlations were observed between FEA and experimental 

yield loads under fall loading configuration (r2 = 0.89), as well as between FEA and 

experimental failure loads (r2 = 0.96) (389). However, for stance loading configuration, 

Miura et al reported only medium correlations between non-linear FEA and experimental 
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failure loads (r2 = 0.62), and between non-linear FEA and experimental stiffnesses (r2 = 0.55) 

(390). Overall, FEA at the proximal femur provided good predictive ability for mechanical 

properties obtained from experimental tests and outperformed standard QCT and DXA bone 

quantity measurements.  

 

Over the past decade, most FEA at the radius was based on HR-pQCT due to its high 

resolution for detection of trabecular microstructure. Early in 2002, Pistoia et al used a 

laboratory HR-pQCT, the predecessor of the current commercial HR-pQCT scanners, to 

simulate radius fracture under different failure criteria (377). By applying a yield strain of 

0.007 (391, 392), different percentages (1% - 7%) of bone tissue exceeding this strain were 

tested against experimental forearm compression loading. R2 ranged 0.70 – 0.75 between 

yield load calculated from the linear μFE and experimental failure load. They concluded that 

using a 2% of bone tissue exceeding yield strain of 0.007 produced the best prediction (r2 = 

0.75), which was widely applied in studies later. Later in 2004, the investigators compared 

the same data with DXA and HR-pQCT measurements and confirmed better predictive 

ability of μFE than DXA and HR-pQCT for experimental failure load (393). Mueller et al 

challenged the failure criteria later by comparing the 2% volume with volumes ranging 0.5% 

- 15%, and with absolute volumes ranging 4 – 280 mm3 (394). However, they observed 

comparable results with the 2% volume proposed by Pistoia et al. Indeed, most r2 were 

slightly lower than r2 of the 2% volume with exceptions of only a few cases. Micro FE also 

was found to predict bone strength of isolated radius (instead of whole forearm as in Pistoia’s 

studies) with high r2. Varga et al examined both linear and non-linear μFE against 

experimental properties. For linear μFE, r2 of 0.96 was observed between μFE and 

experimental yield loads, and r2 of 0.94 between μFE and experimental stiffnesses (395). For 

non-linear μFE, r2 were reported to be 0.87 and 0.79, respectively, which were lower than 
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those of linear μFE (396). In a study by Varga et al later, they compared linear μFE and 

homogenized FEA against compression testing of radius specimen sections and found only 

slightly higher r2 for μFE than homogenized FEA (397). R2 between experimental and FEA 

stiffnesses were 0.96 and 0.95, and were 0.95 and 0.94 between experimental and FEA yield 

loads for μFE and homogenized FEA, respectively. With application of HR-pQCT, FEA have 

been observed to offer good prediction for mechanical properties at the distal radius (377, 

391 – 401).  

 

2.5.4 Clinical application of FEA 

Quantitative CT- based FEA of the spine was reported to provide good discrimination of 

fracture patients from non-fracture controls. In a comprehensive study comparing standard 

DXA, QCT, HR-pQCT and QCT FEA variables among patients with low-trauma vertebral 

fracture and non-fracture controls conducted in the USA, Melton et al observed higher OR 

and AUROC for QCT FEA variables than for DXA and QCT variables (402). Vertebral 

fracture risk increased the most with one SD decrease of “outer” FEA compressive strength 

which was defined as the outer 2mm of the vertebral body in the FEA models [OR 2.5; 95% 

CI (1.3 – 4.8)], and of overall compressive strength of the vertebral body by FEA [OR 2.2; 

95% CI (1.2 – 4.3)]. In comparison, ORs were 0.7 [95% CI (0.4 – 1.2)], 2.2 [95% CI (1.1 – 

4.3)], 2.1 [95% CI (1.1 – 4.1)] and 1.1 [95% CI (0.6 – 2.0)] for DXA lumbar spine aBMD, 

QCT lumbar spine vBMD, QCT lumbar spine cortical thickness and HR-pQCT radius 

BV/TV, respectively. QCT FEA also showed better diagnostic performance than DXA, but 

only slight improvement was seen compared with standard QCT variables. AUROCs for the 

above variables were reported to be 0.81 and 0.80 compared with 0.75, 0.78, 0.79 and 0.75, 

respectively. Imai et al also reported the same superiority of QCT FEA over DXA and QCT 
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vBMD in a Japanese population (403). By applying a nonlinear FEA protocol (368, 369), 

FEA failure load was reported with an OR of 6.7 [95% CI (2.9 – 19.5)] compared with 1.8 

[95% CI (1.1 – 3.3)] for DXA lumbar spine aBMD and 3.6 [95% CI (1.7 – 8.6)] for QCT 

lumbar spine vBMD. Similar results were also reported by studies of men in Europe (404, 

405). Longitudinal data from the Osteoporotic Fractures in Men (MrOS) study reported HR 

of 9.6 [95% CI (3.9 – 14.9)] for QCT FEA of the spine (406). The HR reduced to 8.5 [95% 

CI (3.6 – 20.1)] after adjustment for age, race, BMI, geographic site. Although the adjusted 

HR was higher than DXA lumbar spine aBMD [3.4; 95% CI (2.1 – 5.4)], it was slightly 

lower than QCT lumbar spine vBMD [9.9; 95% CI (5.0 – 19.7)]. Overall, FEA at the spine 

seems to provide enhanced performance in differentiating fracture patients from non-fracture 

controls compared to DXA, but provides slightly better, or equivalent in some studies, 

prediction compared to standard QCT variables. 

 

At the hip, differences in classifying patients with hip fracture and non-fracture controls 

between DXA, standard QCT and QCT FEA variables were observed to be smaller than at 

the spine. Nishiyama et al reported comparable AUROC for QCT FEA strength compared 

with QCT vBMD (0.89 vs 0.87, respectively) (407). Kopperdahl et al reported higher OR for 

FEA strength [6.3; 95% CI (4.0-10.0)] than for DXA femoral neck aBMD [3.7; 95% CI (2.6 

– 5.3)] in women; however, the observed difference was of no statistical significance (405). 

The difference remained the same after adjustment for age and BMI (408). Qasim et al also 

higher but non-significant OR for FEA strength of fall loading configuration than for femoral 

neck aBMD in women [4.5; 95% CI (2.3 – 9.0) vs 3.1; 95% CI (1.8 – 5.3), respectively] 

(409). Comparable age-adjusted ORs were also observed in DXA total hip aBMD, QCT total 

hip vBMD and QCT FEA failure load by Amin et al, in both women [1.3; 95% CI (1.1, 1.5) 

vs 1.6 95% CI (1.1, 2.2) vs 1.3 ; 95% CI (1.0, 1.9)] and men [1.4; 95% CI (1.1, 1.8) vs 1.6; 
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95% CI (1.2, 2.2)] vs 1.5; 95% CI (1.1, 2.1)] (410). Longitudinal data from MrOS study 

reported similar finding between FEA strength and DXA total hip aBMD (411). While the 

unadjusted HRs for FEA hip strength and DXA total hip aBMD were 13.1 [95% CI (3.9, 

43.5)] and 5.1 [95% CI (2.8, 9.2)], respectively, the gap in the adjusted HRs was much 

smaller [6.5; 95% CI (2.3, 18.3)] vs 4.4; 95% CI (2.1, 9.1), respectively]. The reason for the 

smaller difference between measurements may be, in part, that unlike the spine, the hip was 

not exposed to many artefacts as a result of degenerative conditions such as arthritis or aortic 

calcification. While DXA has difficulty deleting these artefacts from analysis, QCT 

segmentation can well separate them from further FEA. More importantly, hip fracture was 

caused by a falling more often than vertebral fracture, and neither DXA, QCT or FEA 

captured the risk of falling, which made the prediction similar at this site (365). 

 

HR-pQCT-based μFEA was reported to have good ability to distinguish individuals with and 

without forearm fracture, but the associated fracture risk per SD decrease was not found to be  

superior to HR-pQCT geometric and microstructural variables, and even DXA aBMD in 

some studies. Boutroy et al reported that risk of wrist fracture in postmenopausal women 

increased 3.1-fold [95% CI (1.6, 6.2)] and 3.0-fold [95% CI (1.5, 6.0)] with each SD decrease 

in μFE stiffness and failure load, respectively, compared with 3.0-fold [95% CI (1.5, 5.9)] in 

DXA distal radius aBMD (412). However, decrease in μFE variables was not associated with 

higher wrist fracture risk than decrease in HR-pQCT radius Tot vBMD [OR 5.38; 95% CI 

(2.2, 13.3)] or Crt Thk [OR 5.14; 95% CI (2.2, 12.3)]. In another study, a 12% decrease in 

μFE failure load was observed between postmenopausal women with a recent radius fracture 

and non-fracture controls by Melton et al, which was associated with an OR of 1.8 [95% CI 

(1.3, 2.5)] (413). However, the decrease and OR of μFEA failure load were comparable with 

those of DXA distal radius aBMD [-12% difference, OR 1.9; 95% CI (1.4, 2.6)] and of 
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cortical thickness [-11% difference, OR 1.5; 95% CI (1.1, 2.1)]. AUROCs of these 

measurements were also similar (0.65 vs 0.65 vs 0.62, respectively). Findings were also 

observed in children. Maatta et al reported comparable OR associated with forearm low-

trauma fracture for Crt Thk than for μFE failure load in both girls [7.0; 95% CI (2.0, 22.5) vs 

4.3; 95% CI (1.6, 11.5)] and boys [1.82; 95% CI (0.98, 3.36) v 1.76; 95% CI (0.96, 3.20)], 

respectively (414). Farr et al reported μFE can differentiate young adults with childhood 

forearm fracture from non-fracture controls (415). In another study on premenopausal women 

with distal radius fracture by Rozental et al, μFE failure load of the tibia [2.14; 95% CI (1.32, 

3.48)] was associated with slightly higher but non-significant OR than DXA distal radius 

aBMD [1.47; 95% CI (0.94, 2.29)], and μFE failure load of the radius [1.66; 95% CI (1.10, 

2.50)] (416).  

 

As the only modality that provides trabecular microstructural assessment, HR-pQCT is also 

used to study non-forearm fractures. Stiffness and failure load calculated from μFE of both 

the radius and the tibia were observed to differ between postmenopausal women with 

vertebral fracture and controls (417). In this study by Wang et al, OR of tibia stiffness [3.22; 

95% CI (2.73, 4.16)] was higher than of radius stiffness [1.45; 95% CI (1.23, 1.66)], and of 

any other measures of HR-pQCT density, geometry or microstructure. Stiffness and failure 

load were also reported to differ between individuals with and without hip fracture (418). Zhu 

et al reported decreases of 12.5% and 12.7% for stiffness and failure load of radius μFE in 

patients with hip fracture, while the decreases were 16.9% and 16.5%, respectively, of tibia 

μFE. Radius stiffness and failure load were associated with OR of 2.26 [95% CI (1.04, 4.93)] 

and 2.35 [95% CI (1.05, 5.25)], respectively, compared with 2.15 [95% CI (1.08, 4.28)] for 

HR-pQCT radius Tot vBMD, and 2.64 [95% CI (1.06, 6.54)] for radius trabecular separation. 

Results of μFE were also reported for young people. In young girls, μFE failure load and 
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stiffness of the radius differed with an 8.7% and 9.4% decrease between girls with all-type 

fracture and controls, respectively (419). In young boys, μFE failure load and stiffness of the 

tibia but not the radius differed with a 5.8% decrease for both between boys with all-type 

fracture and controls (420). In young adult men, μFE failure load was associated with an OR 

of 1.2 [95% CI (1.0-1.4)] and 1.3 [95% CI (1.1-1.6)] of the radius and the tibia, respectively, 

for all-type fracture, compared with 1.3 [95% CI (1.1, 1.5)] for DXA radius aBMD (421). 

The ORs were still comparable when analysis was limited to radius fracture. Longitudinal 

data were also reported on HR-pQCT μFE in the prediction of fracture occurrence. Burt et al 

reported decreases of 12.4% (HR: 1.6) and 10.3% (HR: 1.7) in radius and tibia failure load, 

respectively, in postmenopausal women with major fragility fracture compared to controls 

(422). Szulc et al found 6.7% and 5.9% decreases in radius and tibia failure loads, 

respectively, in older men with osteoporotic fracture compared to controls (423). The 

decreases were associated with HRs of 1.62 [95% CI (1.30, 2.03)] and 1.79 [95% CI (1.44, 

2.23)], respectively. Similar findings from longitudinal studies were also reported by Sonay-

Rendu et al (424), Biver et al (425) and Ohlsson et al (426). 

 

2.5.5 Limitations of FEA 

Finite element analysis provides clinicians with assessment of bone strength and potentially 

improved discrimination of patients from controls and prediction of fracture. However, its 

clinical application has not been extended as for DXA. From a historical perspective, DXA 

has wider accessibility and lower radiation exposure than QCT. More importantly, it is the 

current basis for osteoporosis diagnosis although it has limitations in identifying individuals 

with increased fracture risk. FEA based on clinical all-purpose CT scanners has potential use 

for assessment of vertebral and hip strength in clinical settings. However, whether it should 
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be applied specifically for the purpose of bone densitometry is a dilemma. On the one hand, 

its inability to detect trabecular microstructure and its relatively high radiation exposure 

compared with DXA hinders its use as a dedicated densitometry tool. On the other hand, 

existing data did not demonstrate a greater superiority over DXA in fracture classification 

and prediction. This may partly be due to population heterogeneity observed in various 

studies, but may also stem from different processing configurations available for FEA. 

Therefore, future studies may focus more in detail on different populations and processing 

configurations. The same points are also argued for HR-pQCT. While resolution of HR-

pQCT enables examination of trabecular microstructure, its application is limited to the 

peripheral skeleton in vivo. Although some studies reported HR-pQCT μFE variables 

differed clearly between fracture patients and controls, they did not show clear superiority 

over DXA and standard HR-pQCT variables. Moreover, pQCT, its counterpart with lower 

resolution, has wider accessibility than HR-pQCT. So far FEA has not been established 

specifically for pQCT, therefore, whether pQCT-based FEA provides comparable assessment 

for fracture risk is unknown. Overall, various FEA models have potential to provide 

additional information on bone fragility, but their defining role in clinical use still needs more 

investigation.  
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2.6 Bone fragility following surgical menopause 

2.6.1 Ovarian cancer, risk factors and oophorectomy 

Ovarian cancer is the eighth most common and potentially-lethal cancer in women (427, 

428). It was estimated that there were 295,414 new cases and 184,799 deaths associated with 

ovarian cancer globally in 2018. Age-adjusted incidence and mortality were 7.0% and 3.8% 

in developed countries, and 5.7% and 4.0% in developing countries. The highest incidence 

was observed in Eastern and Northern Europe, and the lowest in Middle and Western Africa 

and Eastern Asia (429).  

 

Ovarian tumours are heterogenous in histological origin, which is the basis for the WHO 

classification (430, 431). Although clear cell tumours and transitional cell tumours occur, 

epithelial tumour, including serous, mucinous, and endometrioid tumours, accounts for 90% 

of cases found in clinical settings (432). 

 

Family history is the most important risk factor for ovarian cancer (429, 433, 434). Jervis et 

al reported 3.0-fold higher risk in individuals who had first-degree relatives with ovarian 

cancer compared with those who did not (434). The risk increased to 4.7 folds if the first-

degree relative was diagnosed before 50 years, and to 3.6 folds if was diagnosed with serous 

tumour. Heredity of ovarian cancer is associated with breast-cancer susceptibility gene 

(BRCA) mutations, although the mutations are also observed in patients with no family 

history (435). BRCA1 gene located on the long arm of chromosome 17 and BRCA2 gene 

located on the long arm of chromosome 13, were first discovered in families with a high 

incidence of breast cancer (436). Both genes are involved in maintenance of genomic stability 

by repairing DNA double-strand breaks and regulating DNA transcription (437 – 439). 
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BRCA1 is also involved in oxidative stress regulation and ubiquitin ligase activity (440, 441). 

While the normal function of BRCA1 and 2 is crucial for tumour suppression, the specific 

mechanisms of BRCA1 and 2 mutations in development and progression of ovarian cancer 

remain unclear (442). Nevertheless, BRCA1 and 2 mutation carriers have a lifetime risk of 

40% and 15% for developing ovarian cancer, respectively (443, 444).  

 

Other hereditary factors also contribute to the development of ovarian cancer. Lynch 

syndrome or hereditary nonpolyposis colorectal cancer (HNPCC) accounts for 10 - 15% of 

hereditary ovarian cancer (445). Mutations of multiple genes responsible for repair of DNA 

mismatch errors are involved in Lynch syndrome, and most of those are mutations of mutL 

homolog 1 (MLH1) and mutS homolog 2 (MSH2) (446, 447). Lack of normal protein 

products of these genes causes microsatellite instability (the abnormally repeated nucleotides) 

to accumulate, which results in the occurrence of cancers including gastric, colon, rectal and 

ovarian cancer (448). Li-Fraumeni syndrome is a rare autosomal dominant disorder 

predisposing patients to various cancers, primarily breast cancer, brain cancer and sarcoma, 

in children and young adults (449). Ovarian cancer is also seen in patients with Li-Fraumeni 

syndrome although not as often as the tumours above. Mutation of tumour protein p53 

(TP53) gene, one of the most important tumour-suppression gene, is involved in this 

syndrome (450 – 452). Mutations of many other genes, including RAD51, PALB2, CHEK2, 

Mre11, NBS11, RAD50, BARD1, BRIP1, WNT4, are also involved in certain stages of 

oncogenesis in ovarian cancer (429, 453 - 455).  

 

Non-hereditary factors have also been associated with ovarian cancer. Two meta-analyses 

have concluded that there is a positive correlation between obesity and ovarian cancer risk 
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(456, 457). Another meta-analysis found greater adult height increases the risk (458). The 

risk increases in smoking women, and decreases after they quit smoking (459, 460). Late 

menarche is associated with increased risk for ovarian cancer (461, 462), while pregnancy, 

breastfeeding and additional births reduce the risk (462 - 464). Combined oral contraceptive 

pills has been shown to be negatively correlated with ovarian cancer risk (465), but 

menopausal hormone therapy increases the risk regardless of whether estrogen-only or 

combined hormones (466). Other factors have also been correlated with ovarian cancer risk, 

either positively (e.g. diabetes, pelvic inflammation, genital talcum powder use, sedentary 

time), or negatively (e.g. aspirin use, vitamin D supplementation); however, existing data on 

these factors are not adequate to reach a final conclusion (429). 

 

Although some factors associated with ovarian cancer risk are modifiable, most of these risk 

factors, especially heredity, cannot be changed or are difficult to modify. Increasing 

availability of gene testing means that more women are aware of their high-risk status. 

However, current screening strategies cannot detect ovarian cancer at an early stage (467). In 

fact, the only effective intervention currently associated with reduced death risk among high-

risk women is prophylactic ovariectomy or RRBSO (468, 469). Salpingo-oophorectomy is 

the surgical procedure to remove the ovaries and fallopian tubes for benign or malignant 

diseases. In women with high risk for ovarian cancer, RRBSO has been shown to be 

associated with an 80 – 85% reduction in the risk of ovarian cancer, and a 75 – 77% 

reduction in mortality (470, 471). However, since RRBSO is recommended at a 

premenopausal age, early surgical menopause following RRBSO may raise multiple health 

concerns, including menopausal syndrome, coronary heart disease, sexual dysfunction, 

dementia and compromised bone health (472 - 475), which need to be considered during 

clinical decision-making. 
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2.6.2 Estrogen effects on bone metabolism 

Estrogen plays a major role in regulating bone metabolism in both women and men (193). 

Estrogen deprivation leads to increased activity of both bone resorption and bone formation 

(476). Since the effect is stronger for bone resorption than for bone formation, this leads to 

bone loss. Hormone replacement therapy in postmenopausal women has been proved to 

reduce bone resorption (477, 478). Changes in bone formation are somehow complicated 

though during hormone therapy: an initial increase has been observed when the therapy is 

started, followed by a long-term decrease (477). However, the decrease in bone resorption is 

greater than in formation, leading to increased bone density (479 – 481).  

 

As discussed in Section 2.1, bone remodelling involves three types of bone cells: osteoclasts 

for resorption, osteoblasts for formation, and osteocytes for initiation of bone remodelling. 

The regulatory effects of estrogen are reflected by its interactions with all the three types of 

cells. The osteocyte is an important estrogen target cell in bone (482). Studies have found 

increased osteocyte apoptosis in biopsies of premenopausal women with estrogen deficiency 

(483). Consistent findings have also been observed in animal models (484, 485). The 

preventative role of estradiol in osteocyte apoptosis has been demonstrated by cytological 

studies (486). The prevention appears to link with multiple protein kinase activation working 

against Bcl-2 associated death promotor. Therefore, the anti-apoptosis effect of estrogen 

maintains the number of functional osteocytes, thus promoting bone remodelling. 

 

Estrogen modulates bone remodelling also by direct and indirect interaction with osteoclasts. 

Osteoclasts have many estrogen receptors (487). By combining with these receptors, estrogen 
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induces osteoclast apoptosis by upregulating transforming growth factor β (TGF β) (488, 

489). Estrogen also directly disturbs osteoclast differentiation by suppressing the activity of 

receptor activator of nuclear factor κB ligand (RANKL) and blocking transcription by 

activator protein-1 (AP-1) (198, 490 – 492). Estrogen also supresses RANKL production by 

T-cells. In bone, expansion of T-cells is associated with increased tumour necrosis factor-α 

(TNF-α), which is involved in osteoclast differentiation (493 – 495). 

 

Three potential mechanisms may be involved in the regulation of bone formation by estrogen. 

First, estrogen has been shown to prolong osteoblast lifespan by disturbing its apoptosis 

through Src-ERK pathway (496). Second, animal studies have observed oxidative stress in 

bone attenuated osteoblastogenesis in estrogen deficiency. Therefore, estrogen may work in 

an inverse way to enhance bone formation (497 - 499). Third, estrogen deprivation has also 

been associated with enhanced activity of nuclear factor κB (NF- κB), and disturbed NF- κB 

activity was observed to alleviate bone loss following ovariectomized animals (500). This 

may be another potential mechanism by which estrogen preserves bone tissue.  

 

In summary, the protective role of estrogen in bone involves its interaction with osteocytes, 

osteoclasts and osteoblasts. Estrogen has been shown to participate differently in the 

apoptosis of different bone cells. While it prolongs lifespan of osteocytes and osteoblasts, it 

induces osteoclast apoptosis. Estrogen also disturbs RANKL-induced osteoclast 

differentiation to reduce bone resorption. It potentially works against oxidative stress and NF- 

κB activity in osteoblasts, however, more research is needed to explore these mechanisms in 

detail.  
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2.6.3 Bone loss following surgical menopause 

Due to the protective role of estrogen in bone health, and the estrogen deprivation following 

RRBSO in women with high risk of ovarian cancer, understanding of bone fragility in this 

population is of great clinical importance since many women undergoing RRBSO have not 

reached natural menopause before the surgery (501). However, it was reported that more than 

half of all patients had not received a bone density test 6 years after RRBSO (502, 503), 

which makes it particularly important to acquire data on bone fragility in this population. 

 

A high prevalence of low bone density was observed in women undergoing RRBSO. Garcia 

et al reported that 12.1% of women following RRBSO had osteoporosis and 55.6% had 

osteopenia (503) according to the WHO criteria. Similarly, Cohen et al reported a high 

prevalence of osteoporosis (14%) and osteopenia (57%) in women undergoing 

premenopausal RRBSO with an average age of 56 years (504). Prevalence of low bone 

density did not differ between women undergoing premenopausal RRBSO and 

postmenopausal RRBSO (70% vs 72%, respectively). However, no control data were 

available in this study. Michelson et al reported higher prevalence of low bone density in 

women following RRBSO (8%) than in controls (3%), and no difference between 

premenopausal and postmenopausal RRBSO (both 13%) (505). Powell et al noted a 

prevalence of 72.5% for low bone density in women undergoing RRBSO compared with 

55.0% in controls, although the difference was not statistically significant (506). In contrast 

to Cohen’s results, a higher prevalence of low bone density was observed in women 

undergoing postmenopausal RRBSO than premenopausal RRBSO (82.1% vs 63.4%, 

respectively). Significant age difference existed between women undergoing premenopausal 

and postmenopausal RRBSO in these studies due to the study designs (44.7 vs 60.6 years in 
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Cohen’s study, and 51 vs 62.5 years in Powell’s study, respectively), which may confound 

the results. In addition, there was great heterogeneity in the hormone therapy provided, which 

made interpretation of the results difficult. In a study by Challberg et al, the investigators 

divided women following RRBSO into three groups with comparable ages based on hormone 

therapy use: no estrogen deprivation, estrogen deprivation of 1 – 23 months, and estrogen 

deprivation of more than 24 months (507). Higher prevalence of low bone density was found 

in the estrogen deprivation groups (40% for 1 – 23 months deprivation and 47% for more 

than 24 months deprivation) than in the non-deprivation group (16%).  

 

Bone loss was observed following RRBSO in several retrospective studies. Hibler et al 

reported 8.5% and 5.7% decreases in aBMD at the lumbar spine and the hip, respectively, 

within 18 months following RRBSO, although no comparison was available between these 

women following RRBSO and healthy controls (508). Similar findings were reported by 

Kotsopoulos et al. Average annual decreases of 3.45%, 2.85% and 2.24% in aBMD at the 

lumbar spine, total hip and femoral neck, respectively, were observed in women undergoing 

premenopausal RRBSO during an average of 22 months follow up (509). When the analysis 

was separated according to hormone therapy following surgical menopause, less bone loss 

was found in hormone users than in non-hormone users (decrease of 2.0% vs 4.7% at the 

lumbar spine, of 1.4% vs 3.2% at the total hip, respectively). Bone loss was also observed in 

women undergoing postmenopausal RRBSO (0.8% at the lumbar spine, 0.7% at the femoral 

neck and 0.2% at the total hip) but was less than in premenopausal women. Fakkert et al 

compared bone density at 5 years post RRBSO with reference data (510). Z-scores were 

+0.01 and +0.15 for aBMD at the lumbar spine and the femoral neck, respectively. However, 

13% of the subjects were postmenopausal at the time of surgery and they did not provide a 

separate analysis, which was a limitation of their data.  
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It should be acknowledged that all these studies were retrospective that are prone to bias. 

Since a randomised study on RRBSO would face ethical issues, non-randomised 

observational studies with prospective design and longitudinal follow-up are needed to help 

understand the impact on bone health in this population. Although two recent systematic 

reviews concluded that no difference in bone loss was observed between women with 

surgical menopause and natural menopause (472, 511), more valid interpretation should be 

obtained from prospective studies.In addition, among the published data, comparison with 

control group was not available due to the study designs. More importantly, only DXA was 

involved in the assessment of bone health in these studies, which may not reflect detailed 

changes in bone mechanical properties in this population. Therefore, other assessment tools 

should be applied in future studies. 
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2.7 Bone fragility in Type 1 diabetes mellitus 

2.7.1 Incidence and prevalence of Type 1 diabetes mellitus 

Diabetes mellitus (DM) is a medical condition defined by impairment of glucose metabolism, 

leading to high blood sugar, or hyperglycaemia (512, 513). There are two major types of 

diabetes. Type 1 diabetes mellitus (T1DM) is characterized by destruction of pancreatic beta 

cells leading to absolute insulin deficiency. T1DM is often called juvenile diabetes due to the 

many cases diagnosed at childhood or adolescence, but it can affect patients of all ages. This 

type accounts for 5% - 10% of all diabetes types. Type 2 diabetes mellitus (T2DM) is caused 

by weakened response of body to insulin leading to relatively inadequate insulin. As the most 

common type of diabetes, T2DM are diagnosed in adults most of the times although its 

prevalence in young people is increasing (514, 515). 

 

According to the WHO data, global incidence of T1DM in children varied from 0.1/100,000 

in China to 40.9/100,000 in Finland (516). The World Health Organization Multinational 

Project for Childhood Diabetes (517), or DIAMOND project, is a multicentral study 

conducted in 112 centres from 57 countries. The data were based on 43,013 T1DM cases 

from 740 million children aged less than 14 years during 1990 – 1999. Most Asian countries 

had a low incidence of less than 1/100,000 while high incidence was found in Europe and 

North America, averaging 20/100,000. The observed incidence increased with age. Children 

aged 10 – 14 years had 1.9 folds higher T1DM incidence than children aged 0 – 4 years, 

compared to 1.6 folds for children aged 5 – 9 years.  

 

Another multicentre project reporting incidence as well as prevalence of T1DM is the 

SEARCH for Diabetes in Youth (SEARCH) study conducted in individuals aged less than 20 



90 
 

years in the USA (518). It was found that in 2002 – 2003, a total of 2561 diabetes cases led to 

an incidence of 24.3/100,000, among which up to 80% were T1DM cases (515). The 10 – 14 

years group was observed to have the highest T1DM incidence (25.9/100,000), followed by 

the 5 – 10 years (22.1/100,000) and 15 – 19 years groups (13.1/100,000). The 0 – 4 years 

group had the lowest T1DM incidence (14.3/100,000) with no T2DM case found in this 

population. This trend was similar to findings from the DIAMOND project. Non-Hispanic 

white individuals were found with the highest incidence in all age groups (ranged 15.1 – 32.9 

/100,000) compared the lowest incidence in American Indians in all age groups (ranged 4.1 – 

8.0/100,000). Results from another part the SEARCH project estimated the prevalence of 

T1DM was 2280/100,000 in youths aged less than 20 years with similar distribution of age 

and ethnicity (514). 

 

Globally, T1DM incidence was increasing by an annual rate of 2.8% from 1990 – 1999. 

During the last five years of the study period of the DIAMOND project, this rate was even 

higher (3.4%) (516). The increasing incidence was also observed in the SEARCH study. The 

incidence increased from 14.8/100,000 in 1978 – 1988 to 23.9/100,000 in 2002 – 2004, 

representing an annual increase of 2.3% among American young people (519). Data from 

EURODIAB project, another large multicentre study across 26 European countries and Israel 

(520), also showed an annual increase in T1DM incidence of 3.4% in Europe, with the 

highest increase observed in children aged 0 – 4 years (6.3%) (521). While these increases in 

T1DM incidence do not seem to be fully explained by genetic factors in the short term, data 

suggest that environmental factors may contribute to this trend (522 - 524). 

 

2.7.2 Risk factors of Type 1 diabetes mellitus 
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Genetic factors contribute to susceptibility of T1DM. It was reported that individuals with a 

first-degree family member with T1DM had a 15 times higher risk of T1DM compared with 

the general population (525). Human leukocyte antigen (HLA), especially HLA class II, is 

the most important gene predisposing an individual to T1DM (526). It was reported that up to 

95% of children with T1DM carried either or both of two major haplotypes in the HLA class 

II region (527). 

 

As discussed above, T1DM is diagnosed mostly in young people and the incidence peaks at 

the ages of 10 – 14 years. Incidence of T1DM appears to decrease after the age of 16 years 

and stabilizes during 16 – 29 years (514 - 516, 521, 528 - 530). Race and ethnicity also affect 

incidence and prevalence of T1DM. While non-Hispanic white people were reported to have 

the highest rates of T1DM, Asians and Pacific Islanders were found to have relative low rates 

(531 - 536). Gender may also be a risk factor of T1DM. Although on average no difference in 

T1DM incidence and prevalence was observed between boys and girls across all ethnic 

groups (537), more boys than girls were found with T1DM among those of European origin 

(520, 538). This distinction was more significant in adults with a male-to-female ratio of 

more than 1.5 (539 – 542). 

 

Birth month may also play a potential role in T1DM onset. Higher onset rates of T1DM were 

reported in spring than in fall or winter months (543 – 547). This phenomenon may be due to 

the seasonal effect of vitamin D on pancreatic cells and the immune system (548, 549). 

Nutrition e.g. milk consumption at early stage of childhood has also been associated with 

T1DM onset although the effects are not well understood and sometimes results are 
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conflicting (550 – 553). Wheat gluten and vitamin E were also reported to protect infants and 

children from T1DM onset (554 – 556). 

 

Overall, individuals with T1DM were born with genetic susceptibility to autoimmune 

destruction of pancreatic β cells while various environmental factors work as triggers to the 

natural history of T1DM (557- 559). The process of compromised insulin secretion is gradual 

and progressive, and never reaches a net zero in some patients (560). This causes a marked 

gap between autoimmunity onset and symptomatic onset, which may be big in some patients. 

Moreover, it is still unclear to what degree of β cell destruction would lead to symptomatic 

onset. Historically, it was believed that symptoms of T1DM would not present until 80% - 

90% of β cells were destroyed (561). However, more recent data suggest that the proportion 

should be up to 50% (562). This may explain the preclinical stage of T1DM where early 

serological alterations in amino-acids and autoantibodies are detected but insulin secretion 

can remain stable for a long time (557, 563 – 565). All in all, there are still much uncertainty 

about the roles of various genetic and environmental factors from autoimmune onset to 

clinical onset of T1DM, which remains a future research direction. 

 

2.7.3 Bone fragility in Type 1 diabetes mellitus 

Diabetes is associated with increased fracture risk (566 - 568). In a large population cohort 

study consisting of 30,394 participants with T1DM and 303,872 controls, Weber et al 

reported increased fracture risk in T1DM patients of all age groups (569). Their data from the 

United Kingdom Health Improvement Network (UK THIN) found HR for fracture were 

highest in women aged 40 – 49 years [2.03; 95% CI (1.73, 2.39)] and men aged 60 – 69 years 

[2.18; 95% CI (1.79 – 2.65)]. Lowest HRs were observed in both females [1.35; 95% CI 
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(1.12, 1.63)] and males [1.14; 95% CI (1.01, 1.29)] aged less than 20 years. A wider gap 

between young adults with and without T1DM was observed in females than in males. In 

addition, a statistically higher proportion of lower limb fracture (fractures of the femur, tibia, 

fibula, ankle and foot) was noted in participants with than without T1DM (39.3% vs 32% in 

females, and 31.1% vs 25.1% in males, respectively). HRs for hip fracture were 5.63 [95% CI 

(2.25, 14.11)] for women aged 30 – 39 years and 5.64 [95% CI (3.55, 8.97)] for men aged 60 

– 69 years. Therefore, the high relative fracture risk observed in young adult females and the 

high proportion of lower extremity fracture in T1DM patients may need more research 

seeking underlying mechanisms. Shah et al reported higher fracture incidence in adults with 

than without T1DM (570). In this meta-analysis consisting of 27,300 T1DM cases and 

4,364,125 controls, fracture incidences were 2,066 (7.6%) versus 136,579 (3.1%) for each 

group, respectively. Relative risk (RR) of all-site fracture from pooled analysis was 3.16 

[95% CI (1.51, 6.63)] in T1DM patients compared with controls. When fracture sites were 

analysed separately, RRs for hip and vertebral fracture were 3.78 [95% CI (2.05, 6.98)] and 

2.88 [95% CI (1.71, 4.82)], respectively.  

 

There is inconsistency in DXA findings reported between individuals with and without 

T1DM. In females, some but not all studies reported lower aBMD in T1DM patients than in 

controls at the femoral neck (571 - 578) and the lumbar spine (578, 579). While many studies 

did not find any difference in aBMD between individuals with and without T1DM at either 

the femoral neck (580 - 584) or the lumbar spine (575 – 577, 580 - 584), several studies 

reported higher aBMD in T1DM patients than in controls at both the femoral neck (585) and 

the lumbar spine (571, 581, 585). In males, most studies did not find any difference in aBMD 

between individuals with and without T1DM at the femoral neck (573, 577, 579, 580, 582) 

and the lumbar spine (577, 579, 580, 582 - 584), while several studies reported lower aBMD 
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at the femoral neck (583) and the lumbar spine in T1DM patients (578, 579). A pooled 

analysis of some of these studies by Shah et al concluded that there was modestly lower 

aBMD at the femoral neck in T1DM patients while no statistical difference was found in 

aBMD at the lumber spine (566). Results from these studies contribute minimally to the 

observed high risk in T1DM patients, which makes further investigation of bone fragility 

necessary. In these studies, DXA was still the most applied tool for bone examination, which 

may be the reason for the gap. 

 

Similar findings were also reported using serological examinations. Meta-analyses did not 

find any difference in serum calcium, phosphorus or parathyroid hormone levels (586) 

between T1DM patients and controls, while bone turnover markers (BTM) were modestly 

lower in T1DM patients than in controls (586, 587). Bone geometric measurements have 

provided more information about bone fragility in T1DM patients. Reduced cortical thickness 

and smaller cross-sectional area determined by QCT were observed at the intertrochanteric 

region of the proximal femur (588). Thinner cortical shell at the distal radius in T1DM 

patients was also detected by pQCT (589) and HR-pQCT (590). In the HR-pQCT study, 

however, no difference was observed in micro-structural parameters between T1DM patients 

and controls. This finding contrasts with results of a MR-MRI study, where the authors 

reported lower trabecular number and higher trabecular spacing at the proximal tibia in 

T1DM patients (591). Although these modalities may provide more insights into our 

understanding of bone fragility, there are not as much data as on DXA in T1DM patients, 

especially in young adults in the bone accrual period. Further research should be conducted in 

this population to gain more knowledge for the prevention and management of fractures in 

patients with T1DM. 
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Chapter 3 

Research aims and general methods 
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3.1 Research aims 

As outlined in the literature review, DXA detects only some of the determinants contributing 

to whole-bone strength, and therefore has limitations in identifying individuals with increased 

fracture risk. The ability of pQCT to measure volumetric bone density and to separately 

analyse cortical and trabecular compartments of bone enables it to provide additional 

information about bone fragility, especially at the appendicular skeleton. Furthermore, the 

three-dimensional data acquired can be used to generate FEA models providing estimates of 

bone mechanical properties in different populations with a higher fracture risk than general 

population. Therefore, the aims of this doctoral research are: 

 

1. To validate pQCT-FEA against mechanical properties derived from cadaveric 

specimens 

2. To investigate the diagnostic performance of pQCT-FEA in classifying older patients 

with fragility fracture and controls 

3. To apply pQCT-FEA in the assessment of bone fragility in women following surgical 

menopause 

4. To apply pQCT-FEA in the assessment of bone fragility in young adult women with 

T1DM 
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3.2 Study design, location, recruitment and ethics 

Four sub-studies were conducted to address the research aims described above. For aim 1, a 

validation study was based on collaborative work between the University of Melbourne, 

Australia and the University of Saskatchewan, Canada (Chapter 4). Cadaveric forearm 

specimens were prepared, scanned and tested in the laboratory based at the Department of 

Biomedical Engineering, University of Saskatchewan. Peripheral QCT data were then 

transferred to the Department of Biomedical Engineering, University of Melbourne for FEA 

simulation. My work in this study included segmentation of the pQCT data for pQCT-FEA, 

as well as analysis and interpretation of the data, and writing the manuscript for publication. 

 

For Aims 2 – 4, participant recruitment was based at the Parkville Biomedical Precinct, 

Australia (specifically, University of Melbourne, Royal Melbourne Hospital, Royal Women’s 

Hospital). DXA and pQCT scans were performed and analysed at the Bone Densitometry 

Unit (BDU), Royal Melbourne Hospital. All pQCT-FEA simulations were generated and 

analysed at the Department of Biomedical Engineering, University of Melbourne.  

 

The study addressing Aim 2 was cross-sectional, comparing variables from DXA, standard 

pQCT and pQCT-FEA between fracture patients and controls. Fracture patients were 

recruited from a multidisciplinary fracture liaison service involving endocrinology, 

orthopaedic surgery, emergency and radiology departments at the Royal Melbourne Hospital. 

All patients were either approached when attending an orthopaedic fracture clinic or 

endocrinology clinic or were referred by an endocrinologist or orthopaedic surgeon. Controls 

were recruited from multiple sources: (1) by talking with family members of fracture patients 

at the clinics; (2) targeted advertising posters and flyers at the hospital; (3) targeted 
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recruitment from the volunteer service team of the hospital; (4) electronic communications 

with community education programs for older people (University of the Third Age) in 

metropolitan Melbourne; (5) advertisement in the University of Melbourne staff and student 

notice systems. My work in this study included ethics application and research 

administration, recruiting all participants, performing DXA and pQCT scans for most 

participants, performing DXA, pQCT and pQCT-FEA analysis, analysing and interpreting 

data, writing the manuscript for publication. 

 

The study for Aim 3 was part of the What Happens After Menopause (WHAM) study, a 

multinational prospective study on the effect of RRBSO on various health issues. 

Longitudinal data on bone outcomes were obtained from the Melbourne, Australia, site. 

Women with high risk of ovarian cancer who underwent RRBSO were recruited from 

multiple familial cancer and gynaecological oncology services and via targeted advertising 

though mainstream and electronic media by a study coordinator. Controls were recruited via 

mainstream and electronic advertising to the general public and by referring from high-risk 

participants. My work in this study included performing DXA and pQCT scans for most 

participants, performing DXA, pQCT and pQCT-FEA analysis, analysing and interpreting 

data, writing the manuscript for publication. 

 

The study for Aim 4 was cross-sectional and was part of two large studies on young women’s 

health conducted at the Royal Melbourne Hospital and the Royal Women’s Hospital. The 

Safe-D study was a large, comprehensive project investigating the role of vitamin D in young 

Australian women’s health. The Young Female Health Initiative (YFHI) was a 

comprehensive study investigating various aspects of young Australian women’s health and 
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wellbeing. Bone health was one of the themes for both studies. Young females with T1DM 

and controls were recruited for these studies via Facebook. Females with T1DM were also 

recruited from the Young Adult Diabetes Service at the Royal Melbourne Hospital. My work 

in this study included performing DXA and pQCT scans for some of the participants, 

performing DXA, pQCT and pQCT-FEA analysis, analysing and interpreting data, writing 

the manuscript for publication. 

 

All studies were conducted in accordance with the Declaration of Helsinki. Ethics approvals 

were obtained from respective institutions’ research ethics committees. The study for Aim 1 

was approved by the University of Saskatchewan Biomedical Research Ethics Board (ethics 

reference 09-96). The study for Aim 2 was approved by Melbourne Health Human Research 

Ethics Committee (ethics reference MH 2014.143). The study for Aim 3 was approved by the 

Melbourne Health Human Research Committee (ethics reference MH 2013.060), Royal 

Women’s Human Research Ethics Committee (ethics reference RWH 12/50), and The Peter 

MacCallum Cancer Centre Human Research Ethics Committee (ethics reference 

HREC/12/PMCC/24). The study for Aim 4 was approved by Melbourne Health Human 

Research Ethics Committee (ethics reference MH 2013.007 and MH 2012.189) and Royal 

Women’s Human Research Ethics Committee (ethics reference RWH 11/14).  
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3.3 DXA scanning and analysis 

DXA scans were performed for participants in the studies for Aims 2 – 4. A fan beam 

densitometer (Horizon QDR4500A, Hologic Inc., Bedford, MA, USA) was used to scan all 

participants. All scans were performed in fast array mode. A quality control spine phantom 

with known bone density and content was scanned prior to any patient scan daily to ensure 

the reproducibility of the machine’s results.  

 

DXA scans were performed on the lumbar spine using the manufacturer’s standard AP 

(anteroposterior) Lumbar Spine protocol, and on the hip using manufacturer’s standard 

Left/Right Hip protocol. All participants were lying supine on the scanning table during 

scanning. For lumbar spine scans, both legs of participants were elevated using a cubic 

Hologic positioning cushion. For hip scans, a foot trap was used to stabilize and invert the leg 

being scanned. Scans were not performed on a participant’s hip/lumbar spine where previous 

surgery had been performed e.g. hip arthroplasty, laminectomy, as in such situations artefacts 

would affect the analysis. A participant who had undergone DXA scans within recent 8 

weeks was not scanned again. In such situations, his/her latest DXA data were used; 

however, in order to eliminate variations caused by different DXA machines and operators, 

only DXA scans performed at the BDU of the RMH City Campus were accepted. 

 

The manufacturer’s commercial software (version 9.10D) was used to analyse DXA scans 

and to obtain aBMD of the lumbar spine, the femoral neck and the total hip. For lumbar spine 

analysis, the horizontal boundaries of the four vertebrae of interest (L1-L4) were selected 

first. The analysis software then identified these vertebrae automatically based on the chosen 

protocol. If there was more than 1 SD difference between one vertebra and adjacent 
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vertebrae, either caused by local structure or metal/calcification artefeacts, or other 

defined/undefined medical conditions, that vertebra was excluded from analysis. For hip 

analysis, the investigator moved lines identifying the global region of interest. Bone tissue, as 

well as subregions, were outlined within the selected region.  
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3.4 Peripheral QCT scanning and analysis 

An XCT 3000 pQCT scanner (Stratec Medizintechnik, Pforzheim, Germany) was used to 

scan all participants’ tibia and/or radius in Studies 2 - 4. The working settings of the scanner 

are summarized in Table 3.1. Analysis of pQCT data was performed by the same 

investigator. Training was provided by an experienced technician, and regular inspection and 

supervision was also conducted to ensure reproducibility of analysis.  

 

Participants were positioned on a dedicated scanning chair which can be rotated and moved 

orthogonally to the machine axis to bring the limb axis parallel to the machine axis. A leg or 

forearm holder enabled the limb scanned to be fixed in an appropriate position. A scout view 

(SV) scan was performed prior to the CT scan to ensure the correct scanning sites. During the 

SV scan the exact starting position of the measurement was defined. The software proposed 

automatically a reference line, which was the starting position of the measure in most cases. 

In cases where an automatic reference line was not positioned through the centre of the distal 

metaphysis surface, the operator defined it manually. Once the reference line was defined, the 

CT scan started. Scanning sites were the 4% and 66% sites of participants’ non-dominant 

tibia and forearm. The length of the tibia/forearm was measured using a standard ruler 

provided by the manufacturer. In the tibia, length was defined as the distance from the medial 

malleolus to the superior margin of the medial condyle. In the forearm, length was defined as 

the distance from the ulna styloid process to the olecranon process. If a participant had a 

fracture on his/her non-dominant tibia/forearm, scans of the dominant tibia/forearm were 

performed. In situations where a participant had fractures of both tibias/forearms, scans were 

not performed on his/her tibia/forearm. In order to eliminate movement artefact, which had a 
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deleterious effect on the analysis process, all participants were educated to stay still during 

scanning.  

 

Stratec commercial software (version XCT 5.50E) was used to perform pQCT analysis and to 

obtain various variables, including Tot vBMD, Trb vBMD, Crt vBMD, CSA, Crt Thk, SSI. 

In the analysis process, a specific region of interest containing bone tissue was determined 

automatically first. All voxels outside the bone (soft tissue) with lower attenuation coefficient 

than the selected threshold were removed within the region of interest. The function 

CALCBD was applied to yield the results for total, trabecular, and cortical-subcortical bone 

density and the cross-sectional area at the 4% site. CONTOUR mode was applied to define 

the way the outer contour of the bone was detected. A default threshold of 280 mg/cm3 was 

applied in this mode. Separation of cortical and trabecular structure was obtained by the areal 

distribution of both bone structures using PEEL mode by applying a default threshold of 710 

mg/cm3. By default, 55% of the outer bone area was concentrically separated and defined as 

the subcortical region. The remaining 45% inner core was defined as trabecular bone. The 

function CORTBD was applied to calculate cortical density and area at the 66% site. The 

function SSI was used to calculate the bone strength with respect to torsion. The default 

threshold for SSI was 480 mg/cm3. Polar stress strain index, which reflects the torsional bone 

strength, was obtained using this function.  

 

In the study for Aim 1, pQCT scans were performed using an XCT 2000 pQCT scanner. The 

same scanning protocol applied for the scanning process.  
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Table 3.1 Working settings of Stratec XCT 3000 

X-ray tube  

    Voltage 60kV 

    Current <0.3mA 

    Mean X-ray energy 42keV 

    Energy distribution after filtration 19keV 

Detector 12 semiconductor detectors with amplifier 

Mechanic  

    Linear scan range 250mm 

    Scan time 6-15 s per translation 

    Rotation angle 180° 

    Rotation speed 13°/s 

    Maximum axial scan length 280mm 

    Axial scan speed 20-50mm/s 

    Central gantry opening 300mm 

Image  

Slice thickness 2mm 

Voxel size 0.4mm 
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3.5 Mechanical testing in the validation study 

Detailed methods for mechanical testing settings are described in Chapter 4. 
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3.6 pQCT-FEA simulation 

Detailed simulation procedures are described in Chapters 4 – 7 and Appendix 2. 
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Chapter 4 

Predicting experimentally-derived failure load at the distal 

radius using finite element modelling based on peripheral 

quantitative computed tomography cross sections (pQCT-

FE): a validation study 
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4.2 Abstract 

Dual energy X-ray absorptiometry, the current clinical criterion method for osteoporosis 

diagnosis, has limitations in identifying individuals with increased fracture risk, especially at 

the distal radius. Peripheral quantitative computed tomography (pQCT) can provide 

volumetric bone density data, as well as information on bone geometry, which makes it 

possible to establish finite element (FE) models of the distal radius from which bone strength 

and stiffness can be calculated. In this study, we compared experimental mechanical failure 

load data of the forearm with pQCT- based FE (pQCT-FE) modelling properties. Sixteen 

cadaveric forearm specimens were experimentally loaded until failure. Estimated stiffness 

and strength variables of compression, shear, bending and torsion were calculated from 

pQCT-FE modelling of single cross-sections of 0.2 x 0.2 x 2.4 mm of the radius pQCT 

image. A moderate-to-strong coefficient of determination (r2) was observed between 

experimental failure load and pQCT-FE variables. The highest r2 was observed for bending 

stiffness (r2 = 0.83). This study validates the use of pQCT-FE in the assessment of distal 

radius bone strength for future studies. 
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4.3 Introduction 

The prevalence of osteoporosis and subsequent fragility fractures (i.e. a fracture resulting 

from a minimal trauma such as a fall from a standing height or less. All fracture refers to 

fragility fracture in the following paragraphs) is increasing worldwide mainly due to 

population ageing (592, 593). A key to reducing this great public health burden is to identify 

individuals with increased risk for compromised bone strength (e.g., failure load, stiffness). 

The most established tool for the assessment of fracture risk is based on areal bone mineral 

density (aBMD) determined by dual energy x-ray absorptiometry (DXA), which is utilised in 

various algorithms for the calculation of absolute fracture risk (594 - 596). However, DXA 

has limitations in the assessment of bone strength. On one hand, as a projective technique, it 

does not take bone volume adequately into consideration; rather it provides an ‘areal’ bone 

mineral density (aBMD) in g/cm2, which represents the bone mineral content within a 

projected area of bone. On the other hand, bone failure strength is determined not only by 

bone quantity, but also by how trabecular bone is spatially distributed (60), which is not 

represented well by conventional DXA measures. Previous studies have observed that DXA 

measurements only explain part of bone strength, with r2 ranging from 0.31 – 0.56 between 

different DXA variables and failure load of the radius in falling configurations (324, 326, 

377, 597). Therefore, alternate clinically-relevant fracture risk assessment strategies are 

needed at the distal radius. 

 

Other than bone quantity, bone quality also contributes strongly to bone strength (32).  As 

one aspect of bone quality, bone geometry e.g. bone size, cortical thickness, bone cross-

sectional area etc. are closely associated with bone failure load and fracture occurrence (60, 

61). Therefore, bone density and bone geometry together should contribute to the 
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understanding of bone strength. Peripheral quantitative computed tomography (pQCT), a CT 

scanner that is specifically used to image the radius and tibia, is able to measure bone 

geometry, e.g. bone cross-sectional area, second moment of inertia (I), cortical thickness, as 

well as volumetric bone mineral density (vBMD). All these pQCT properties should 

contribute to our understanding of bone fragility. Indeed, more patients with low-trauma 

fracture can be identified as high-risk for osteoporosis using conventional pQCT measures 

combined with DXA T-scores when compared with DXA measures alone (598).  More 

recently, we established the potential of finite element analysis based on tibial pQCT images 

for the classification of fracture status in a clinical setting (599). As a large proportion of low-

trauma fractures occur at the distal radius, pQCT was anticipated to be an ideal tool for the 

assessment of bone strength at this clinically-important site. 

 

Due to the volumetric bone measurements acquired by pQCT, it is an ideal imaging modality 

to be utilised with FE modelling. Previously, FE models of sites of clinical interest e.g. 

vertebrae and femur, have been developed based on quantitative computed tomography 

(QCT) using a clinical CT scanner and bone density phantom (600, 601), or magnetic 

resonance imaging (MRI) scanner (602). During the past decade, FE models based on high-

resolution pQCT (HR-pQCT) have also emerged in the assessment of the tibia or radius 

strength (603, 377, 399). While providing good prediction for bone strength, these modalities 

do have some drawbacks. QCT has relatively high radiation exposure to scan the whole spine 

or limb (125). While HR-pQCT has comparable radiation exposure with pQCT, it is time-

consuming to scan and set up individual FE models from HR-pQCT images (604), as well as 

QCT images. While MRI does not expose the patients to radiation, its cost and prolonged 

imaging sequences limit its clinical use and applications in large populations and, more 
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importantly, the extremely short life-time of the MR signal for water bound to hard tissue, 

makes the quantification of cortical mineralization difficult (605).  

 

Similarly, issues of long scanning time, relatively high radiation exposure and extended 

individual model set-up times exist for pQCT to scan the whole forearm, which makes it 

impractical in clinical settings. FE models based on single pQCT cross-sections may solve 

the aforementioned issues. pQCT is designed for measurement of the site where a distal 

radius fracture occurs (e.g., Colles’ fracture) (606). This scanning location, together with its 

sufficient resolution for FE modelling and reasonable scanning time for one cross-section 

with low radiation exposure, makes pQCT a potentially-attractive choice as a data source for 

individually set-up FE models. Whilst not based on the whole radius properties, strength and 

stiffness predicted at a discrete location of a single pQCT cross-section may be proportional 

to the strength of the entire forearm, which may be utilised for more effective, yet rapid 

assessment of fracture risk. 

 

In this study, we present a pQCT-derived FE analysis technique (pQCT-FE) to estimate bone 

strength and stiffness of individual cross-sections of the distal radius obtained from clinical 

pQCT images. For validation purposes, these strength and stiffness estimates were correlated 

against experimental testing of the forearm in loading configurations mimicking a Colles’ 

fracture. We focus on distal radius fracture only here due to the fact that distal radius is a 

clinically-important site where a large proportion of fragility fractures was estimated to occur 

(225, 607). More importantly, fragility fracture is also an early sign of compromised bone 

strength and is associated with occurrence of further fracture (227, 608). Therefore, 

improvement in understanding bone fragility at this site may help identifying more patients 
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with osteoporosis at an earlier stage. We hypothesized that pQCT-FE properties could 

explain a large proportion of variance in the overall bone failure load, thus demonstrating the 

potential utility of this method for the assessment of bone fracture risk in vivo. 
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4.4 Methods 

Information regarding specimen acquisition, preparation and mechanical testing is outlined in 

detail elsewhere (609, 610). Details are briefly summarized below.  

 

Specimens 

Twenty-one fresh human cadaver forearms (7 left, 14 right) from 21 female donors were 

obtained from an anatomical tissue bank. Specimens with no history of fracture or bone 

disease were selected. Donors’ age at death was 81.7 ± 9.3 years, height was 161.4 ± 5.3 cm, 

weight was 58.9 ± 9.2 kg and body mass index (BMI) was 22.6 ± 3.2 kg/m2. All specimens 

were kept intact, were fresh frozen at -20 °C, and thawed for imaging and mechanical testing. 

This study was approved by the University of Saskatchewan Biomedical Research Ethics 

Board. 

 

Peripheral quantitative computed tomography scanning 

A single 2.4 mm slice was acquired at the 4% site of the radius length, measured proximally 

to the distal articular surface, using an XCT 2000 pQCT scanner (Stratec Medizintechnik 

GmbH, Pforzheim, Germany) and our clinical scanning protocol (340). Radius length was 

measured from the proximal and lateral border of the head of the radius to the most distal 

point of the lateral margin of the styloid process of the radius. A scout view over the distal 

joint was performed from which a reference line at the medial tip of the distal endplate of the 

radius was set as the starting plane. An in-plane pixel size of 0.2 mm by 0.2 mm was 

obtained. Scanning speed was 10 mm/s. A commercial BMD phantom made by the scanner 

manufacturer was employed daily prior to scanning to maintain quality assurance.  
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Mechanical testing 

After pQCT imaging, cadaveric forearms were prepared for mechanical testing. Soft tissue 

was removed from around the radius and ulna, then their midshafts were potted in 

polymethylmethacrylate (PMMA) according to the method proposed by Edwards and Troy 

(611). The potted forearm was clamped to the base of a servo-hydraulic material testing 

machine (MTS Bionix Servohydraulic Testing System), which compressed a flat plate 

attached to the piston against the outstretched palm of each specimen (609, 610). For the 

loading configuration, 21 specimens were positioned off-axially with 15o dorsal inclination 

(612) and 3-6° radial inclination. The palm was set flat against the testing plate and 

perpendicular to the vertical loading axis. 

 

Compression was conducted in displacement control to failure at a rate of 3 mm/s. Failure 

loads (Fexp, N) were calculated from the load-displacement curve, where failure load was 

defined as the maximum load on the load-displacement curve. The linear region for the 

stiffness calculation was identified by visual inspection and confirmed by manually fitting a 

linear regression curve (r2 > 0.99) to the load-displacement curve.  

 

Finite element analysis 

All pQCT images were exported to Matlab software (2017a, Mathworks, Natick, MA, USA) 

for manual segmentation. A mesh of 0.2x0.2x2.4 mm elements was generated from 

segmentation, and then reconstructed in the axial plane to produce 0.2x0.2x0.2 mm elements. 

Each element (numbered i) was modeled as a linear elastic material with a Poisson’s ratio of 
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0.3 and the respective apparent bone mineral density (ρapp,i) and Young’s modulus (Ei) 

calculated using Equations 1 and 2 (611, 612).  

𝜌𝜌𝐿𝐿𝐷𝐷𝐷𝐷,𝐷𝐷 = 1.484𝐻𝐻𝑅𝑅,𝐷𝐷 − 48965      (1) 

𝐸𝐸𝐷𝐷 = 2875𝜌𝜌𝐿𝐿𝐷𝐷𝐷𝐷,𝐷𝐷
3     (2) 

where 𝜌𝜌𝐿𝐿𝐷𝐷𝐷𝐷,𝐷𝐷, Ei and Hf,i are the apparent bone mineral density (g/cm3), Young’s modulus 

(MPa) and the Hounsfield unit of each individual voxel i (HU), respectively.  

 

Each voxel mesh was used to generate a FE model in Abaqus (V6.11, 2011, Simulia, 

Dassault Systemes, Providence, RI, USA), with each element represented by a fully-

integrated 8 node hexahedron. The origin of the models was set as the density-weighted 

centroid (Equations 3 and 4), where the x- and y-axes were aligned with the minimum and 

maximum neutral axes, respectively, and the z-axis was normal to the cross-section.                          

           �̅�𝑥 = ∑𝐸𝐸𝑡𝑡𝑥𝑥𝑡𝑡𝐿𝐿𝑡𝑡
∑𝐿𝐿𝑡𝑡

      (3)                                                               

           𝑦𝑦� = ∑𝐸𝐸𝑡𝑡𝑦𝑦𝑡𝑡𝐿𝐿𝑡𝑡
∑𝐿𝐿𝑡𝑡

       (4) 

where ai is the area of voxel i. �̅�𝑥, 𝑦𝑦� are the coordinates of the density-weighted centroid 

for the cross-section, and xi, yi represent the horizontal and vertical distance between voxel 

i and the density-weighted centroid. 

 

Four loading cases were considered for all FE Models: axial compression, shear, bending, 

and torsion (Figure 4.1), each considered as a quasi-static simulation with the assumption of 

small deformation. Axial compression was simulated by a 0.01 mm displacement of the 

superior surface towards the inferior surface. Shear was simulated by a 0.01 mm 



117 
 

displacement of the superior surface in the direction of either the x- or y-axes. Bending was 

simulated by a 0.0001 radian rotation of the inferior surface about either the x- or y-axes (i.e., 

cross-section neutral axes). Torsion was simulated by a 0.0001 radian rotation of the inferior 

surface about the z-axis.  

 

 

Figure 4.1 Four loading cases simulated in pQCT-FE model. Axial compression (a) was 

simulated by a 0.01 mm displacement of the superior surface towards the inferior surface. 

Shear (b) was simulated by a 0.01 mm displacement of the superior surface in the direction of 

either the x- or y-axes. Torsion (c) was simulated by a 0.0001 radian rotation of the inferior 

surface about the z-axis. Bending (d) was simulated by a 0.0001 radian rotation of the inferior 

surface about either the x- or y-axes (i.e., cross-section neutral axes).  
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Stiffness and strength were calculated for each loading case for each specimen. The reaction 

forces and moments predicted from the simulations were divided by the respective applied 

displacement or rotation to derive the compressive stiffness (kcomp), shear stiffness (kshear), 

bending stiffness (kbend), and torsional stiffness (ktorsion) of each cross-section. The bending 

and shear stiffness were each taken as the minimum value derived from the two neutral-axis 

directions. The minimum compressive and maximum tensile principal strains predicted for 

each simulation (εmax and εmin, respectively) were compared with compressive and tensile 

yield strains reported for the radius (1.10% and 0.66%, for compression and tension, 

respectively; 616) to derive a factor-of-safety. The factor-of-safety was multiplied by the 

respective reaction force or moment to derive the strength for compression (Scomp), shear 

(Sshear), bending (Sbend) and torsion (Storsion), of each cross-section.  

 

Statistical analysis 

Descriptive data were expressed as mean ± 1.0 standard deviation (SD). A linear regression 

model was developed to correlate each pQCT-FE stiffness and strength variable with failure 

load (Fexp) measured from the mechanical testing, from which the coefficient of 

determination (r2) was calculated. Additional regression models were also developed for each 

pQCT-FE variable after adjustment for age, i.e. set age and each pQCT stiffness/strength 

variable as independent factors while failure load as the dependent factor in the regression 

models. Level of significance for all analyses was set as p<0.05. All statistical analyses were 

performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA). 
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4.5 Results 

After loading, 5 specimens did not experience a distal radius fracture and were excluded from 

further analysis. Alternate failure mechanisms included a scaphoid fracture (n=1) and 

midshaft fractures originating at the potting (n=4). They were excluded from analysis as 

pQCT scans were not obtained at these locations. Therefore, it would be incompatible for the 

FE model to attempt to predict the bone strength at these locations. Furthermore, these 

fractures do not represent a common type of fragility fracture, and were beyond the topic of 

this study. 

 

Alternate failure mechanisms brought the sample to 16 specimens (609, 610). The mean ± SD 

age of this analysis sample was 81.6 ± 9.9 years. In terms of fracture types, the majority were 

Colles’ type (n=14) combined with compressive-type fractures (n=2). A Colles’ type fracture 

was defined as a transverse fracture ~25-40 mm to the radio-carpal joint, with evidence of 

dorsal displacement and angulation of the distal fragment, radial shortening, and loss of radial 

inclination and palmar tilt (614, 615). A compressive-type fracture was defined as a 

transverse fracture ~25-40 mm to the radio-carpal joint with evidence of radial shortening. 

Fracture classification was based upon visual assessment by a single researcher (MM). In 

terms of limb distribution, there were 5 left and 11 right limbs included in the analysis.  

 

The pQCT-FE stiffness and strength properties of the cadaveric radii and the corresponding r2 

when regressed against the experimental failure load are summarised in Table 4.1, and visual 

representation of each regression is shown in Figure 4.2. Medium-to-strong r2 values were 

observed for experimental failure load regressed against each of the FE-derived stiffness 

variables, which were r2 = 0.66, 0.64, 0.83 and 0.82 for kcomp, kshear, kbend and ktorsion, 
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respectively (all p < 0.01). Similar trends for r2 were found for experimental failure load 

regressed against FE-derived strength variables, where r2 = 0.56, 0.46, 0.71 and 0.64 for 

Scomp, Sshear, Sbend and Storsion, respectively (all p < 0.01). All r2 tended to improve after 

regression models were adjusted for age, with highest r2 = 0.86 and 0.79 for kbend and Sbend, 

respectively. 

 

Table 4.1 Means and SDs of pQCT-FEA variables and corresponding coefficients of 

determination (r2) against failure load before and after adjustment for age. All 

correlations had a significance of p<0.01. 

FEA variable Mean ± SD r2  radj2  

kcomp (kN/mm) 198.0 ± 60.7 0.66 0.77 

kshear (kN/mm) 46.3 ± 16.2 0.64 0.77 

kbend (Nm/deg) 85.7 ± 31.3 0.83 0.86 

ktorsion (Nm/deg) 69.4 ± 27.3 0.81 0.85 

Scomp (N) 3.5 ± 1.3 0.56 0.69 

Sshear (102 N) 3.1 ± 1.1 0.46 0.67 

Sbend (Nm) 4.1 ± 1.5 0.71 0.79 

Storsion (Nm) 2.5 ± 1.0 0.64 0.77 

kcomp, compression stiffness; kshear, shear stiffness; kbend, bending stiffness; ktorsion, torsion 

stiffness,  Scomp, compression strength; Sshear, shear strength, Sbend, bending strength; Storsion, 

torsion strength, r2, coefficient of determination before adjustment for age; radj2, coefficient of 

determination after adjustment for age. 
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Figure 4.2 Scatter plots of pQCT-FE properties against experimental failure load. r2: 

coefficient of determination before adjustment for age, radj2: coefficient of determination after 

adjustment for age. kcomp: compression stiffness; Scomp: compression strength; kshear: shear 

stiffness; Sshear: shear strength; kbend: bending stiffness; Sbend: bending strength; ktorsion: torsion 

stiffness; Storsion: torsion strength. 
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4.6 Discussion 

Due to the great economic and societal burden of osteoporosis and the consequent fractures, 

and the limitations of DXA in identifying individuals with increased fracture risk, it is 

necessary to find a complementary tool providing information about bone strength additional 

to DXA. In this study, we sought to validate a pQCT-FE model that could be used to 

supplement assessment of bone strength using DXA alone. Medium to strong r2 values were 

observed between experimental failure load and pQCT-FE properties, ranging from 0.64 – 

0.83 for pQCT-FE stiffness variables, and 0.46 – 0.71 for pQCT-FE strength variables. 

Improvement in r2 was also observed after the regression models were adjusted for age, with 

radj2 ranging from 0.77 – 0.86 for pQCT-FE stiffness variables, and 0.64 – 0.79 for pQCT-FE 

strength variables. These r2 were found to be higher than those between DXA radius variables 

and forearm fracture failure in mechanical testing with similar falling configurations, which 

were 0.31 – 0.56 from the literature (324, 326, 377, 597). 

 

Among the pQCT-FE properties of the four load cases, bending properties had the highest 

contribution to variance in experimental failure load for both stiffness and strength variables, 

with radj2 = 0.86 and 0.79, respectively. This was likely to be due to the imposed loading 

configuration, where the radius long axis was offset 15 degrees from the loading axis, thus 

imparting a combination of compression and bending on the radius. It may also explain why 

the pQCT-FE shearing properties accounted for the least variance in failure load among the 

four load cases since the off-axis compression is unlikely to generate a high shear load. This 

is pertinent to the real-world situation as Colles’ fractures are believed to be the result of 

bending, rather than other types of loading vectors i.e. compression, torsion or shearing (616 

– 618). 
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Areal BMD measured by DXA accounts for only part of the variance in bone failure load. 

The r2 between bone failure load and aBMD differed in various studies but generally ranged 

between 0.34 – 0.64 at standard imaging sites (261 - 264). When it comes to the radius, DXA 

is reported to account for no more than 60% of variation in forearm strength. Higher r2 was 

reported in the current study between radius mechanical failure load and pQCT-FEA 

stiffness, with highest r2 of 0.86. These results suggest that our pQCT FE models provide 

improved bone strength assessment compared to previous estimates based on DXA.  

 

More recently, micro FE (µFE) models based on HR-pQCT with voxel size of 85 µm, which 

enables depiction of the trabecular micro-structure of the radius and tibia, emerged in clinical 

research (399). Outputs from these models have demonstrated an improved ability to classify 

fracture status of patients compared to DXA (619), and good correlations have been observed 

when predicting experimental failure loads of cadaveric radii, with r2 of 0.70 – 0.92 (377, 

394, 395). Although these previous r2 findings describe a different testing configuration to the 

off-axis loading in the current study, they provide insight into our understanding of bone 

fragility explained by different tools. In a study comparing HR-pQCT µFE and QCT FE 

which is based on volumetric data of similar resolution to pQCT in the prediction of femur 

failure load, HR-pQCT µFE predicted failure load similarly to QCT FE (r2 = 0.86 vs r2 = 

0.84, respectively) (620). HR-pQCT has other drawbacks, such as exposing patients to 

slightly higher radiation than pQCT, and due to its higher resolution, it is time-consuming to 

process the large volume of imaging data in the FE analysis (604). More importantly, HR-

pQCT, as a newer technique than pQCT, is not widely available due to its prohibitive cost.  
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This study has several limitations. Peripheral QCT images with a voxel size of 0.2 mm and 

slice thickness of 2.4 were obtained to generate a cross-sectional FE model for each 

specimen. Compared to the voxel size of HR-pQCT (85 µm) which can depict the micro-

structure of the radius, the voxel size of pQCT (200 µm) is relatively large and is not precise 

enough to reflect the topology of individual trabeculae. However, this resolution appears to 

be sufficient to allow prediction of the variance in experimental failure load of the radius 

according to previous studies (21, 384, 387). In these studies, 0.25 - 1.08 mm voxels from 

QCT images were used to established FE models of the femur, and simplified trabeculae 

topology as a continuum FE mesh as in the current study was used with similar element sizes. 

Strong coefficients of determination were observed between these QCT FE variables and 

mechanical failure load in the laboratory, ranging from 0.74 – 0.90. Strong r2 between pQCT-

FEA variables and radius failure load in the current study support the argument that 

resolution of 0.2 mm voxels can explain a high proportion of the variance inf the whole-bone 

properties. 

 

FE strength and stiffness were calculated from four loading cases in this study; however, a 

loading combination of compression, torsion, bending and shear occurs at the same time in 

vivo (50). The individual loading cases may be too idealised for the assessment of bone 

strength, but similar to the barrel analogy of Liebig’s law of the minimum, where the shortest 

stave decides the capacity of a barrel with staves of unequal lengths, a bone’s strength is 

limited by the weakest resistance of an idealised loading condition. This logic was reflected 

in previous studies, where the radius strength for fracture risk assessment was measured by 

idealised axial compression only (621). Indeed, we did not intend to calculate the real radius 

strength or stiffness from the pQCT-FE, rather we presented an idealized loading scenario 

that could be easily constructed, and it was assumed that strength and stiffness from one 
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cross-section would be proportional to the whole-bone failure under more complex loading 

configurations.  

 

As discussed previously, bone quality contributes to bone strength (32, 622). Properties of 

bone quality other than bone geometry, e.g. degree of bone mineralization, hydroxyapatite 

crystal size and heterogeneity, collagen properties and osteocyte density are considered 

determinants of bone strength; however unfortunately, these bone properties are not available 

using standard pQCT imaging and require detailed analysis of bone biopsies. The feasibility 

of using bone biopsies to identify fracture risk is challenging as it is invasive and likely 

difficult to recruit otherwise healthy patients to undergo this procedure. The advantage of the 

current method is that it is readily available as it can be applied to existing clinical pQCT 

imaging methods. 

 

Following the exclusion of 5 specimens for undesirable material behaviors during testing, 

there was a reduced number of specimens (n = 16), which would have lessened the statistical 

power of our analysis. However, the final sample size was sufficient for strong univariate 

correlations to be found in the models where r2 was calculated. In addition, the mean age of 

donors in this study (82 ± 10 years) was greater than the average ages reported for forearm 

fracture (71 ± 15 years; 623, 624). However, after adjustment for age, improvement was 

observed in all correlations between experimental and pQCT-FE properties. This provides 

better prospect for the pQCT-FE models although sample size was limited. Further studies 

with a larger sample size may help improve the multivariate regression models. 
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In summary, we experimentally validated a pQCT image-based FE method for the 

assessment of bone strength at the clinically-relevant distal radius site. As much as 86% of 

variance in experimental radius failure load was explained by pQCT-FE properties. This FE 

model makes individual assessment of bone strength at a site with a propensity for 

osteoporotic fracture more accessible by using a widely-available device with reasonable 

scanning time and low radiation. Future research may focus on this technique’s role in 

differentiating patients with increased fracture risk from the healthy in clinical settings. 
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4.8 Additional discussion 

This section is not published along with Sections 4.1 – 4.7 but aims to discuss the improved 

age-adjusted r2 between FEA variables and experimental variables. In the pQCT-FEA 

analysis, assignment of Young’s modulus to each element was based on conversion from CT 

number, which, in turn, was dependent on the quantity of bone mass at the scanned site. 

While the FE models also took bone macro-geometry information into account during the 

analysis, other properties, e.g. bone microstructure, organic composition, which have strong 

correlations with age, contribute to the mechanical performance of bone as discussed in 

Section 2.1. Therefore, the improvement in the ability of pQCT-FEA variables to predict 

experimental failure load while adjusting for age indicates the importance of integral analysis 

of bone mechanical performance. However, it is acknowledged that the range of age 

distribution was relatively narrow; therefore, how well the model would be improved is 

uncertain in younger population, which warrants future research.  

 

 

  



129 
 

 

 

 

 

 

 

Chapter 5 

Peripheral quantitative computed tomography (pQCT)-

based finite element analysis provides enhanced diagnostic 

performance in identifying non-vertebral fracture patients 

compared with dual energy x-ray absorptiometry 
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fracture patients compared with dual energy x-ray absorptiometry 
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5.2 Abstract 

SUMMARY Due to limitations of the predominant clinical method for diagnosing 

osteoporosis, an engineering model based on a dedicated CT scanner for bone density and 

structure was applied in fracture patients and controls. Improved diagnostic performance was 

observed, which supports its potential use in future research and clinical practice. 

INTRODUCTION Dual energy x-ray absorptiometry (DXA), the predominant clinical 

method for diagnosing osteoporosis, has limitations in identifying individuals with increased 

fracture risk. Peripheral quantitative computed tomography (pQCT) provides additional 

information and can be used to generate finite element (FE) models from which bone strength 

properties can be estimated. We investigated the ability of pQCT-FE properties to distinguish 

peripheral low-trauma fracture patients from healthy controls, by comparison with DXA and 

standard pQCT.  

METHODS One hundred and eight fracture patients (77 females aged 67.7 ± 7.9 years, 31 

males aged 69.7 ± 8.9 years) were recruited from a hospital fracture liaison service. One 

hundred and twenty healthy community controls (85 females aged 69.8 ± 8.5 years, 35 males 

aged 68.9 ± 7.2 years) were recruited.  

RESULTS Significant differences between groups were observed in pQCT-FE properties, 

especially at the 4% tibia site. Fracture odds increased most per standard deviation decrease 

in pQCT-FE at this location [shear stiffness estimate, kshear, in females, OR = 10.34, 95% CI 

(1.91, 43.98); bending stiffness estimate, kbend, in males, OR = 8.32, 95% CI (4.15, 33.84)]. 

Area under the receiver operating characteristics curve (AUROC) was observed to be highest 

with pQCT-FE properties at 4% the tibia site. In females, this was 0.83 for the pQCT-FE 

variable kshear, compared with 0.72 for DXA total hip bone density (TH aBMD) and 0.76 for 

pQCT tibia trabecular density (Trb vBMD); in males, this was 0.81 for the pQCT-FE variable 
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kbend at the 4% tibia site, compared with 0.62 for TH aBMD and 0.71 for Trb vBMD. There 

were significant differences in AUROC between DXA and pQCT-FE variables in both 

females (p = 0.02) and males (p = 0.03), while no difference was observed in AUROC 

between primary pQCT and pQCT-FE variables.  

CONCLUSIONS pQCT-FE modeling can provide enhanced diagnostic performance 

compared with DXA and, given its moderate cost, may be useful in clinical settings. 
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5.3 Introduction 

The prevalence of osteoporosis is increasing due to population ageing worldwide (191). 

Being a “silent” disease, osteoporosis may not attract the attention of patients and primary 

health care practitioners until a fragility fracture occurs. It has been estimated that one third 

of women and one fifth of men will sustain a fragility fracture after age 50 years (210), which 

is a great societal burden associated with high morbidity, mortality and healthcare 

expenditure. Although many modifiable risk factors for bone fragility have been identified 

previously, better screening, case-finding and monitoring strategies are still needed given the 

intrinsic limitations of dual energy x-ray absorptiometry (DXA) (625). 

 

Although DXA is considered the clinical criterion method for osteoporosis diagnosis, almost 

seventy percent of patients who had recently sustained a low-trauma fracture were diagnosed 

with osteopenia or normal bone density based on DXA measurements at our institution (588). 

This misclassification is due in part to the technique itself which projects the region of 

interest into a two-dimensional plane. This data acquisition from a projective x-ray technique 

does not take bone “depth” into account, thus making results susceptible to artifacts related to 

different bone sizes. DXA also fails to capture other bone geometric information including 

cortical thickness which has been closely correlated to bone fragility (60). In addition, DXA 

is performed routinely at central sites i.e. the lumbar spine and the proximal femur in clinical 

practice, while a large proportion of fragility fractures occur at more peripheral sites e.g. the 

distal forearm (210), where fracture is an early indication of bone fragility (626). 

 

Peripheral quantitative computed tomography (pQCT) provides both volumetric bone density 

and bone geometry measurements which correlate well with bone mechanical properties at 
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multiple peripheral sites (59, 348, 350). These variables can differentiate between people 

with and without prevalent fractures (352), and are associated with fracture occurrence during 

follow-up in both women and men (334, 627). Therefore, pQCT has a potential role in 

improving our understanding of bone fragility compared to using DXA alone (598). Finite 

element (FE) analysis is a computational method that can provide non-invasive assessment of 

bone strength in vivo. FE models based on quantitative computed tomography (QCT) images 

of either the vertebral body or proximal femur have provided estimates of bone strength that 

correlate strongly with cadaveric fracture loads  (383, 385), and these correlations were 

reported to be higher than those of bone mineral density (BMD) measured by DXA (383, 

140). FE models of cadaveric forearm or tibia using either QCT or pQCT were established 

previously (611, 628, 629). Whilst these studies showed good correlation between FE 

properties and fracture failure load, the models were time-consuming to build and imparted 

considerable radiation to image the entire bone or joint, thus limiting their use in clinical 

settings. Since it is designed for measurement at the appendicular skeleton, pQCT is a 

potentially suitable source for FE analysis at peripheral sites with its volumetric data 

acquisition, spatial distribution of bone density and comparable resolution with QCT. 

Moreover, pQCT instruments can be acquired and operated at quite moderate cost.  

 

In this current study, we aimed to evaluate the ability of a clinically-relevant, pQCT-based FE 

model (pQCT-FE) to estimate bone strength in patients with recent fragility fractures and 

age-matched controls, and to compare the diagnostic characteristics of DXA, pQCT and 

pQCT-FE variables. 
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5.4 Methods 

Participants 

Two groups of participants were recruited for this study. The fracture group was recruited 

from a fracture liaison service involving multiple disciplines at a tertiary hospital, which 

improves uptake of osteoporosis intervention guidelines in a cost-effective way (250). The 

control group was recruited through electronic and paper-based advertisements from multiple 

sources, including members of a community education program (University of the Third 

Age), staff, volunteers, visitors and contacts of the University of Melbourne and the Royal 

Melbourne Hospital. 

 

General inclusion criteria for both groups were: (1) aged 50 years or above; (2) English-

speaking or has an English-speaking family member or friend available; (3) consent to 

participate in this study and be able to attend a study visit at the Royal Melbourne Hospital. 

Specific inclusion criteria for the fracture group were: (1) had sustained at least one low-

trauma fracture, i.e. a fracture caused by minimal trauma such as a fall from a standing height 

or less, within 3 months prior to a study visit; (2) for patients with two or more fractures, 

there were at least one radius and one tibia without a fracture history or other relevant 

pathology and available for measurement. Specific inclusion criterion for the control group 

was: reported no prior history of osteoporosis, low bone density or low-trauma fracture. 

 

General exclusion criteria for both groups were:  (1) prior diagnosis of osteoporosis; (2) 

prolonged (>3 months) use of osteoporosis therapy, including bisphosphonates, denosumab, 

selective ostrogen receptor modulators, hormone replacement therapy in the past 2 years; (3) 

prior therapy with teriparatide or strontium ranelate; (4) other medical conditions which may 
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affect bone health, e.g. hyperthyroidism, hyperparathyroidism, Crohn’s disease, diabetes, 

Cushing Syndrome; (5) currently taking or have recently taken medications which may affect 

bone health, e.g. glucocorticoid agents, anti-epilepsy drugs, heparin. 

 

Verbal and written informed consent were obtained from each participant after they were 

provided with detailed information about the study. This study was approved by Melbourne 

Health Human Research Ethics Committee (ethics approval number MH 2014.143). 

 

DXA scanning and analysis protocol 

Standard clinical scans of the lumbar spine (L1 – L4) and the right hip were performed using 

a fan-beam densitometer (Horizon QDR 4500A, Hologic Inc., Bedford, MA, USA). In cases 

where participants had a right-sided hip replacement or fracture, the left hip was scanned. 

DXA scans were performed in array mode and were analysed using the manufacturer’s 

commercial software (v 9.10D). Variables of interest included areal bone mineral density 

(aBMD) of the lumbar spine (LS aBMD), the total hip (TH aBMD) and the femoral neck (FN 

aBMD). The 12-month precision of the scanner for the Hologic spine phantom was 0.39% for 

aBMD. 

 

pQCT scanning and analysis protocol 

Scans of the non-dominant radius and tibia were performed using an XCT 3000 pQCT 

scanner (Stratec Medizintechnik, Pforzheim, Germany) at both the 4% and 66% sites along 

the limb length. Length was measured from the ulna styloid process to the olecranon process 

at the forearm, and from the base of the medial malleolus to the superior margin of the medial 



137 
 

condyle at the tibia. In fracture patients whose non-dominant radius/tibia sustained a fracture, 

the dominant side was scanned. A scout scan was performed to identify the correct starting 

line, which was taken as the distal articular surface of the radius or tibia. A single slice at 

each site was acquired with an in-plane resolution of 0.4 x 0.4 mm and a slice thickness of 2 

mm. Scanning speed was 10 mm/s. The manufacturer’s commercial software (version XCT 

5.50E) was used to analyse pQCT images for standard pQCT variables. Variables of interest 

included total volumetric bone mineral density (Tot vBMD), trabecular volumetric bone 

mineral density (Trb vBMD) and trabecular cross-sectional area (Trb CSA) at the 4% site, 

and cortical volumetric bone mineral density (Crt vBMD), cortical thickness (Crt Thk) and 

polar stress-strain index (SSIp) at the 66% site. 

 

FE model properties 

Detailed methodology of the pQCT-FE models was described elsewhere (599). Briefly, all 

pQCT images were exported to MATLAB (version R2016b, Mathworks, Natick, MA, USA), 

where manual segmentation was performed. A mesh of 0.4 x 0.4 x 2 mm elements was 

generated from segmentation, and then re-sliced in the z-direction to produce a mesh of 0.4 x 

0.4 x 0.4 mm elements. The Young’s modulus was calculated using an established equation 

for the tibia (630) and the radius (611), and was assigned to each element. Each voxel mesh 

was then used to generate a FE model in Abaqus (version 6.11, Simulia, Dassault Systems, 

Providence, RI, USA).  

 

Four loading cases were considered for all FE Models (Figure 5.1): axial compression, shear, 

bending, and torsion. Axial compression was simulated by a 0.01 mm displacement of the 

superior surface towards the inferior surface (Figure 5.1, a). Shear was simulated by a 0.01 
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mm displacement of the superior surface in the direction of either the x- or y-axes (Figure 

5.1, b). Bending was simulated by a 0.0001 radian rotation of the inferior surface about either 

the x- or y-axes (i.e., cross-section neutral axes, Figure 5.1, c). Torsion was simulated by a 

0.0001 radian rotation of the inferior surface about the z-axis (Figure 5.1, d). The reaction 

forces and moments predicted from the simulations were divided by the respective applied 

displacement or rotation to derive the compressive, shear, bending and torsional stiffness 

(kcomp, kshear, kbend and ktorsion, respectively) of each cross-section. The bending and shear 

stiffness were each taken as the minimum value derived from the two neutral-axis directions.  

 

 

Figure 5.1 Loading cases of pQCT-FE. Figures show examples of 4% radius. a. Axial 

compression loading case. Grey arrows applied displacement of 0.01 mm in the negative z 

direction. b. Shear loading case. Grey arrows applied displacement of 0.01 mm in either 

positive x direction or positive y direction. c. Torsion loading case. Grey arrow applied 

rotation of 0.0001 radians about z-axis. d. Bending loading case. Grey arrow applied rotation 

of 0.0001 radians about either x- or y-axis.
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Other data collected 

An ethics-approved questionnaire was used to collect other information from participants. The 

information included date of birth, sex, height, weight, fracture details/history, comorbidities, 

related medical history, and risk factors for osteoporotic fracture according to the FRAX® 

algorithm (https://www.sheffield.ac.uk/FRAX).  

 

Statistical analysis 

Descriptive statistics were expressed as mean ± 1.0 standard deviation (SD). Difference between 

groups was assessed using a two-sample t-test for variables that were normally distributed, or the 

Kolmogorov-Smirnov test for variables that were not normally distributed. Multivariate linear 

regression models were established to compare means between groups while adjusting for age, 

height and weight. To identify multicollinearity between variables, multivariate linear regression 

models were established for each group of variables including DXA, pQCT radius/tibia, pQCT-

FE stiffness of 4/66% radius/tibia, from which variance inflation factors (VIFs) were derived for 

each variable. Age, height and weight were included in each model. Collinearity was assumed 

with a VIF > 5 (631).  

 

For all DXA variables, and pQCT and pQCT-FE variables that varied significantly between the 

control and fracture groups, a binary logistic regression was established to evaluate their 

relationship with fracture status. All logistic regression models were adjusted for confounding 

https://www.sheffield.ac.uk/FRAX
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factors including age, height and weight. Results of logistic regression models were expressed as 

odds ratio (OR) per SD decrease of the respective variable and its 95% confidence interval (95% 

CI). In the case of variables determined to be collinear according to the VIFs, only the variable 

with the highest average OR was included in the analysis. 

 

Specificity, sensitivity and area under the receiver operating characteristics (AUROC) curve 

were obtained from the logistic regression models to show the ability of each predictor to 

classify between fracture patients and controls. The significance of differences between the 

AUROCs of key DXA, pQCT and pQCT-FE variables (i.e. those with highest AUROC value in 

each group of DXA, standard pQCT amd pQCT-FE variables) was determined using the method 

by Delong et al (632), which is a non-parametric method based on U-statistics from which the 

test statistic follows a χ2 distribution. All statistical analyses were performed in SPSS (version 

25, SPSS Inc., Chicago, IL, USA). All significance levels were set as p < 0.05. 
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5.5 Results 

One hundred and eight fracture patients (77 females, 31 males) and 120 controls (85 females, 35 

males) were recruited into this study (Table 5.1). No significant difference was observed in age, 

height, weight, BMI, sex or radius/tibia length between the fracture patients and controls. Among 

fracture risk factors, no difference between groups was observed in alcohol consumption. The 

fracture group had a higher rate of smoking than the control group (p = 0.01). More fracture 

patients were found to have rheumatoid arthritis than controls (p = 0.03), and their parental hip 

fracture incidence was also greater (p = 0.01). For fracture patients, the average interval between 

fracture and the study visit (mean ± SD) was 56.6 ± 13.2 days. Most fractures sustained were 

non-vertebral. Colles’ fractures accounted for the major proportion of all fractures (60.7%), 

followed by lower leg (13.9%) and humerus (9.0%) fractures (Table 5.1). 

 

A difference between the fracture group and the control group was observed in TH aBMD but 

not in DXA aBMD variables at other sites; however, the difference was not significant after 

adjustment for age, height, weight and sex (Table 5.2). Several standard pQCT variables differed 

between groups before adjustment for age, height, weight and sex, but the only variables with 

significant difference between groups after adjustment were Trb vBMD at both the radius and 

the tibia (p = 0.01 and 0.02 for the radius and the tibia, respectively). No pQCT-FE variables 

differed between groups at the 4% radius site. At the 66% radius site, kcomp and kbend were lower 

in the fracture patients than in the controls after adjustment for age, height, weight and sex (p = 

0.04 and 0.03, respectively). At the 4% tibia site, all pQCT-FE variables differed between groups 

before adjustment for age, height, weight and sex; although the differences were   not statistically 

significant for kbend and ktorsion after adjustment for age, height, weight and sex. At the 66% tibia 
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site, all pQCT-FE stiffness variables except ktorsion differed between groups before and after 

adjustment for age, height weight and sex. Similar results in different DXA, pQCT and pQCT-

FE variables were observed between groups when females and males were analysed separately 

(Tables 5.3 and 5.4).  

 

Age, height and weight did not exhibit collinearity with each group of DXA, pQCT and pQCT-

FE variables in any of the regression models, with all corresponding VIF < 5 (Table 5.2). 

Collinearity, however, was identified with other predictors in each. Among DXA variables, the 

highest VIF was found with TH aBMD (VIF = 5.1). For standard pQCT variables, radius tot 

vBMD (VIF = 11.0) and tibia SSIp (VIF =16.0) had the highest collinearity with other standard 

pQCT variables. Strong collinearity with high VIF values was observed in all groups of pQCT-

FE properties indicating strong correlations among the stiffness estimates of the four loading 

cases at the same site, especially between kcomp and kshear (e.g. at 4% tibia, VIF = 641.8 and 

598.6, respectively). Similar trends were observed when females and males were analysed 

separately (Tables 5.3 and 5.4). 

 

The ability of each DXA, standard pQCT and pQCT-FE property to classify between fracture 

and control groups (i.e. OR, specificity, sensitivity and AUROC derived from the logistic 

regression models) in all participants, and females and males separately is shown in Table 5.5. In 

the pooled analysis, odds of fracture increased 1.53-fold per SD decrease in DXA TH aBMD 

[95% CI (1.01, 2.15)]. Odds of fracture increased more per SD decrease of tibia Trb vBMD and 

4% tibia kshear, which were 7.64 [95% CI (1.92, 26.51)] and 9.13 [95% CI (1.87, 31.36)], 
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respectively. The highest AUROC was observed with 4% tibia kshear, which was 0.79 [95% CI 

(0.74, 0.84)], compared with 0.69 [95% CI (0.62, 0.75)] for TH aBMD and 0.74 [95% CI (0.68, 

0.80)] for tibia Trb vBMD. Specificity and sensitivity were 66.7% and 78.7% for 4% tibia kshear, 

compared with 76.7% and 54.8% for TH aBMD, respectively. Pairwise comparisons (Figure 5.2; 

Table 5.6) of AUROC for the three key variables (DXA TH aBMD, tibia Trb vBMD and 4% 

tibia kshear) showed that the AUROC of kshear was higher than TH aBMD (p = 0.02). No 

difference in AUROC was observed between tibia Trb vBMD and TH aBMD, nor between 4% 

tibia kshear and tibia Trb vBMD. 

 

In females, odds of fracture increased 1.52-fold per SD decrease in DXA TH aBMD [95% CI 

(1.01, 2.16)]. Higher ORs were observed for standard pQCT and pQCT-FE properties, which 

were greatest for tibial Trb vBMD [OR = 8.15, 95% CI (1.78, 39.72)] and kshear at 4% tibia [OR 

= 10.34, 95% CI (1.91, 43.98)], respectively. Among all variables, the highest AUROC was 

found with kshear at 4% tibia, which was 0.83 [95% CI (0.77, 0.89)] compared with 0.72 [95% CI 

(0.64, 0.79)] for DXA TH aBMD and 0.76 [95% CI (0.68, 0.82)] for tibia Trb vBMD. Specificity 

and sensitivity for kshear at 4% tibia were 79.2% and 69.4%, compared with 72.4% and 52.7% for 

DXA TH aBMD, respectively. Pairwise comparisons (Figure 5.2; Table 5.6) of AUROC for the 

three primary variables (DXA TH aBMD, tibia Trb vBMD and 4% tibia kshear) showed that 

AUROC of kshear was higher than TH aBMD (p = 0.02). No difference in AUROC was observed 

between tibia Trb vBMD and TH aBMD (p = 0.4). There was a trend that AUROC of kshear was 

higher than that of tibia Trb vBMD with a p = 0.07. 
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For male participants, odds of fracture increased 1.55-fold per SD decrease in DXA TH aBMD 

[95% CI (1.02, 2.07)]. Higher ORs were observed for standard pQCT and pQCT-FE properties, 

which were greatest for tibia Trb vBMD [OR = 6.58, 95% CI (2.43, 10.70)] and kbend at 4% tibia 

[OR = 8.32, 95% CI (4.15, 33.84)], respectively.  Among all variables, the highest AUROC was 

found with kbend at 4% tibia, which was 0.81 [95% CI (0.70, 0.90)] compared with 0.62 [95% CI 

(0.49, 0.74)] for DXA TH aBMD and 0.71 [95% CI (0.59, 0.82)] for tibia Trb vBMD. Specificity 

and sensitivity for kbend at 4% tibia were 80.0% and 74.2%, compared with 65.7% and 64.5% for 

DXA TH aBMD, respectively. Pairwise comparisons (Figure 5.2; Table 5.6) found higher 

AUROC for 4% tibia kbend than for TH aBMD (p = 0.03). No difference in AUROC was 

observed either between standard pQCT and DXA variables or between pQCT-FE and standard 

pQCT variables.
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Table 5.1 Characteristics of study participants 

 Fracture (n = 108) Control (n = 120) p 

Age (years, mean ± SD) 68.3 ± 8.2 69.5 ± 8.1 0.27 

Height (cm, mean ± SD) 165.6 ± 8.3 166.2 ± 6.3 0.54 

Weight (kg, mean ± SD) 74.9 ± 13.7 72.2 ± 12.8 0.13 

BMI (kg/m2, mean ± SD) 27.4 ± 5.2 26.5 ± 4.4 0.16 

Sex (female, n, %) 77 (71.3%) 85 (70.8%) 0.94 

Radius length (mm, mean ± SD) 229.6 ± 25.2 232.0 ± 27.0 0.49 

Tibia length (mm, mean ± SD) 352.1 ± 19.9 355.4 ± 21.1 0.23 

Fracture risk factors (n, %)    

    Smoking 17 (15.7%) 7 (5.8%) 0.01 

    Alcohol 15 (13.9%) 11 (9.2%) 0.26 

    Rheumatoid arthritis 13 (12.0%) 5 (4.2%) 0.03 

    Parental hip fracture 17 (15.7%) 7 (5.8%) 0.01 

Interval between fracture and study 

visit (days, mean ± SD) 

56.6 ± 13.2   

Fracture site *    

    Radius/ulna  74   

    Hand 4   

    Humerus 11   

    Tibia/fibula 17   

    Ankle/foot 6   

    Femur 6   

    Pelvis 2   

    Rib 1   

    Spine 1   

* 13 patients (7 females and 6 males) had fracture of more than one site: 6 females with two 

fracture sites and 1 female with three fracture sites, 6 males with two fracture sites 
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Table 5.2 Comparison of different properties between the fracture and control groups in all 
participants. Variance inflation factors (VIFs) were calculated for the properties of each modality a. 
Values are expressed as mean ± 1.0 SD. 

 Fracture group 
(n=108) 

Control group 
(n=120) 

p padj
 b VIF 

DXA properties     
    LS aBMD (g/cm2) 1.00 ± 0.14 1.04 ± 0.18 0.06 0.17 2.6 
    TH aBMD (g/cm2) 0.90 ± 0.15 0.95 ± 0.17 0.02 0.13 5.1 
    FN aBMD (g/cm2) 0.75 ± 0.11 0.77 ± 0.13 0.21 0.27 5.0 
Standard pQCT radius properties     
    Tot vBMD (mg/cm3) 281.75 ± 61.17 282.46 ± 55.61 0.93 0.97 11.0 
    Trb vBMD (mg/cm3) 164.92 ± 46.08 182.03 ± 36.47 <0.01 0.01 7.3 
    Trb CSA (mm2) 178.45 ± 39.34 187.27 ± 31.69 0.06 0.11 3.5 
    Crt vBMD (mg/cm3) 1123.77 ± 57.94 1139.88 ± 49.45 0.02 0.07 5.7 
    Crt Thk (mm) 2.26 ± 0.35 2.39 ± 0.33 <0.01 0.09 3.9 
    SSIp (mm3) 256.87 ± 54.54 266.91 ± 51.24 0.15 0.21 10.8 
Standard pQCT tibia properties     
    Tot vBMD (mg/cm3) 264.56 ± 52.02 278.38 ± 52.52 0.05 0.22 12.7 
    Trb vBMD (mg/cm3) 205.63 ± 48.20 223.47 ± 44.13 <0.01 0.02 6.9 
    Trb CSA (mm2) 527.82 ± 77.57 541.31 ± 76.32 0.19 0.47 3.7 
    Crt vBMD (mg/cm3) 1120.72 ± 42.38 1129.94 ± 39.18 0.09 0.14 5.1 
    Crt Thk (mm) 4.01 ± 0.80 4.16 ± 0.68 0.13 0.29 3.9 
    SSIp (mm3) 2248.76 ± 394.44 2369.36 ± 397.11 0.02 0.17 16.0 
pQCT-FE properties (4% radius)     
    kcomp (kN/mm) 39.47 ± 22.23 45.46 ± 26.79 0.07 0.11 92.1 
    kshear (kN/mm) 9.92 ± 5.44 10.92 ± 6.06 0.19 0.28 107.5 
    kbend (Nm/deg) 20.99 ± 12.12 23.51 ± 14.26 0.15 0.33 18.7 
    ktorsion (Nm/deg) 16.87 ± 8.83 18.52 ± 10.97 0.22 0.29 25.1 
pQCT-FE properties (66% radius)     
    kcomp (kN/mm) 196.85 ± 58.97 221.41 ± 71.53 <0.01 0.04 374.2 
    kshear (kN/mm) 56.61 ± 17.72 64.10 ± 17.87 <0.01 0.07 354.7 
    kbend (Nm/deg) 36.62 ± 10.58 48.75 ± 22.17 <0.01 0.03 6.9 
    ktorsion (Nm/deg) 28.98 ± 11.78 32.41 ± 12.42 0.03 0.06 8.5 
pQCT-FE properties (4% tibia)     
    kcomp (kN/mm) 1017.10 ± 285.44 1224.70 ± 345.70 <0.01 <0.01 641.8 
    kshear (kN/mm) 275.12 ± 88.98 356.84 ± 106.06 <0.01 0.01 598.6 
    kbend (Nm/deg) 1866.48 ± 713.26 2163.96 ± 677.60 <0.01 0.06 11.7 
    ktorsion (Nm/deg) 1251.59 ± 398.72 1525.70 ± 481.82 <0.01 0.05 14.9 
pQCT-FE properties (66% tibia)     
    kcomp (kN/mm) 3402.49 ± 652.90 3681.22 ± 648.68 <0.01 0.03 971.5 
    kshear (kN/mm) 1015.76 ± 193.17 1113.30 ± 197.80 <0.01 0.04 827.1 
    kbend (Nm/deg) 2524.93 ± 1043.97 2768.08 ± 1143.02 0.02 0.04 5.2 
    ktorsion (Nm/deg) 2461.42 ± 572.77 2578.14 ± 563.71 0.12 0.19 5.3 

p values with statistical significance are highlighted in bold. 
a Age, height and weight were also included in each regression model and all VIFs for them were lower 
than 5. 
b p values for comparison between groups after adjusted for age, height and weight 
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Table 5.3 Comparison of different properties between the fracture and control groups in females. 
Variance inflation factors (VIFs) were calculated for the properties of each modality a. Values are 
expressed as mean ± 1.0 SD. 

 Fracture group 
(n=77) 

Control group 
(n=85) 

p padj
 b VIF 

DXA properties     
    LS aBMD (g/cm2) 0.97 ± 0.16 1.01 ± 0.19 0.15 0.12 2.3 
    TH aBMD (g/cm2) 0.87 ± 0.17 0.91 ± 0.19 0.16 0.06 5.2 
    FN aBMD (g/cm2) 0.73 ± 0.11 0.74 ± 0.14 0.62 0.58 5.5 
Standard pQCT radius properties     
    Tot vBMD (mg/cm3) 269.01 ± 59.53 274.01 ± 59.83 0.60 0.59 11.1 
    Trb vBMD (mg/cm3) 157.85 ± 40.04 171.82 ± 37.64 0.02 0.04 7.0 
    Trb CSA (mm2) 165.95 ± 39.31 171.72 ± 32.85 0.31 0.26 3.3 
    Crt vBMD (mg/cm3) 1121.14 ± 57.52 1133.49 ± 50.99 0.15 0.15 5.7 
    Crt Thk (mm) 2.13 ± 0.31 2.21 ± 0.29 0.09 0.11 3.2 
    SSIp (mm3) 218.95 ± 46.64 232.98 ± 50.19 0.07 0.12 10.6 
Standard pQCT tibia properties     
    Tot vBMD (mg/cm3) 249.12 ± 47.21 260.85 ± 52.32 0.14 0.22 12.4 
    Trb vBMD (mg/cm3) 201.65 ± 50.78 217.02 ± 46.55 0.05 0.02 5.6 
    Trb CSA (mm2) 510.87 ± 77.45 521.65 ± 80.10 0.39 0.42 3.2 
    Crt vBMD (mg/cm3) 1116.81 ± 44.88 1125.25 ± 42.18 0.22 0.15 5.0 
    Crt Thk (mm) 3.85 ± 0.87 3.99± 0.74 0.27 0.30 2.7 
    SSIp (mm3) 1988.09 ± 344.34 2082.12 ± 370.32 0.10 0.10 12.7 
pQCT-FE properties (4% radius)     
    kcomp (kN/mm) 35.59 ± 23.24 41.15 ± 27.89 0.17 0.31 87.6 
    kshear (kN/mm) 8.85 ± 5.63 9.66 ± 6.42 0.40 0.41 103.4 
    kbend (Nm/deg) 19.37 ± 11.70 20.67 ± 13.58 0.52 0.52 18.9 
    ktorsion (Nm/deg) 15.05 ± 8.71 16.26 ± 10.26 0.42 0.51 28.7 
pQCT-FE properties (66% radius)     
    kcomp (kN/mm) 183.92 ± 62.08 210.14 ± 55.70 <0.01 <0.01 391.2 
    kshear (kN/mm) 51.16 ± 18.82 58.45 ± 16.85 0.01 0.03 369.0 
    kbend (Nm/deg) 30.45 ± 10.69 43.10 ± 22.40 <0.01 <0.01 5.1 
    ktorsion (Nm/deg) 25.68 ± 12.29 28.73 ± 9.14 0.07 0.11 8.3 
pQCT-FE properties (4% tibia)     
    kcomp (kN/mm) 959.53 ± 303.77 1174.33 ± 354.41 <0.01 <0.01 660.5 
    kshear (kN/mm) 262.94 ± 86.22 324.58 ± 100.55 <0.01 0.02 632.3 
    kbend (Nm/deg) 1797.17 ± 722.72 2025.54 ± 687.87 0.04 0.09 12.3 
    ktorsion (Nm/deg) 1123.50 ± 369.69 1382.32 ± 482.97 <0.01 0.02 15.8 
pQCT-FE properties (66% tibia)     
    kcomp (kN/mm) 3322.82 ± 704.61 3635.64 ± 662.08 <0.01 0.03 1055.2 
    kshear (kN/mm) 955.52 ± 209.22 1045.87 ± 194.13 <0.01 <0.01 1029.8 
    kbend (Nm/deg) 2401.94 ± 922.49 2798.71 ± 919.13 0.01 0.04 5.4 
    ktorsion (Nm/deg) 2369.67 ± 567.23 2465.15 ± 553.91 0.28 0.32 5.5 

p values with statistical significance are highlighted in bold. 
a Age, height and weight were also included in each regression model and all VIFs for them were lower 
than 5. 
b p values for comparison between groups after adjusted for age, height and weight. 
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Table 5.4 Comparison of different properties between the fracture and control groups in males. 
Variance inflation factors (VIFs) were calculated for the properties of each modality a. Values are 
expressed as mean ± 1.0 SD. 

 Fracture group 
(n=31) 

Control group 
(n=35) 

p padj
 b VIF 

DXA properties     
    LS aBMD (g/cm2) 1.07 ± 0.09 1.12 ± 0.14 0.09 0.17 5.9 
    TH aBMD (g/cm2) 0.97 ± 0.09 1.03 ± 0.12 0.03 0.047 3.7 
    FN aBMD (g/cm2) 0.79 ± 0.10 0.83 ± 0.11 0.13 0.23 2.9 
Standard pQCT radius properties     
    Tot vBMD (mg/cm3) 313.41 ± 65.15 302.97 ± 45.52 0.45 0.39 10.5 
    Trb vBMD (mg/cm3) 182.49 ± 58.66 206.84 ± 34.54 0.04 0.046 8.1 
    Trb CSA (mm2) 209.49 ± 39.43 225.03 ± 29.64 0.07 0.12 5.2 
    Crt vBMD (mg/cm3) 1130.29 ± 59.00 1155.41 ± 46.99 0.06 0.08 6.2 
    Crt Thk (mm) 2.57 ± 0.44 2.81 ± 0.43 0.03 0.09 8.1 
    SSIp (mm3) 351.06 ± 70.72 349.31 ± 55.18 0.91 0.98 11.7 
Standard pQCT tibia properties     
    Tot vBMD (mg/cm3) 302.92 ± 62.57 320.94 ± 54.51 0.22 0.31 16.5 
    Trb vBMD (mg/cm3) 215.51 ± 40.94  239.12 ± 39.00 0.02 0.04 12.3 
    Trb CSA (mm2) 569.91 ± 77.88 589.04 ± 68.60 0.29 0.31 6.9 
    Crt vBMD (mg/cm3) 1130.44 ± 35.25 1141.34 ± 31.97 0.19 0.22 5.2 
    Crt Thk (mm) 4.40 ± 0.57 4.58 ± 0.51 0.18 0.19 7.7 
    SSIp (mm3) 2896.22 ± 499.36 3066.93 ± 466.64 0.16 0.25 15.9 
pQCT-FE properties (4% radius)     
    kcomp (kN/mm) 49.09 ± 19.45 55.91 ± 24.74 0.22 0.20 109.5 
    kshear (kN/mm) 12.59 ± 4.92 13.98 ± 5.29 0.28 0.21 115.7 
    kbend (Nm/deg) 25.02 ± 13.13 30.39 ± 16.19 0.15 0.27 16.9 
    ktorsion (Nm/deg) 21.39 ± 9.13 24.02 ± 12.84 0.35 0.19 19.0 
pQCT-FE properties (66% radius)     
    kcomp (kN/mm) 228.96 ± 50.25  248.78 ± 101.95 0.16 0.14 288.3 
    kshear (kN/mm) 70.16 ± 14.55  77.82 ± 20.64 0.09 0.12 302.7 
    kbend (Nm/deg) 51.94 ± 10.30  62.47 ± 22.26 0.02 <0.01 10.2 
    ktorsion (Nm/deg) 37.19 ± 10.38  41.33 ± 18.38 0.27 0.20 9.7 
pQCT-FE properties (4% tibia)     
    kcomp (kN/mm) 1160.10 ± 232.63 1347.02 ± 333.88 0.01 0.04 512.7 
    kshear (kN/mm) 305.37 ± 95.62 435.20 ± 121.34 <0.01 0.045 488.6 
    kbend (Nm/deg) 2038.64 ± 688.71 2500.11 ± 671.93 0.01 0.02 9.6 
    ktorsion (Nm/deg) 1569.73 ± 434.2 1873.90 ± 493.01 0.01 0.06 12.7 
pQCT-FE properties (66% tibia)     
    kcomp (kN/mm) 3600.37 ± 498.44 3791.91 ± 634.15 0.18 0.15 751.4 
    kshear (kN/mm) 1165.39 ± 144.75 1277.05 ± 212.09 0.02 0.06 683.5 
    kbend (Nm/deg) 2631.71 ± 811.73 3106.54 ± 969.12 0.04 0.045 6.7 
    ktorsion (Nm/deg) 2689.32 ± 586.57 2852.53 ± 602.94 0.27 0.21 4.2 

p values with statistical significance are highlighted in bold. 
a Age, height and weight were also included in each regression model and all VIFs for them were lower 
than 5. 
b p values for comparison between groups after adjusted for age, height and weight. 
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Table 5.5 Odds ratio, specificity, sensitivity and area under receiver operating curve 
(AUROC) of receiver operative curve derived for key variables 

 OR (95% CI) Specificity 
(%) 

Sensitivity 
(%) 

AUROC (95% 
CI) 

 All participants 
LS aBMD 1.26 (1.04, 1.66) 74.1 61.4 0.64 (0.56, 0.74) 
TH aBMD 1.53 (1.01, 2.15) 76.7 54.8 0.69 (0.62, 0.75) 
FN aBMD 1.19 (0.91, 1.60) 75.0 57.0 0.61 (0.54, 0.69) 
Radius Trb 
vBMD 

3.01 (0.92, 4.57) 70.2 61.4 0.70 (0.60, 0.79) 

Tibia Trb vBMD 7.64 (1.92, 26.51) 76.7 62.0 0.74 (0.68, 0.80) 
kbend (66% 
radius) 

5.84 (0.99, 7.23) 69.7 63.2 0.73 (0.64, 0.80) 

kshear (4% tibia) 9.13 (1.87, 31.36) 66.7 78.7 0.79 (0.74, 0.84) 
kbend (66% tibia) 5.23 (1.85, 15.37) 74.1 65.8 0.78 (0.70, 0.86) 

 Females 
LS aBMD  1.23 (1.04, 1.59) 71.0 62.5 0.65 (0.58, 0.74) 
TH aBMD 1.52 (1.01, 2.16) 72.4 52.7 0.72 (0.64, 0.79) 
FN aBMD 1.15 (0.80, 1.66) 74.5 52.1 0.62 (0.55, 0.70) 
Radius Trb 
vBMD 

3.28 (0.89, 4.85) 67.4 62.2 0.70 (0.60, 0.78) 

Tibia Trb vBMD 8.15 (1.78, 39.72) 65.9 75.3 0.76 (0.68, 0.82) 
kbend (66% radius) 5.95 (0.96, 9.39) 71.2 62.2 0.71 (0.64, 0.77) 
kshear (4% tibia) 10.34 (1.91, 43.98) 79.2 69.4 0.83 (0.77, 0.89) 
kbend (66% tibia) 6.04 (1.71, 18.51) 74.5 62.2 0.78 (0.70, 0.86) 

 Males 
LS aBMD  1.49 (1.06, 1.89) 65.7 67.7 0.61 (0.52, 0.71) 
TH aBMD 1.55 (1.02, 2.07) 65.7 64.5 0.62 (0.49, 0.74) 
FN aBMD 1.21 (0.99, 1.52) 67.7 64.5 0.57 (0.50, 0.66) 
Radius Trb 
vBMD  

2.16 (1.02, 3.22) 74.3 77.4 0.73 (0.60, 0.83) 

Tibia Trb vBMD 6.58 (2.43, 10.70) 74.3 64.5 0.71 (0.59, 0.82) 
kbend (66% 
radius) 

3.27 (2.71, 3.82) 74.2 67.7 0.78 (0.65, 0.89) 

kbend (4% tibia) 8.32 (4.15, 33.84) 80.0 74.2 0.81 (0.70, 0.90) 
kbend (66% tibia) 4.64 (2.37, 7.09) 65.7 67.7 0.80 (0.72, 0.88) 
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Figure 5.2 Comparisons of AUROC of primary variables in all participants, females and males.  
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Table 5.6 Pairwise comparison of AUROC of primary variables in females and males 

 

 

 

  

 Mean difference 95% CI p 

 All participants 

Tibia Trb vBMD – TH aBMD 0.05 (-0.03, 0.13) 0.21 

kshear 4% tibia – TH aBMD 0.11 (0.02, 0.20) 0.02 

kshear 4% tibia – Tibia Trb vBMD 0.05 (-0.03, 0.14) 0.19 

 Females 

Tibia Trb vBMD – TH aBMD 0.03 (-0.05, 0.12) 0.42 

kshear 4% tibia – TH aBMD 0.11 (0.02, 0.21) 0.02 

kshear 4% tibia – Tibia Trb vBMD 0.08 (-0.01, 0.17) 0.07 

 Male 

Tibia Trb vBMD – TH aBMD 0.09 (-0.09, 0.27) 0.32 

kbend 4% tibia – TH aBMD 0.19 (0.02, 0.36) 0.03 

kbend 4% tibia – Tibia Trb vBMD 0.10 (-0.06, 0.26) 0.21 
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5.6 Discussion 

This study evaluated whether pQCT-derived FE modeling provided improved discrimination 

between non-vertebral, low-trauma fracture patients with predominantly peripheral fractures 

and age-matched controls. Peripheral QCT scans of the radius and the tibia were performed 

on patients with recent non-vertebral, low-trauma fracture and age-matched healthy controls. 

The fracture group consisted primarily of ambulatory care patients with limb fractures; 

therefore, as expected, they were relatively young compared with patients presenting with 

spine and hip fractures. Thus, our pQCT findings are likely to reflect bone fragility at the 

relevant peripheral sites in this age group. Peripheral QCT can differentiate the cortical and 

trabecular compartments of bone, which is advantageous as the two types of bone change 

differently in response to ageing, bone diseases and treatment (633). In this study, pQCT-FE 

variables were found to have enhanced diagnostic performance compared with DXA and 

statistically comparable diagnostic performance with standard pQCT variables. By 

incorporating the BMDs across these different compartments in FE models, we hypothesized 

that predictions of bone stiffness may be used to better discriminate between fracture patients 

and healthy controls compared to DXA.  

 

QCT-based FE modelling has been used in clinical studies to assess bone strength of the 

proximal femur and spine due to its strong predictive ability for fracture failure load (383, 

385).  In the last decade, a dedicated peripheral CT scanner with higher image resolution and 

voxel size emerged in clinical research. High-resolution pQCT (HR-pQCT) of the latest 

generation can achieve voxel sizes of 61 µm which enables depiction of the microstructure of 

the radius and the tibia. While micro FE (µFE) generated from HR-pQCT images has good 

ability to discriminate between fracture patients and controls (412), and is associated with 
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fracture occurrence during follow-up (424), there are several drawbacks with this technique 

when used in clinical settings. It is time-consuming to scan, set up and analyse an FE model 

for individual patients from HR-pQCT images (3 to 10 hours;604); hence, it is not efficient 

for fracture risk screening or diagnosing osteoporosis in a clinical setting. The amount of time 

required to setup QCT-based FE analysis is similarly problematic. Whilst HR-pQCT scanners 

expose patients to slightly greater radiation than for pQCT (634), the difference is negligible 

considering the minimal radiation dose associated with either scanning system. HR-pQCT 

provides considerably more bone structural information than pQCT. However, HR-pQCT 

scanners present increased procurement and maintenance costs compared to pQCT, which 

might restrict their widespread clinical use. Hence, we thought it worthwhile to evaluate the 

possible role of pQCT in enhancing the recognition of bone fragility in clinical settings. In 

our experience, pQCT-FE from single cross-sections solves each of these issues. Better 

diagnostic ability than DXA was achieved with simpler set up, thus shorter time to scan 

patients and to set up individual pQCT-FE models, with lower radiation exposure and cost. 

As a dedicated tool for the measurement of clinically-relevant sites with several practical 

advantages, pQCT-FE may play a complementary role in future clinical studies assessing 

bone health. 

 

Significant differences between groups were observed in pQCT-FE properties, especially at 

the 4% tibia site, and in some standard pQCT properties. While trabecular or cortical vBMD 

differed statistically between fracture patients and healthy controls, no difference was 

identified in SSIp, the bone strength index reported to be a good measure of bone strength and 

a good predictor for fracture (348). Fracture odds increased by 10.34 [95% CI (1.91, 43.98)] 

and 10.17 [95% CI (1.60, 42.21)] fold per SD decrease in pQCT-FE properties, and were 

only 1.52 [95% CI (1.01, 2.16)] and 1.74 [95% CI (1.02, 2.37)] with DXA aBMD measures 
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in females and males, respectively. pQCT-FE properties also had higher diagnostic ability 

than DXA with AUROC of 0.83 vs 0.72 (p = 0.02) in females, and that of 0.81 vs 0.62 in 

males. This strength was also with improvement in specificity (79.2% vs 72.4% in females, 

80.0% vs 65.6% in males) and sensitivity (69.4% vs 52.7% in females, 74.2% vs 64.5% in 

males). The pQCT-FE variables with highest AUROC were observed at the 4% tibia site, 

although the specific loading variable differed between females (kshear) and males (kbend). 

However, since pQCT-FE variables at the same site had high VIFs thus correlated strongly 

with each other, the difference was not considered to imply different mechanical performance 

between females and males. Overall, pQCT-FE models improved clinical performance in the 

identification of patients with increased fracture risk compared with DXA.  

 

The best fracture discrimination was observed for pQCT-FE variables at the trabecular-rich 

site in the tibia. It should be noted that while pQCT-FE variables are computed from both 

trabecular and cortical bone, their relative contributions will depend on the site; hence, the 

pQCT-FE variables at the distal site will be more influenced by trabecular bone than at the 

proximal site. Since the pQCT-FE variables provided the greatest fracture discrimination at 

the distal tibia, the trabecular bone should be considered of greater importance for 

classification of peripheral appendicular fractures. 

 

Among the standard pQCT and pQCT-FE variables, better performance was generally 

observed for variables obtained at the tibia compared to the radius. At the 4% tibia site, all 

pQCT-FE properties differed significantly between groups with the highest OR for fracture 

and highest AUROC to classify fracture patients from healthy controls. This finding contrasts 

with peripheral clinical fracture locations, where more fractures occur at the distal radius 
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compared to the distal tibia. Many studies utilizing DXA have confirmed that scans of one 

specific site predict fracture of that site better than scans of other sites do. The finding from 

the current study is unexpected considering most fractures were forearm fractures. However, 

we do note similar findings by Sornay-Rendu et al (627) utilizing HR-pQCT between patients 

with mixed fractures and controls. In their study, none of the radius variables differed 

between groups after adjustment for radius aBMD, while several tibia variables remained 

statistically significant including both total and trabecular density at the distal tibia, cortical 

thickness and trabecular thickness. Furthermore, OR per SD decrease were also higher for 

tibia variables than for radius variables in this study.  This may be due to variations in radius 

morphology and bone density across the population (635), which makes this site less 

sensitive to identify a fracture risk threshold. Indeed, we noticed higher coefficients of 

variance in radius variables than in the tibia from previous studies conducted at different 

centres using pQCT (636 -638) or HR-pQCT (639 -641), especially variables at distal site. 

Another possibility is that movement of the radius due to breathing and upper body 

movement may have affected imaging at this site to a greater degree than the distal tibia. The 

controls may have represented a more physically-active cohort compared to the fracture 

patients, which may have contributed to greater bone density, particularly at the tibia, and a 

better preservation of balance thus reducing their risk of falls and fracture (642). In addition, 

it may also result from the mixed fracture types in the studied population. However, even in 

patients with distal radius fracture only, pQCT-measured tibia variables still seem to have 

comparable ability to discriminate between fractures and controls (352). 

 

A key limitation in the FE models was that the loading and boundary conditions in the 

simulations were artificial compared to daily loading of the radius and the tibia in vivo, where 

a loading combination of all cases occurs simultaneously (643). The logic for adopting these 
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loading cases in the pQCT-FE models is that a bone’s strength is proportional to its weakest 

resistance for an idealised loading condition. Indeed, this assumption has been adopted 

extensively in HR-pQCT-based μFE models where idealised axial compression was used to 

assess fracture risk (644). Nevertheless, these idealized loading conditions when combined 

with the thin cross-sectional geometry of the FE models would have led to bone stiffness 

predictions that differed from those encountered in vivo. Hence, the bone stiffnesses 

predicted in the current study are only proportional to whole-bone fracture load applicable for 

comparing relative differences between cohorts of patients rather than assessing the absolute 

stiffness of bone for an individual.  

 

pQCT has an inferior spatial resolution compared to HR-pQCT, thus provides limited 

information about bone micro-structure. This limitation of pQCT might restrict its wide 

research utility where knowledge of microstructure is required. However, comparable 

AUROC was reported in studies investigating the diagnostic ability of HR-pQCT and µFE in 

distinguishing controls from either patients with radius fracture (645) or with mixed low-

trauma fractures (646). The degree to which HR-pQCT and µFE can improve the diagnostic 

performance directly compared with pQCT-FE in identifying fracture patients is still 

uncertain. Future studies are needed to confirm whether comparable diagnostic ability can be 

achieved using the relatively low-resolution pQCT scanner considering its lower procurement 

and maintenance costs. 

 

Due to lack of thoracolumbar X-ray/vertebral fracture assessment, there is still a possibility 

that a sub-group of controls had asymptomatic vertebral fracture. We acknowledge that this is 

a limitation of the study, and might reduce rather than exaggerate the apparent differences in 
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FEM measures between fracture and non-fracture individuals. It is estimated that nearly 70% 

of vertebral fractures are missed in community in clinical practice (647). While improving 

diagnosis rate of asymptomatic vertebral fracture remains difficult, we do notice that 

osteoporotic vertebral fracture is more prevalent for ages greater than those seen in the 

current study (648). In addition, recruiting strategies were applied to eliminate the impact of 

vertebral fracture as much as possible. Subjects were screened for symptoms such as chronic 

back pain or loss of height on a self-reported questionnaire. As a proportion of vertebral 

fractures result from prolonged use of glucocorticoid agents, “currently taking or have 

recently taken glucocorticoid agents” was one of the general exclusion criteria for both 

groups. 

 

DXA measurements of the forearm were not available in this study. DXA measurement of 

the 1/3 radius predicts wrist fracture better than central DXA measurements, therefore, the 

subsequent inability to relate pQCT and pQCT-FE to DXA values at similar anatomic site is 

another limitation of this study, especially for the reported population in whom a majority 

had forearm fractures. However, the ability of both distal radius and central DXA to predict 

all types of fragility fracture is comparable (649). The study by Amiri et al (650) reported 

good linear correlation between radius and central DXA results, which suggests that the 

trends in the central DXA results would remain similar if radius DXA measurements were 

used. The aim of the current study was to compare the pQCT-FE method with the most-

accepted DXA measurements used for osteoporosis and fracture risk assessment in clinical 

practice, which both the WHO and ISCD recommend as central DXA. However, inclusion of 

radius DXA measurements and their comparisons to pQCT and pQCT-FE measures would 

provide additional information on the application of this novel yet simple technology and 

would be of added research interest. 



158 
 

 

In summary, pQCT-based FE models were applied together with standard pQCT and DXA 

properties to distinguish patients with recent non-vertebral fragility fracture from healthy 

controls. Improved diagnostic ability was observed for pQCT-FE, but not primary pQCT 

variables, compared with DXA properties in both females and males, although no statistical 

difference was observed in AUROC between primary pQCT and pQCT-FE variables. These 

results may provide an enhanced assessment for bone fragility in clinical settings considering 

the limitations of DXA, which is the most established modality currently. This study also 

strongly supports the rationale for future longitudinal studies with follow-up data for fracture 

risk assessment using pQCT-FE analysis. Recognizing and quantifying bone fragility before a 

major osteoporotic fracture occurs may bring considerable clinical benefits. Therefore, the 

potential clinical impact of applying this technology warrants exploration. 
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5.8 Additional discussion 

This section is not published along with Sections 5.1 – 5.7 but aims to discuss two additional 

points. 

 

The FRAX® is a tool calculating an individual’s absolute fracture risk based on clinical risk 

factors as well as DXA FN aBMD (651). Country-specific algorithms have been developed 

from epidemiological studies in Europe, North America, Asia and Australia (652). While 

providing improved fracture prediction over DXA T-scores alone, FRAX® does not take bone 

geometry, micro-structure, organic composition into account and DXA is still the only 

imaging modality considered in the models. In addition, performance of FRAX® has been 

reported to vary in different populations (653 – 656) and application of FRAX® to be barely 

satisfactory in premenopausal women (657, 658). In addition, FRAX® has also been criticised 

for lack of validation data for men (659). While this study did not manage to compare the 

pQCT-FEA modelling with FRAX®, such a project in the future would provide more 

information on the potential clinical use of the FE method.  

 

Among pQCT and pQCT-FEA variables, the strongest discriminative values between fracture 

and controls groups were generally found at the 4% tibia. While possible explanation has 

been discussed in Section 5.6, it is aimed to extend one of the potential reasons here. The 

control group may represent a more physically active population in this study. Therefore, 

weight bearing activity may contribute to the significant findings at the 4% tibia. In a 

randomized controlled study, Evans et al reported increased Trb vBMD at the 4% tibia in 

young people following an aerobic training group (660) while no changes in Crt vBMD at 

both the 38% and 66% tibia. However, following sub-regional analysis of the mid-shaft 
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revealed increases in Crt vBMD at the medial side but not the lateral side, which led to the 

insignificant findings in apparent Crt vBMD. In another study by Rantalainen et al, the 

investigators found slightly lower Crt vBMD at the mid-shaft of tibia in young people doing 

impact exercise compared with controls (661). However, sub-regional analysis of the mid-

shaft suggest Crt vBMD at this site was not modulated by exercise. In postmenopausal 

women, a meta-analysis by Polidoulis et al showed that lower extremity exercise improved 

both Trb vBMD at the distal tibia and Crt vBMD at the mid-shaft (662). Unfortunately, 

detailed information on physical activity and weight-bearing exercise was not available in the 

current study. The discriminative findings in Trb vBMD at the 4% tibia were consistent with 

the Evans study although whether there was sub-regional difference in Crt vBMD was 

unclear. The Rantalainen study recruited young adults with years of training, which may be 

one reason for the significant findings in mid-shaft tibia Crt vBMD. This was also supported 

in the Polidoulis meta-analysis that longer duration of exercise led to more significant 

changes in Crt vBMD at the tibial shaft. 

  



162 
 

 

 

 

 

 

Chapter 6 

 

Loss of bone density and bone strength following 

premenopausal bilateral oophorectomy: Results from a 

prospective controlled study (WHAM Study) 

  



163 
 

6.1 Loss of bone density and bone strength following premenopausal bilateral 

oophorectomy: Results from a prospective controlled study (WHAM Study) 
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6.2 Abstract 

PURPOSE This prospective study investigated bone health in women following 

premenopausal oophorectomy.  

METHODS Dual energy x-ray absorptiometry (DXA), peripheral quantitative computed 

tomography (pQCT) and pQCT-based finite element analysis (pQCT-FEA) were used to 

assess bone health between systemic hormone therapy (HT) users and non-users after 

premenopausal risk-reducing bilateral salpingo-oophorectomy (RRBSO) compared to 

premenopausal controls over 24 months follow up.  

RESULTS Mean age at RRBSO was 42.4±2.6 years (n=30) and 40.2 ± 6.3 years in controls 

(n=42) and baseline bone measures were similar between groups. At 24 months after 

RRBSO, areal bone mineral density (aBMD) at the lumbar spine, tibial volumetric cortical 

density (Crt vBMD) and tibial bending stiffness (kbend) had decreased by 4.7%, 1.0% and 

12.1% respectively (all p < 0.01).  Tibial Crt vBMD and kbend were significantly lower after 

RRBSO than in controls at 24 months (p < 0.01 and = 0.04, respectively). In non-HT users, 

significant losses in lumbar spine (5.8%), total hip (5.2%) and femoral neck (6.0%) aBMD, 

tibial Crt vBMD (2.3%) and kbend (14.8%) were observed at 24 months (all p < 0.01). HT 

prevented losses in kbend, tibial Crt vBMD and aBMD, except for modest 2.3 % loss at the 

lumbar spine (p = 0.01).  

CONCLUSION This is the first prospective, controlled study of bone health following 

RRBSO or premenopausal oophorectomy for any indication. It demonstrates substantial loss 

of bone density and bone strength, with bone loss not fully prevented by systemic HT. These 

findings may inform decision-making about RRBSO and clinical management following 

premenopausal oophorectomy. 
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6.3 Introduction 

Approximately one in 400 women in the general population carries a gene mutation that 

confers an elevated risk of ovarian cancer (663). With the growing availability of gene testing 

more women are aware of their high-risk status. For BRCA mutation carriers, the only 

intervention shown to reduce risk of death from ovarian cancer is risk-reducing bilateral 

salpingo-oophorectomy (RRBSO) (468, 469). Recommended timing of RRBSO depends on 

gene mutation status, and personal and family cancer history, but is generally before age 45 

years and this will induce surgical menopause. Although RRBSO is potentially-lifesaving, 

concerns about the consequences of surgical menopause mean that uptake continues to be 

suboptimal (664).  

 

Premature loss of estrogen following premenopausal oophorectomy may increase the risk of 

osteoporosis and fracture, but prospective data are lacking. Also, whether systemic hormone 

therapy (HT) preserves bone density and bone strength is uncertain. Whilst two recent 

systematic reviews reported no significant differences in bone loss following premenopausal 

oophorectomy compared to natural menopause (472, 511), prospective data are very limited. 

Understanding the impact of premenopausal oophorectomy on bone health is of clinical 

importance to inform prevention and management of the growing population of women 

undergoing RRBSO or premenopausal oophorectomy for other clinical indications (501).  

 

Published evidence addressing changes in bone density, osteoporosis and fracture risk 

following RRBSO is based on retrospective and cross-sectional data. These findings suggest 

that bone mineral density (aBMD) at the lumbar spine is reduced by up to 8% and at the hip 

by up to 5.7% within two years post-surgery (508, 509). Moreover, the prevalence of 
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osteopenia and osteoporosis is increased following premenopausal oophorectomy compared 

to natural menopause and the general population of similar age (504, 506, 507). A systematic 

review (510) reported comparable aBMD and fracture prevalence following RRBSO 

compared to the general population but was limited to retrospective studies with increased 

risk of bias. This has limited the development and implementation of clinical practice 

guidelines following RRBSO with potential negative consequences of this growing patient 

group (509). Prospective controlled studies are needed to inform the consequences of 

RRBSO for bone health and to preserve bone health in this population.  

 

Bone loss with consequent fractures is associated with high morbidity, mortality and societal 

burden (665). Published data suggest that bone health is often overlooked following RRBSO. 

A retrospective study reported that less than 50% of women had bone mineral density (BMD) 

measured after RRBSO and up to 70% of those tested had osteopenia or osteoporosis by 

WHO criteria (503). Estimates of fracture risk based on measurements of BMD are used 

commonly in clinical settings (666). Dual energy x-ray absorptiometry (DXA) is currently 

the most established modality to measure BMD. However, the ability of DXA to predict 

increased fracture risk is limited (667). More than 50% of women with low trauma fractures 

do not meet WHO criteria for osteoporosis (284). Peripheral quantitative computed 

tomography (pQCT) measures volumetric bone mineral density (vBMD) independently of 

bone size and includes specific measures of cortical and trabecular density. It also provides 

bone geometric parameters allowing estimation of bone strength. Moreover, imaging data 

from pQCT cross-sections can be used to establish finite element analysis (FEA) models 

which predict bone mechanical failure well (668) and help discriminate fracture patients from 

non-fracture controls (599, 669). Therefore, pQCT and pQCT-FEA may improve the 
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estimation of bone strength compared with DXA to enhance fracture prediction in at-risk 

populations.  

 

What Happens After Menopause (WHAM) is a multicenter, prospective study of RRBSO 

compared to age-matched control women addressing multiple health outcomes, including 

sexual function, menopausal symptoms, quality of life, mood, sleep quality, cardiovascular 

disease, metabolic and bone health (670). This is the first prospective controlled study of 

BMD and bone strength after premenopausal oophorectomy and the first to describe the 

impact of systemic HT on bone health in this population. The aim of the project is to 

prospectively compare BMD measures and bone strength indices at baseline through to 24-

months’ follow-up between premenopausal women undergoing RRBSO and age-matched 

premenopausal controls who retain their ovaries. We also measure the impact of systemic HT 

on BMD and bone strength by DXA, pQCT and pQCT-based FEA. We hypothesized that 

RRBSO would lead to a significant reduction in BMD and bone strength, but that systemic 

HT would maintain bone health at 24 months.   
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6.4 Methods 

Study design 

Premenopausal women at high inherited risk of ovarian cancer due to mutations in the 

BRCA1/2 gene or family history, planning RRBSO (RRBSO group) and premenopausal 

aged-matched controls (control group) planning to retain their ovaries over 24 months were 

recruited for this study. Detailed study design has been described elsewhere (670). Multiple 

bone variables were measured using DXA at baseline (within 3 months after RRBSO), and at 

12- and 24-months post RRBSO with additional pQCT at selected study sites at baseline and 

24 months. Demographic information, fracture risk factors, vitamin supplements and oral 

contraceptive use were collected prior to the surgery for the RRBSO group or following 

eligibility screening for the control group. Following RRBSO, use of HT and dose was 

decided on a clinical basis by the patients’ treating doctors. Timepoints for collecting this 

information included pre-baseline, baseline, 6 months, 12 months and 24 months. In this 

report, we present findings from the Melbourne, Australia, site, where pQCT and customized 

FEA data have been collected. 

 

The study was conducted in accordance with the Declaration of Helsinki. Ethics approval was 

obtained from the respective human research ethics committee at the Royal Melbourne 

Hospital (ethics reference: MH2013.060), the Royal Women’s Hospital, Melbourne (ethics 

reference: RWH12/50) and the Peter MacCallum Cancer Centre (ethics reference: 

HREC/12/PMCC/24).  

 

Participant recruitment 
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Premenopausal women at high inherited risk of ovarian cancer were recruited through clinical 

services including familial cancer and gynecological oncology and via targeted advertising 

through mainstream and electronic media. Controls were recruited via mainstream and 

electronic advertising to the general public and by snowballing techniques, which refers to 

recruitment of new participants by the referral of existing participants. 

  

Inclusion criteria for RRBSO group: 

(1) age 18 – 50 years inclusive  

(2) regular menstrual cycles (if uterus intact)  

(3) no vasomotor symptoms (hot flushes or night sweats) 

(4) early follicular phase serum FSH ≤ 15 IU/L (if not taking hormonal contraception)  

(5) early follicular phase serum estradiol > 100 pmol/L (if not taking hormonal 

contraception)  

(6) confirmed elevated risk of developing breast/ovarian cancer (i.e. either confirmed 

carrier of BRCA1/2, BRIP1, RAD51C or Lynch syndrome gene mutation, or 

based on family history.  

(7) planning to undergo RRBSO within the recruitment period 

Exclusion criteria for RRBSO group:  

(1) previous bilateral salpingo-oophorectomy  

(2) taking anti-estrogen endocrine therapy in the previous 3 months  

(3) pregnant, lactating or within 3 months of pregnancy  

(4) undiagnosed abnormal vaginal bleeding 

(5) non-English speakers or unable to provide informed consent 
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Inclusion criteria for the control group:  

(1) the same inclusion criteria (1) – (5) as RRBSO group 

(2) not planning to undergo oophorectomy or planning pregnancy in the next 2 years 

(3) not menopausal at the end of the 24 months follow-up 

Exclusion criteria for controls were the same as for the RRBSO group.  

 

DXA scanning and analysis protocol 

Standard clinical DXA scans of the lumbar spine (L1 – L4) and the right hip were performed 

using a fan-beam densitometer (Horizon QDR 4500A, Hologic Inc., Bedford, MA, USA) at 

baseline, 12M and 24M. Each scan was performed in array mode and analysed using the 

manufacturer’s commercial software (v 9.10D). Variables of interest included areal bone 

mineral density (aBMD) of the lumbar spine (LS aBMD), the total hip (TH aBMD) and the 

femoral neck (FN aBMD). The 12-month precision of the scanner for the spine phantom was 

0.36% for aBMD and 0.57% for bone mineral content. Classification of baseline bone health 

status was based on T-scores that were defined as the number of standard deviations (SD) 

from the mean BMD of reference data of young healthy population of the same race. A z-

score > -1.0 was defined as normal bone density and ≤ -2.5 as osteoporosis.  

 

Peripheral QCT scanning and analysis protocol 

Axial pQCT images of the non-dominant tibia were acquired using an XCT 3000 pQCT 

scanner (Stratec Medizintechnik, Pforzheim, Germany) at 4% and 66% of the tibia length, 

measured from the base of the medial malleolus to the superior margin of the medial condyle 

at baseline and 24M. A scout scan was performed to identify the correct starting line, defined 



171 
 

as the distal articular surface of the tibia. A single axial image was acquired at both the 4% 

and 66% sites, each with an in-plane resolution of 0.4 x 0.4 mm and a slice thickness of 2 

mm. Scanning speed was 10 mm/s. The manufacturer’s commercial software (version XCT 

5.50E) was used to analyse pQCT images for standard pQCT variables. Variables of interest 

included trabecular volumetric bone mineral density (Trb vBMD) at the 4% site, and cortical 

volumetric bone mineral density (Crt vBMD), cortical thickness (Crt Thk) and polar stress-

strain index (SSIp) at the 66% site. 

 

Peripheral QCT-finite element analysis (pQCT-FEA) properties 

Peripheral QCT cross-sections at the 4% tibia site were used to establish the pQCT-FEA 

models. This site was chosen because pQCT-FEA at the distal site has been found to correlate 

well with failure load at the appendicular skeleton (668) and to improve osteoporosis 

classification in older patients with low-trauma fracture (599, 669). Detailed methodology of 

the models was described elsewhere (599). Briefly, all pQCT images were exported to 

MATLAB (version R2016b, Mathworks, Natick, MA, USA), where manual segmentation 

was performed. A mesh of 0.4 x 0.4 x 2 mm elements was generated from segmentation, and 

then re-sliced in the z-direction to produce a uniform mesh of 0.4 x 0.4 x 0.4 mm elements. 

The Young’s modulus was calculated using an established equation (613, 630) and assigned 

to each element. Each voxel mesh was then used to generate a FEA model in Abaqus (version 

2017, Simulia, Dassault Systems, Providence, RI, USA).  

 

Four loading cases were considered for all FEA models (Figure 3 of reference 599): axial 

compression, shear, bending, and torsion. Axial compression was simulated by a 0.01 mm 

displacement of the superior surface towards the inferior surface. Shear was simulated by a 
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0.01 mm displacement of the superior surface in the direction of either the x- or y-axes. 

Bending was simulated by a 0.0001 radian rotation of the inferior surface about either the x- 

or y-axes (i.e., cross-section neutral axes). Torsion was simulated by a 0.0001 radian rotation 

of the inferior surface about the z-axis. The reaction forces and moments predicted from the 

simulations were divided by the respective applied displacement or rotation to derive the 

compressive stiffness (kcomp), shear stiffness (kshear), bending stiffness (kbend), and torsional 

stiffness (ktorsion) of each cross-section. The bending and shear stiffness were each taken as 

the minimum value derived from the two neutral-axis directions.  

 

Statistical analysis 

Descriptive statistics were expressed as mean ± standard deviation (SD). Differences between 

the RRBSO and control groups were compared using two-sample t-tests if data were 

normally distributed, or the Kolmogorov-Smirnov test if they were not normally distributed. 

Paired t-tests were used to investigate changes from baseline to 12M for DXA variables, and 

from baseline to 24M for DXA, standard pQCT and pQCT-FEA variables. One-way analysis 

of variance (ANOVA) was used to compare changes in different bone variables during 

follow-up between RRBSO women who took HT (either estrogen-only or combined estrogen 

and progestin HT) at any time during the 24-month follow up (HT group), those who did not 

take HT at any point over the 24-month follow up period (non-HT group) and controls.  

 

To investigate the influence of systemic HT use on bone health after RRBSO, linear 

regression models were used to determine the relationship between percentage change in the 

bone variables (dependent factors) and HT (independent factor, where HT use was set as a 

binary variable). To investigate the influence of HT type (estrogen-only or combined 
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estrogen and progestin) and duration on bone health, linear regression models were used to 

determine the relationship between percentage change in DXA, standard pQCT or pQCT-

FEA variables (dependent factors) and HT type [independent factor, where hormone use was 

set as a binary variable (either estrogen only or combined HT)] or HT duration (independent 

factor, continuous data expressed as percentage of follow-up days). All regression models 

were adjusted for age, height and weight. All statistical analyses were performed using SPSS 

(version 25, SPSS Inc., Chicago, IL, USA). All significance levels were set as p < 0.05. 
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6.5 Results 

A total of 72 participants completed baseline, 12- and 24-month follow-up (RRBSO group n 

= 30, control group n = 42). Following RRBSO, 17 (56.7%) women took systemic HT at any 

time during the 2-year follow up (HT group) and 13 (43.3%) did not take HT at any time 

point (non-HT group). In HT users, the average dosage of estradiol was 50mcg/day. Ten 

(58.8%) participants took estrogen-only HT (following hysterectomy) and seven (41.2%) 

took combined HT (estrogen and progestin) and 14 (82.4%) used HT for more than 75% of 

the follow-up period. The sample size provided 99%, 80% and 99% power to detect medium 

to large effect sizes (Cohen’s f = 0.98, 0.37 and 0.63, respectively) in percent change of LS 

aBMD, Crt vBMD and kbend from baseline to 24M in the ANOVA at a 0.05 significance 

level. 

 

Baseline characteristics  

No significant differences were observed between the RRBSO and control groups in age, 

height, weight or body mass index (BMI) at the baseline bone density visit (all p ≥ 0.08, 

Table 6.1). There weas no baseline difference between the two groups in fracture risk factors 

as applied in the FRAX® fracture risk calculator (664) (all p ≥ 0.18; Table 6.2). There was no 

significant difference in use of vitamin D or calcium supplements (p = 0.16) or hormonal 

contraception use (p = 0.27) at baseline. Twenty (66.7%) and 26 (61.9%) participants had 

normal baseline aBMD measured by DXA in the RRBSO and control groups, respectively 

(Table 6.1). No differences were observed between groups in bone density (i.e. normal 

aBMD, osteopenia, osteoporosis) at baseline (p = 0.90). The mean ± SD interval from surgery 

to the baseline bone density visit for the RRBSO group (HT and non-HT groups combined) 

group was 61.6 ± 24.2 days. The intervals for HT and non-HT groups were 63.2 ± 25.7 and 
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59.5 ± 22.1 days, respectively (p = 0.68). Comparing between HT, non-HT and control 

groups, the only baseline factor that differed between groups was parental history of hip 

fracture. Two HT users but no controls or non-HT users reported parental history of hip 

fracture (p = 0.04). 

 

BMD and bone strength at baseline, 12 months and 24 months follow-up 

No difference between the RRBSO (HT and non-HT groups combined) and control groups 

was observed in any of the DXA, pQCT or pQCT-FEA variables at baseline (all p ≥ 0.10, 

Table 6.2). No DXA variables differed significantly at 12M (all p ≥ 0.07) or 24M (all p ≥ 

0.09) between the combined RRBSO group and control group. At 24M, tibial Crt vBMD 

(1134.27 ± 29.92 vs 1153.46 ± 25.76 mg/cm3, p < 0.01) and kbend (1927.08 ± 533.39 vs 

2227.78 ± 649.15 Nm/deg, p = 0.04) were significantly lower after RRBSO than in controls, 

respectively. No other standard pQCT or pQCT-FEA variables differed between the 

combined RRBSO and control groups at 24M (all p ≥ 0.10). ANOVA and pairwise 

comparisons showed no differences in DXA measure between HT users, non-HT users and 

controls at either 12M or 24M (all p ≥ 0.08; data not shown). At 24M, tibial cortical density 

was higher in controls (1157.46 ± 25.76 mg/cm3) compared to HT users (1139.76 ± 29.54; p 

= 0.03) and non-HT users (1125.78 ± 29.83; p < 0.01).   

 

Changes from baseline to 24 months in DXA measures 

At 24 months, there was a statistically significant reduction in aBMD at the lumbar spine in 

HT users compared to baseline measures. The mean decrease in aBMD was 2.3% at the 

lumbar spine (mean change -0.02 ± 0.03 g/cm2, p = 0.01, Table 3, Figure 1) in HT users but 

no significant changes in aBMD were seen at the total hip or the femoral neck (both p ≥ 
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0.50). In non-HT users, there were significant decreases in aBMD at the lumbar spine of 

5.8%  (mean change -0.08 ± 0.04 g/cm2, p < 0.01), at the total hip of  5.2% (mean change -

0.05 ± 0.04 g/cm2, p < 0.01) and at the femoral neck of 6.0% (mean change -0.06 ± 0.04 

g/cm2, p < 0.01). No significant changes in any of the aBMD measures were observed in the 

controls (all p ≥ 0.61). ANOVA and pairwise comparisons showed that changes in DXA 

variables at 24 months between HT users, non-HT users and controls were significantly 

different. Non-HT users demonstrated greater decreases in aBMD than HT users and controls 

at the lumbar spine, total hip and femoral neck (all p ≤ 0.01). Changes in the three groups at 

12 months were similar to those found at 24 months (data not shown). 

 

Changes from baseline to 24 months in pQCT and pQCT-FEA measures 

At 24 months, no significant changes from baseline were observed in HT users and controls 

(all p ≥ 0.42), while there was a mean decrease of 2.3% in Crt vBMD (mean change -26.85 ± 

25.74 mg/cm3, p < 0.01) and of 14.8% in kbend (mean change -348.27 ± 168.98 Nm/deg, p < 

0.01) for non-HT users (Table 6.3, Figure 6.1). ANOVA and pairwise comparisons showed 

that changes in pQCT and pQCT-FEA variables at 24 months between HT users, non-HT 

users and controls were significantly different. Non-HT users had significantly greater loss of 

tibial Crt vBMD and kbend than HT users and controls (Table 6.3). 

 

Systemic hormone therapy and bone outcomes 

Following RRBSO in HT and non-HT users combined, the mean decreases in primary bone 

variables from baseline to 24M were 4.7% for LS aBMD, 1.0% for tibial Crt vBMD and 

12.1% for kbend (all p < 0.05, Table 6.4). Linear regression models demonstrated that use of 

systemic HT following RRBSO mitigated bone loss at the LS aBMD by 5.8% [95% CI (3.5, 
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8.1)]  and Crt vBMD by 2.2% [95% CI (0.6, 3.8)], and loss of bone strength (kbend) by 14.1% 

[95% CI (6.2, 22.0)]. These effects were independent of age, height and weight.  Amongst 

HT users, no differences were observed according to type of HT used (i.e. either estrogen-

only or combined HT, oral or transdermal therapy) on DXA measures, standard pQCT or 

pQCT-FEA measure (all p ≥ 0.17). The effects of HT on bone health were not associated 

with duration of HT use (all p ≥ 0.09).  
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Table 6.1 Participant background information at baseline* 

 RRBSO group (n = 30) Control group (n = 42) p 
Age (years) 42.4 ± 3.6 40.2 ± 6.3 0.08 
Height (cm) 164.4 ± 5.7 166.0 ± 7.1 0.30 
Weight (kg) 74.1 ± 14.7 70.3 ± 16.5 0.31 
BMI (kg/m2) 27.4 ±5.2 25.4 ± 4.8 0.09 
Current smoking 
(n, %) 

2 (6.7%) 1 (2.4%) 0.57 

Alcohol 3 or more 
units/day (n, %) 

0 1 (2.4%) >0.99 

Previous LTF (n, %) 0 0  
Parental fractured hip 
(n, %) 

2 (6.7%) 0 0.18 

Rheumatoid arthritis 
(n, %) 

0 0  

Glucocorticoids use 
(n, %) 

0 0  

Secondary osteoporosis 
(n, %) 

1 (3.3%) 0 0.42 

Vitamin D/calcium 
supplements (n, %) 

10 (33.3%) 7 (16.7%) 0.16 

Hormonal 
contraceptive use 
(n, %) 

5 (16.7%) 13 (31.0%) 0.27 

DXA diagnosis (n, %)   0.90 
    Normal aBMD 20 (66.7%) 26 (61.9%)  
    Low bone mass 9 (30.0%) 14 (33.3%)  
    Osteoporosis 1 (3.3%) 2 (4.8%)  
Interval from surgery 
to baseline BMD visit 
(days) 

61.6 ± 24.2   

Results expressed as mean ± SD or number of case (percentage of case) 

BMI: body mass index, LTF: low-trauma fracture, DXA: dual energy x-ray absorptiometry, 
BMD: bone mineral density, RRBSO: risk-reducing salpingo-oophorectomy 

* All data in this table were collected pre-surgery except for age, height, weight, BMI and 

DXA data which were collected within 3 months of surgery 
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Table 6.2 DXA variables at baseline, 12 months and 24 months, standard pQCT and 
pQCT-FEA variables at baseline and 24 months, and changes at 12M and 24M within 
and between groups 

 RRBSO group (n=30) Control group (n = 42) p 

DXA variables 
LS aBMD (g/cm2)    
    Baseline 1.06 ± 0.15 1.09 ± 0.14 0.39 
    12M 1.03 ± 0.15 1.09 ± 0.13 0.07 
    24M 1.02 ± 0.15 1.08 ± 0.14 0.09 
TH aBMD (g/cm2)    
    Baseline 0.95 ± 0.12 0.95 ± 0.13 >0.99 

12M 0.92 ± 0.13 0.95 ± 0.13 0.34 
24M 0.93 ± 0.13 0.95 ± 0.13 0.52 

FN aBMD (g/cm2)    
    Baseline 0.87 ± 0.12 0.85 ± 0.11 0.47 
    12M 0.85 ± 0.12 0.86 ± 0.12 0.73 
    24M 0.85 ± 0.12 0.85 ± 0.12 >0.99 

Standard pQCT variables 
Trb vBMD (mg/cm3)    
    Baseline 236.26 ± 35.35 232.14 ± 28.69 0.59 
    24M 235.21 ± 37.90 228.27 ± 28.88 0.38 
Crt vBMD (mg/cm3)    
    Baseline 1145.08 ± 27.07 1155.20 ± 23.60 0.10 
    24M 1134.27 ± 29.92 1153.46 ± 25.76 < 0.01 
Crt Thk (mm)    
    Baseline 4.06 ± 0.62 4.11 ± 0.57 0.72 
    24M 4.03 ± 0.63 4.07 ± 0.64 0.79 
SSIp (mm3)    
    Baseline 2419.59 ± 455.31 2334.96 ± 465.83 0.45 
    24M 2376.74 ± 462.88 2304.67 ± 580.54 0.57 

pQCT-FEA variables 
kcomp (kN/mm)    
    Baseline 1334.32 ± 278.47 1323.20 ± 279.83 0.87 
    24M 1231.70 ± 268.85 1324.44 ± 283.02 0.17 
kshear (kN/mm)    
    Baseline 365.33 ± 78.95 360.36 ± 78.21 0.79 
    24M 337.45 ± 76.87 361.74 ± 78.27 0.20 
kbend (Nm/deg)    
    Baseline 2215.03 ± 556.47 2172.05 ± 639.68 0.77 
    24M 1927.08 ± 533.39 2227.78 ± 649.15 0.04 
ktorsion (Nm/deg)    
    Baseline 1540.91 ± 374.98 1496.15 ± 449.98 0.66 
    24M 1443.80 ± 375.63 1529.25 ± 458.92 0.40 

Results expressed as mean ± SD. Baseline: within 3 months of oophorectomy for RRBSO 
group, RRBSO: risk-reducing salpingo-oophorectomy, DXA: dual energy x-ray 
absorptiometry, pQCT: peripheral quantitative computed tomography, pQCT-FEA: pQCT-
based finite element analysis, LS: lumbar spine, TH: total hip, FN: femoral neck, aBMD: 
areal bone mineral density, Trb: trabecular, Crt: cortical, vBMD: volumetric bone mineral 
density, CSA: cross-sectional area, Thk: thickness, SSIp: polar stree-strain index, kcomp: 
compression stiffness, kshear: shearing stiffness, kbend: bending stiffness, ktorsion: torsional 
stiffness
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Table 6.3 Changes in primary variables at 24 months follow-up and comparisons within and between the HT, non-HT and control 

groups 

Changes HT group (n = 17) Non-HT group (n = 13) Control group (n =42)  

pANOVA 

 

ppairwise Mean  

change 

% 

change 

ppair-t Mean  

change 

% 

change 

ppair-t Mean  

change 

% 

change 

ppair-t 

LS aBMD -0.02 ± 0.03 -2.3 0.01 -0.08 ± 0.04 -5.8 <0.01 -0.05×10-2 ± 0.02 -0.1×10-2  0.76 <0.01 <0.01;<0.01;<0.01 

TH aBMD 0.05×10-1 ± 0.03 0.5 0.50 -0.05 ± 0.04 -5.2 <0.01 0.02×10-1 ± 0.03 0.2 0.61 <0.01 <0.01; 0.73; <0.01 

FN aBMD -0.01×10-1± 0.03 -0.3 0.90 -0.06 ± 0.04 -6.0 <0.01 0.01×10-1 ± 0.03 0.1 0.84 <0.01 <0.01; 0.69; 0.01 

Crt vBMD -2.29 ± 17.56 -0.2 0.60 -26.85 ± 25.74 -2.3 <0.01 -1.70 ± 13.60 -0.1 0.42 <0.01 <0.01; 0.91; <0.01 

kbend
 -29.43 ± 192.84 -0.3 0.54 -348.27 ± 168.98 -14.8 <0.01 21.08 ± 218.0 1.7 0.53 <0.01 <0.01; 0.48; <0.01 

LS: lumbar spine, TH: total hip, FN: femoral neck, aBMD: areal bone mineral density, Crt vBMD: cortical volumetric bone mineral density, 

kbend: bending stiffness, HT: hormone therapy, non-HT: non-hormone therapy, ppair-t: p value for changes during follow-up within each group, 

pANOVA: p value for comparison of changes over follow-up between the HT, non-HT and control groups, ppairwise: p value for pairwise 

comparison of changes for ANOVA, in the order of HT vs non-HT, HT vs control, non-HT vs control
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Figure 6.1 Percent change in primary bone variables from baseline to 24 months and 

pairwise comparisons between groups. Negative values indicate a decrease in the variables 

relative to its baseline value. Error bars represent 95% CI for the mean changes. *: p < 0.05, 

NS: non-significant. HT: hormone therapy group, non-HT: non-hormone therapy group, LS: 

lumbar spine, TH: total hip, FN: femoral neck, aBMD: areal bone mineral density measured 

by DXA, Crt vBMD: cortical volumetric bone mineral density measured by pQCT, kbend: 

bending stiffness calculated using pQCT-FEA
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Table 6.4 Means and SDs of percent of change in primary bone variables from baseline 

to 24M in RRBSO group (n = 30), and coefficients and 95% CIs of the linear regression 

models 

 LS aBMD Crt vBMD kbend 

Change% (24M – 

baseline) 

-4.7 ± 4.0 ** -1.0 ± 0.9 ** -12.1± 10.8 ** 

β (95% CI)    

    Hormone therapy use 5.8 (3.5, 8.1) ** 2.2 (0.6, 3.8) * 14.1 (6.2, 22.0) ** 

    Hormone type 1.4 (-2.0, 4.9) 0.3 (-1.7, 2.2) -5.4 (-17.0, 6.3) 

    Hormone duration 6.7 (-0.7, 14.1) 0.8 (-3.8, 5.5) 9.8 (-20.6, 40.3) 

All regression models adjusted for age, height and weight 

* p < 0.05       ** p < 0.01   

SD: standard deviation, RRBSO: risk-reducing salpingo-oophorectomy, CI: confidence 

interval, baseline: within 3 months of RRBSO, LS aBMD: lumbar spine areal bone mineral 

density, Crt vBMD: cortical volumetric bone mineral density, kbend: bending stiffness 
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6.6 Discussion 

Use of systemic HT has sharply declined globally following concerns about its potential 

risks, particularly breast cancer (672). However, the benefits of HT for fracture prevention 

are well established and whilst HT is considered to be safe and confer overall benefits for 

most high-risk women following RRBSO, uptake is only around 50% in the majority of 

published studies (472). In addition, concerns about bone loss contribute to suboptimal 

uptake of RRBSO at the recommended age in at-risk women despite the proven benefits for 

morbidity and mortality from ovarian cancer (501). To our knowledge, this is the first 

prospective controlled study of bone outcomes following RRBSO and the effect of post-

operative systemic HT on bone health. Our findings show that RRBSO led to significant loss 

of bone density by DXA and pQCT, and of bone strength by pQCT-FEA at 24 months 

compared with baseline. Bone density at the lumbar spine, and cortical density and bending 

stiffness at the tibia decreased by 4.7%, 1.0% and 12.1%, respectively, compared to baseline 

in the 2 years following RRBSO. The reporting of FEA parameters in this study is novel and 

the magnitude of loss in bending stiffness was substantial: it is similar to the deficit seen in a 

low-trauma fracture cohort compared with controls (669) and therefore is highly likely to be 

clinically significant.  

 

Systemic HT is thought to prevent bone loss following early menopause, but the optimal dose 

and duration required to maintain bone in younger postmenopausal women is uncertain (475). 

Specifically, it is uncertain whether younger women require higher estrogen doses to preserve 

bone health. Most women at high risk of ovarian cancer are also at increased risk of breast 

cancer and whilst short-term HT appears to be safe (673), women and their clinicians 

generally wish to minimize exogenous hormone exposure. Whilst HT at average doses of 
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around 50 mcg/day (equivalent to 1mg oral estradiol) prevented bone loss at the lumbar spine 

by 5.8%, of tibial cortical density by 2.2% and in tibial bending stiffness by 14.1%, there was 

still a significant loss of bone density at the lumbar spine at 24 months after RRBSO 

compared to controls, suggesting that higher estrogen doses may be indicated in these 

patients. However, the amount of bone loss (2.3% at 24 months) was modest and of uncertain 

clinical significance. Consistent with existing evidence (665) we observed accelerated loss of 

bone density in non-HT users compared with HT users and age-matched controls. However, 

these data need to be interpreted with caution because of small sample size, variation in dose 

and delivery of HT used, and risk of bias due to the observational study design. Larger 

studies are needed to confirm how different delivery systems and doses of HT impact on 

bone health following RRBSO. Moreover, ongoing follow-up is required to help understand 

the potential clinical relevance of the small but significant amount of bone loss at the lumbar 

spine in HT users at 24 months. 

 

Our finding that RRBSO led to a decrease in bone density and an index related to bone 

strength confirms and extends published data from cross-sectional and retrospective data 

(508, 665). A novelty and strength of our study is the inclusion of a prospective control group 

to account for the effects of age on bone health measures. Because bone measures did not 

change in controls over the follow-up period, we can be confident that the changes we 

observed were attributable to the intervention (RRBSO).  

 

Whilst bone density was reduced after RRBSO in both HT and non-HT uses, we found no 

overall difference in DXA variables at 12M or 24M between RRBSO and control groups. 

This observation may represent the limitations of DXA in identifying individuals with 
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increased fracture risk whereby clinically relevant deficits in bone strength may occur 

without corresponding deficits in DXA aBMD (284). Alternatively, this may reflect the 

limitations of our study design and sample size, as indicated by the high SD observed. 

 

The addition of pQCT provided additional information on bone strength that may not be 

detected with DXA, such as the significant decrease in cortical volumetric density (but not 

trabecular volumetric density) after RRBSO, particularly in non-HT users. Trabecular bone is 

considered more metabolically active, thus responds to stimuli and changes more quickly 

than cortical bone in most circumstances (39). Our findings suggest that RRBSO may reduce 

cortical bone more rapidly than trabecular bone, consistent with preclinical studies 

demonstrating increased cortical porosity in ovariectomised mice (674). Kawalilak et al (675) 

observed significant loss (mean 14.6%) in tibial cortical density measured by high-resolution 

pQCT (HR-pQCT) in naturally menopausal women not taking anti-resorptive medication 

over one-year follow-up (p < 0.01) but no change in trabecular density (p = 0.39). Future 

research should include a focus on the underlying mechanism of this heterogeneity. 

Comprehensive evaluation of bone health after RRBSO should include additional modalities 

rather than DXA alone. 

 

Using pQCT-FEA to assess the changes in bone stiffness under different mechanical loading 

conditions is a further strength of our study. We found significant decreases in pQCT-FEA 

stiffness variables over follow-up in non-HT users. Greater decreases in all pQCT-FEA 

variables were observed in non-HT users compared to HT users or controls. Together with 

this, cross-section-based FEA work, pQCT provides additional information beyond DXA into 

changes in volumetric bone density, bone geometry and bone stiffness in this population. We 
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chose FEA variables at the 4% site to estimate bone mechanical properties as they had good 

correlations with bone failure load (668) and better diagnostic performance for bone fragility 

than at the mid-shaft (599, 669). Concerns may be raised about use of torsion or bending load 

cases at this site, it should be noted that these simplified load cases based on pQCT cross-

sections only provide estimation of whole-bone mechanical behavior under complicated 

loadings. This logic has been widely used in the assessment of bone strength using SSIp (335, 

350) or HR-pQCT-based micro FEA (412, 644). Moreover, our results have shown bending 

stiffness at the 4% site has changed over the follow up, thus reflecting a change in the bone 

distribution at this site. Although whether this change reflects reductions in the entire bone 

strength due to bending failure is unknown, our previous study did observe lower bending 

stiffness at the 4% site did actually correlated with reduced bone strength for the radius (668). 

 

Clinical guidelines consistently recommend systemic HT after early menopause until around 

age 50 years in all women without contraindications and prevention of osteoporosis is a 

leading driver for this recommendation (676, 677). Consistent with previously published data, 

uptake of systemic HT was relatively low in this high-risk population (678, 679). Although 

data from younger (under age 40 years) women with premature ovarian insufficiency (POI) 

suggest that higher estrogen doses might be needed to maintain bone health in younger 

women (680), there is very little evidence to guide dose or duration of HT use following 

RRBSO (675). HT may increase the risk of breast cancer, even in younger postmenopausal 

women (age 40-49) (672) and more evidence is needed informing the optimum dose and 

duration of HT following RRBSO to allow younger postmenopausal women to weigh up the 

risks and benefits of HT. Our findings are consistent with retrospective studies (507) reported 

lower DXA measures in non-HT users compared to HT users after RRBSO (16% vs 47%). 

However, confounding factors such as age, height and weight were not considered. Our data 
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were reassuring that HT preserves lumbar spine aBMD, tibial Crt vBMD and bending 

stiffness by 5.8%, 2.2% and 14.1% regardless of age at RRBSO, type of HT (estrogen only or 

combined) or duration of HT use. However, most HT users (82.4%, n = 14) in this study were 

taking HT for at least 75% of the 2 year follow up period.  

 

A limitation of our study is that biochemical markers of bone turnover were not included. 

Retrospective data suggests that premenopausal oophorectomy may elevate bone turnover 

markers compared with preoperative levels (681) and with controls (682, 683). Although 

relationships between other serum biochemical markers, e.g. 25-OHD, parathyroid hormone, 

and natural menopause have been investigated extensively over the past decades (684, 685), 

there are no prospective studies of premenopausal oophorectomy. In addition, we did not 

consider the potential effects of other medication apart from HT on bone outcomes because 

of limited sample size. A further limitation is that the baseline DXA and pQCT measures 

were performed on average two months after RRBSO due to the Australian Medicare rebate 

policy for DXA. However, these indices are not thought to change over a two-month period 

following oophorectomy.  

 

In conclusion, we have shown that DXA-measured lumbar spine aBMD decreased by 4.7% 

by 24 months after RRBSO, with decreases of 1.0% and 12.1% in pQCT-measured tibial 

cortical volumetric density and bending stiffness using FEA. While DXA measures did not 

differ between the RRBSO and control groups, tibial cortical density and bending stiffness 

were significantly lower after RRBSO compared to age-matched controls at 24M. Hormone 

therapy was found to alleviate but not to fully prevent bone loss, irrespective of age at 

RRBSO. Neither HT type nor duration of HT use modified this protective effect, but more 
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data are required to validate this finding. While DXA can detect longitudinal decreases in 

bone mineral measures, pQCT and pQCT-based FEA appear to provide more information 

comparing women undergoing RRBSO and their age-matched controls. 
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6.8 Additional data 

Due to limit on words and tables of the publication, data were not shown on comparison in 

DXA variables between HT, non-HT and control groups, which is now shown in Table 6.5. 

 

Table 6.5 Comparison in DXA variables at baseline, 12M and 24M 

 HT group (n = 17) Non-HT group (n=13) Control group (n = 42) p 

LS aBMD (g/cm2)     
    Baseline 1.07 ± 0.17 1.05 ± 0.11 1.09 ± 0.14 0.81 
    12M 1.04 ± 0.18 0.99 ± 0.09 1.09 ± 0.13 0.08 
    24M 1.04 ± 0.18 0.97 ± 0.09 1.08 ± 0.14 0.06 
TH aBMD (g/cm2)     
    Baseline 0.94 ± 0.13 0.96 ± 0.11 0.95 ± 0.13 0.90 

12M 0.93 ± 0.15 0.90 ± 0.11 0.95 ± 0.13 0.49 
24M 0.94 ± 0.14 0.91 ± 0.12 0.95 ± 0.13 0.64 

FN aBMD (g/cm2)     
    Baseline 0.86 ± 0.13 0.88 ± 0.11 0.85 ± 0.11 0.71 
    12M 0.85 ± 0.14 0.84 ± 0.09 0.86 ± 0.12 0.88 
    24M 0.86 ± 0.14 0.83 ± 0.09 0.85 ± 0.12 0.75 
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7.2 Abstract 

BACKGROUND Understanding bone fragility in young adult females with type 1 diabetes 

mellitus (T1DM) is of great clinical importance since the high fracture risk in this population 

remains unexplained. 

METHODS This study aimed to investigate bone health in young adult T1DM females by 

comparing relevant variables determined by dual energy X-ray absorptiometry (DXA), 

peripheral quantitative computed tomography (pQCT) at the tibia and pQCT-based finite 

element analysis (pQCT-FEA) between T1DM subjects (n = 21) and age-, height- and weight-

matched controls (n = 63). 

RESULTS Tibial trabecular density (lower by 7.1%; 228.8 ± 33.6 vs 246.4 ± 31.8 mg/cm3, p = 

0.02) and cortical thickness (lower by 7.3%; 3.8 ± 0.5 vs 4.1 ± 0.5 cm, p = 0.03) by pQCT were 

significantly lower in T1DM subjects than in controls. Tibial shear stiffness by pQCT-FEA was 

also lower in T1DM subjects than in controls at both the 4% site (by 17.1%; 337.4 ± 75.5 vs 

407.1 ± 75.4 kN/mm, p < 0.01) and 66% site (by 7.9%; 1113.0 ± 158.6 vs 1208.8 ± 161.8 

kN/mm, p = 0.03). These differences remained statistically significant after adjustment for 

confounding factors. No difference between groups was observed in DXA-determined variables 

(all p ≥ 0.08), although there was a trend towards lower aBMD at the lumbar spine in T1DM 

subjects than in controls after adjustment for confounders (p = 0.053).  

CONCLUSIONS These novel findings elicited using pQCT and pQCT-FEA suggest a 

clinically-significant impact of T1DM on bone strength in young adult females with T1DM. 

Peripheral QCT and pQCT-FEA may provide more information than DXA alone on bone 
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fragility in this population. Further longitudinal studies with a larger sample size are warranted to 

understand the evolution and causes of bone fragility in young T1DM females.  
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7.3 Introduction 

The incidence of Type 1 diabetes Mellitus (T1DM) has been increasing over the last century 

(513). T1DM is associated with compromised bone strength at a later stage of life, which is 

reflected by an increase of over 6-fold in hip fracture risk compared with the general population 

(568, 686). Although much evidence is available on change in bone density measured by dual 

energy X-ray absorptiometry (DXA) in children, adolescents and older people, data are relatively 

limited in young adult, especially in young adult females. Weber et al. observed a large gap in 

fracture incidence between young T1DM patients aged 10 – 20 years and controls in females but 

not in males (569). Higher proportion of lower extremity fractures compared to other fractures in 

T1DM patients was also noted in this study. 

 

Areal bone mineral density (aBMD) measured by DXA is a well-established indicator of bone 

strength; however, DXA sometimes failed to identify osteoporosis in children and adolescents 

with T1DM, although a negative impact of hyperglycemia on the skeletal system was seen in this 

population (687). Other technologies may contribute to our understanding of bone fragility in 

T1DM (688). Peripheral quantitative computed tomography (pQCT) can provide additional 

information about bone fragility due to its ability to analyze cortical and trabecular 

compartments of bone separately, and to capture more details on bone geometry. Furthermore, 

the 3-dimensional imaging data acquired can be used to generate finite element analysis (FEA) 

models for estimation of bone strength and stiffness (668) and to differentiate patients with 

increased fracture risk from controls (599, 669). More importantly, pQCT may be a better tool 

for the assessment of bone fragility than DXA due to the higher proportion of lower extremity 

fractures observed in this young population (569). In this study, we aimed to compare multiple 
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variables including blood analytes, DXA, pQCT and pQCT-based FEA (pQCT-FEA) in young 

females with T1DM with age-, height- and weight-matched controls.   
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7.4 Methods 

Participant recruitment 

Two groups of participants were recruited from two studies of young women’s health in 

Australia: the YFHI and Safe-D studies (689, 690). The T1DM group was recruited from the 

Young Adult Diabetes Service at the Royal Melbourne Hospital, Australia and targeted social 

media advertising on Facebook. The control group was recruited through target advertising on 

Facebook.  

 

Inclusion criteria of the T1DM group were: (1) females aged 16 – 25 years; (2) with T1DM of at 

least 12 months’ duration; (3) living in Victoria, Australia, and able to attend a 3-hour study visit 

at the Royal Melbourne Hospital; (4) with no known history of medical conditions which may 

affect their bone health other than T1DM, including coeliac disease, eating disorder, 

inflammatory bowel disease, hyperthyroidism, hyperparathyroidism; (5) with no long term use of 

medication affecting bone health, including glucocorticoids, anti-epilepsy drugs. Exclusion 

criteria for the T1DM group were: (1) pregnant or breastfeeding at the time of the study visit; (2) 

having a significant medical or psychiatric condition. 

 

Data were available from 620 apparently healthy participants recruited for the Safe-D and the 

YFHI studies. Among the participants, age-, height- and weight-matched controls for the current 

analysis were selected as per the following criteria: (1) age, height and weight within ± 1 years, 5 

cm and 5 kg, respectively, of each T1DM participant; (2) with no known history of medical 

conditions which may affect their bone health, including osteoporosis, coeliac disease, eating 
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disorder, inflammatory bowel disease, hyperthyroidism, hyperparathyroidism; (3) with no long 

term use of medication affecting bone health, including glucocorticoids, anti-epilepsy drugs; (4) 

with no significant medical or psychiatric condition. The three best-matched eligible controls 

were selected for each case to enable a case-control ratio of 1:3.  

 

Study questionnaire 

Demographics, socioeconomic status, lifestyle factors, physical activity levels, dietary data were 

collected through online questionnaires (691), the link of which was emailed to all participants of 

the Safe-D and YFHI studies. 

 

Pathology tests 

Participants fasted for at least 8 hours before phlebotomy. Renal function, liver function, serum 

calcium, lipids, glucose and insulin levels were measured using an Abbott Architect platform 

(Abbott Diagnostics, Abbott Park, IL, USA). Twenty-five-hydroxyvitamin D (25 OHD), thyroid 

stimulating hormone (TSH) and parathyroid hormone (PTH) were measured using a 

chemiluminescent microparticle immunoassay (Abbott Diagnostics, Abbott Park, IL, USA). 

Glycated hemoglobin (HBA1c) level was measured on an Ultra Affinity HPLC system using an 

affinity chromatography assay (Royal Melbourne Hospital, Parkville, Australia). Serum levels of 

bone turnover markers (BTMs) were measured on a Cobas system (Roche Diagnostics, Basel, 

Switzerland) using the Elecsys beta-carboxy-terminal cross-linking telopeptide of type 1 

collagen (bCTX) and procollagen type 1 N propeptide (P1NP) immunoassays. 
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DXA scanning and analysis protocol 

Standard clinical scans of the lumbar spine (L1 – L4), the hip and the whole body were 

performed using a fan-beam densitometer (Horizon QDR 4500A, Hologic Inc., Bedford, MA, 

USA). DXA scans were performed in array mode and were analyzed using the manufacturer’s 

commercial software (v 9.10D). Variables of interest included aBMD of the lumbar spine (LS 

aBMD), total hip (TH aBMD) and femoral neck (FN aBMD). Whole-body scan variables of 

interest included whole-body aBMD (WB aBMD), whole-body bone mineral content (WB 

BMC). The 12-month precision of the scanner for the spine phantom was 0.36% for aBMD and 

0.57% for bone mineral content. 

 

Peripheral QCT scanning and analysis protocol 

Scans of the non-dominant tibia were performed using an XCT 3000 pQCT scanner (Stratec 

Medizintechnik, Pforzheim, Germany) at both 4% and 66% of the tibia length. Tibia length was 

measured from the base of the medial malleolus to the superior margin of the medial condyle. 

The dominant tibia was scanned for any participant who had previously sustained a fracture to 

their non-dominant tibia. A scout scan was performed to identify the correct starting line. A 

single slice at each site was acquired with an in-plane resolution of 0.4 x 0.4 mm and a slice 

thickness of 2 mm. The manufacturer’s commercial software (version XCT 5.50E) was used to 

analyze pQCT images for standard pQCT variables. Variables of interest included total 

volumetric bone mineral density (Tot vBMD), trabecular volumetric bone mineral density (Trb 

vBMD), trabecular cross-sectional area (Trb CSA) at the 4% site, and cortical volumetric bone 



200 
 

mineral density (Crt vBMD), cortical thickness (Crt Thk), polar stress-strain index (SSIp), 

muscle cross-sectional area (MCSA) and muscle density (MDen) at the 66% site. 

 

Peripheral QCT-FEA modelling 

Peripheral QCT cross-sections at the 4% and 66% tibial sites were used to establish the pQCT-

FEA models (599, 669). Four loading cases were considered for all FEA models (Figure 3 of 

reference 599): axial compression, shear, bending, and torsion. Axial compression was simulated 

by a 0.01 mm displacement of the superior surface towards the inferior surface. Shear was 

simulated by a 0.01 mm displacement of the superior surface in the direction of either the x- or 

y-axes. Bending was simulated by a 0.0001 radian rotation of the inferior surface about either the 

x- or y-axes (i.e., cross-section neutral axes). Torsion was simulated by a 0.0001 radian rotation 

of the inferior surface about the z-axis. The reaction forces and moments predicted from the 

simulations were divided by the respective applied displacement or rotation to derive the 

compressive stiffness (kcomp), shear stiffness (kshear), bending stiffness (kbend), and torsional 

stiffness (ktorsion) of each cross-section.  

 

Statistical analysis 

Distribution of each variable was tested for normality using both Shapiro-Wilk test and visual 

inspection of Q-Q plot. Descriptive statistics were expressed as mean ± standard deviation (SD) 

if data were normally distributed or median (Q1, Q3) if data were not normally distributed. 

Logistic regression models were applied to compare differences between T1DM and control 

groups with the participant group set as the binary dependent variable, and each variable of 
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interest considered in independent regressions. To adjust for potential confounding factors, any 

participant characteristics and blood analyte variables that varied significantly between the 

T1DM and control groups were included as confounders when comparing the DXA, pQCT and 

pQCT-FE variables. To identify collinearity amongst the confounders, variance inflation factors 

(VIFs) were calculated from a multivariate regression using the confounders as predictors and 

any unrelated property as the dependent variable. For sets of confounders found to be collinear 

(VIF > 5.0), the variable with the lowest p-value according to its respective logistical regression, 

as well as taking into account its biological meaning and/or clinical relevance, was included in 

the logistical regression for each DXA, pQCT and pQCT-FE variable. Following adjustment for 

confounders, collinearity was also tested for any bone measurement variables that showed a 

significant difference between the T1DM and control groups. All statistical analyses were 

performed using SPSS (version 25, SPSS Inc., Chicago, IL, USA). The significance level was set 

as p < 0.05.  
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7.5 Results 

Twenty-one young women with T1DM were recruited. With a case-control ratio of 1:3, 63 age-, 

height- and weight-matched healthy, non-diabetic young women were selected and included in 

the analysis. Mean ages of the T1DM and control groups were 22.5 ± 2.3 years and 22.4 ± 2.3 

years, respectively. There was no difference in age, height, weight or BMI between groups (all p 

≥ 0.5, Table 7.1). No difference was observed in ethnicity, socioeconomic status, education 

level, physical activity levels, lifestyle factors, daily vitamin D or calcium 

intake/supplementation between groups (all p ≥ 0.4). No difference was observed in oral 

contraceptive use between groups (p = 0.5) but age at menarche was delayed in T1DM subjects 

compared to controls (13.1 ± 2.0 vs 12.5 ± 1.6 years, p = 0.02). Among participants with T1DM, 

mean age when T1DM was diagnosed was 14.5 ± 5.6 years, with a mean duration of diabetes of 

7.8 ± 6.0 years. 

 

A significant difference was observed in serum albumin level between T1DM subjects and 

controls [39.0 (37.0, 41.0) vs 42.0 (39.0, 43.0) g/L, p = 0.03; Table 7.2] but the levels were 

within the reference range for both groups. No difference was observed in other renal or liver 

function tests, serum lipids, calcium, vitamin D, TSH or PTH levels (all p ≥ 0.07). Serum 

glucose [8.3 (6.6, 11.2) vs 4.7 (4.5, 5.1) mmol/L, respectively], insulin (15.4 ± 8.8 vs 9.3 ± 3.7 

mIU/ml, respectively) and HbA1c [59.0 (50.0, 62.0) vs 32.0 (30.0, 33.0) mmol/mol, 

respectively] levels were significantly higher in T1DM than in the control group (all p < 0.01). 

These diabetes-specific variables of T1DM subjects were above the respective reference ranges. 

For serum BTMs, no difference was observed in P1NP [47.1 (36.0, 75.3) vs 61.7 (49.4, 83.9) 
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μg/L, p = 0.1, respectively) or βCTX [0.381 (0.317, 0.506) vs 0.519 (0.385, 0.642) ng/ml, p = 

0.2, respectively] levels between the T1DM and control groups. All BTMs levels were within the 

reference range. 

 

Among demographic and clinical characteristics, and blood analyte variables with significant 

difference between groups, serum albumin, glucose, insulin and HbA1c levels were found to 

show strong collinearity with each other (all VIFs ≥ 5.0, Table 7.2). Since the significance of 

differences between the T1DM and control groups was similar for each of these variables (each p 

< 0.01), serum HbA1c level, which better represents long-term glycemic control, was included 

with age at menarche as a confounding factor when comparing DXA, standard pQCT and pQCT-

FE variables between groups. 

 

T1DM subjects had an average 7.1% lower Trb vBMD (228.8 ± 33.6 vs 246.4 ± 31.8 mg/cm3, 

respectively, p = 0.02) and 7.3% lower Crt Thk (3.8 ± 0.5 vs 4.1 ± 0.5 mm, p = 0.03) than 

controls (Table 7.3). These differences remained statistically significant after adjustment for 

serum HbA1c level and age at menarche (both p = 0.02). No difference was observed in other 

standard pQCT variables including SSIp between T1DM and control groups before or after 

adjustment for the confounders (all p ≥ 0.3). 

 

Significant differences were observed in pQCT-FEA variables at both 4% and 66% tibia sites 

between the T1DM and control groups (Table 7.3). At the 4% tibia site, T1DM subjects had 
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significantly lower kcomp, kshear and kbend than controls (1258.4 ± 239.4 vs 1444.7 ± 364.5 kN/mm, 

p = 0.02; 337.4 ± 75.5 vs 407.1 ± 75.4 kN/mm, p < 0.01; 2017.8 ± 443.0 vs 2290.7 ± 557.2 

Nm/deg, p = 0.04, respectively). The differences were 12.9%, 17.1% and 11.9%, respectively, 

and remained statistically significant after adjusting for serum HbA1c level and age at menarche 

(p = 0.02, p < 0.01 and p = 0.02, respectively). At the 66% tibia site, T1DM subjects had 7.9% 

lower kshear than controls (1113.0 ± 158.6 vs 1208.8 ± 161.8 kN/mm, respectively, p = 0.03) and 

this difference remained statistically significant after adjustment for confounders (p = 0.03). 

  

There was no difference in DXA-measured aBMD variables of the lumbar spine or hip between 

groups (all p ≥ 0.08; Table 7.3) although there was a trend towards lower LS aBMD in T1DM 

subjects than in controls after adjustment for serum HbA1c level and age at menarche (0.988 ± 

0.088 vs 1.034 ± 0.105 g/cm2, respectively, p = 0.054). No difference was observed between 

groups in either WB aBMD or WB BMC before (both p ≥ 0.3) or after (both p ≥ 0.4) 

adjustment for confounders.   

 

Among the primary bone variables with adjusted significant difference between groups, strong 

collinearity was found between the pQCT-FE variables (VIF = 185.30, 164.67, 9.72 and 69.86 

for kcomp, kshear, kbend at the 4% tibia site and kshear at the 66% tibia site, respectively; Table 3). 

No collinearity was observed in the DXA or standard pQCT bone variables examined. Since 

kshear at the 4% tibia site had the most significant difference between the T1DM and control 

groups (p<0.01; both with and without adjustment for confounders), together with Crt Thk and 
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Trb vBMD, these were the only bone variables that were independent and that varied 

significantly between the T1DM and control groups.  
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Table 7.1 General characteristics of participants 

Characteristic T1DM (n = 21) Control (n = 63) p VIF 

Age (years) 22.5 ± 2.3 22.4 ± 2.3 0.8  

Height (cm) 165.0 ± 7.1 166.0 ± 6.4 0.5  

Weight (kg) 65.1 (58.9, 74.0) 64.8 (57.5, 73.0) > 0.9  

BMI (kg/m2) 24.1 (21.8, 26.3) 23.5 (21.5, 26.3) 0.7  

Ethnicity   0.8  

    European descent [n (%)] 16 (76.2) 45 (71.4)   
    Non-European descent [n (%)] 5 (23.8) 18 (28.6)   
SEIFA 57.5 (34.0, 79.3) 62.1 (36.7, 81.0) 0.7  

Currently attending school or 

university [n (%)] 
15 (71.4) 47 (74.6) 0.7  

Physical activity levels   0.5  

    Minimal-low, [n (%)] 8 (38.1) 17 (27.0)   
    Moderate-high, [n (%)] 13 (61.9) 46 (73.0)   
Vitamin D intake (μg/day) 1.2 (0.8, 1.7)  1.1 (0.4, 1.8) 0.4  

Calcium intake (mg/day) 797 ± 314 841 ± 368 0.7  

Current smoker [n (%)] 3 (14.3) 11 (17.5) 0.8  

Alcohol (g/day) 1 (0, 5) 3 (0, 9) 0.9  

Vitamin D supplementation [n (%)] 2 (9.5) 4 (6.3) 0.7  

Calcium supplementation [n (%)] 1 (4.8) 1 (1.6) 0.5  

Oral contraceptive use [n (%)] 9 (42.9%) 30 (47.6%) 0.5  

Age at menarche (years) 13.1 ± 2.0  12.5 ± 1.6 0.02 4.81 

Age at T1DM diagnosis (years) 14.5 ± 5.6    

Duration of T1DM (years) 7.8 ± 6.0    

Values expressed as mean ± 1.0 standard deviation if data were normally distributed or median 

(Q1, Q3) if data were not normally distributed. VIF: variance inflation factor, T1DM: type 1 

diabetes mellitus, BMI: body mass index, SEIFA: socioeconomic index for area 
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Table 7.2 Comparison of blood analytes between T1DM and control groups 

Analyte T1DM (n = 21) Control (n = 63) Reference range p VIF 
Renal function      
Creatinine (μmol/L) 66.8 ± 7.1 62.4 ± 5.6 49 - 90 0.07  
BUN (mmol/L) 4.1 ± 1.3 4.0 ± 0.9 2.5 – 8.3 0.8  
Liver function      
Albumin (g/L) 39.0 (37.0, 41.0) 42.0 (39.0, 43.0) 35 – 50 0.03 5.10 
ALT (IU/L) 16.0 (12.0, 22.0) 17.0 (14.0, 26.5) < 35 0.3  
GGT (IU/L) 12.0 (9.0, 14.0) 14.0 (10.5, 18.5) 10 – 65 0.3  
Calcium and vitamin D      
Calcium (mmol/L) 2.4 ± 0.1 2.4 ± 0.1 2.1 – 2.6 0.2  
25OHD (nmol/L) 59.0 (42.0, 70.0) 57.0 (43.0, 80.0) > 55 0.5  
Lipids      
Total Cholesterol (mmol/L) 5.0 (4.3, 5.5) 4.6 (4.1, 5.3) 2.6 – 6.9 0.3  
Triglycerides (mmol/L) 0.8 (0.6, 1.2) 0.8 (0.6, 1.1) 0.2 – 2.0 0.5  
HDLC (mmol/L) 1.5 (1.3, 2.1) 1.4 (1.2, 1.6) 0.9 – 2.4 0.2  
LDLC (mmol/L) 2.8 (2.4, 3.2) 2.8 (2.2, 3.3) ≤ 3.5 0.7  
Diabetes-specific      
Glucose (mmol/L) 8.3 (6.6, 11.2) 4.7 (4.5, 5.1) 3 – 6 < 0.01 9.52 
Insulin (mIU/ml) 15.4 ± 8.8 9.3 ± 3.7 < 15 < 0.01 5.17 
HbA1c (mmol/mol) 59.0 (50.0, 62.0) 32.0 (30.0, 33.0) < 48 < 0.01 6.33 
Thyroid and parathyroid      
TSH (mIU/L) 2.3 (1.3, 3.0) 1.9 (1.3, 2.5) 0.1 – 4.0 0.3  
PTH (pmol/L) 5.9 (3.7, 7.2) 5.6 (4.4, 7.4) 1.7 – 10.0 0.9  
BTM      
P1NP (μg/L) 47.1 (36.0, 75.3) 61.7 (49.4, 83.9) 27 – 131 688 0.1  
bCTX (μg/L) 0.4 (0.3, 0.5) 0.5 (0.4, 0.6) 0.2 – 1.0 688 0.2  

Values expressed as mean ± standard deviation if data were normally distributed or median (Q1, 

Q3) if data were not normally distributed. All reference ranges are based on local laboratory 

reference ranges except for P1NP and bCTX. VIF: variance inflation factor, BUN: blood urea 

nitrogen, ALT: alanine aminotransferase, GGT: Gamma-glutamyl transferase, HDLC: High-

density lipoprotein cholesterol, LDLC: low-density lipoprotein cholesterol, 25OHD: 25-

hydroxyvitamin D, TSH: thyroid stimulating hormone, PTH: parathyroid hormone, HbA1c: 

hemoglobin A1c, BTM: bone turnover marker,P1NP: procollagen type 1 N-terminal propeptide, 

bCTX: beta C-terminal cross-linked telopeptide of type 1 collagen 
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Table 7.3 Comparison of DXA, standard pQCT and pQCT-FEA variables between T1DM and 
control groups 

Measurement T1DM (n = 21) Control (n = 63) p padj VIF  

DXA       
LS aBMD (g/cm2) 0.988 ± 0.088 1.034 ± 0.105 0.08 0.054 1.18  
TH aBMD (g/cm2) 0.908 ± 0.084 0.942 ± 0.128 0.2 0.2   
FN aBMD (g/cm2) 0.844 ± 0.076 0.880 ± 0.120 0.3 0.4   
WB aBMD (g/cm2) 1.012 ± 0.080 1.020 ± 0.092 0.8 0.7   
WB BMC (g) 1857.9 ± 222.1 1974.1 ± 291.2 0.3 0.4   
Standard pQCT       
Tot vBMD (mg/cm3) a 313.7 ± 44.4 320.3 ± 36.9 0.5 0.3   
Trb vBMD (mg/cm3) a 228.8 ± 33.6 246.4 ± 31.8 0.02 0.02 4.61  
Trb CSA (mm2) a 436.3 ± 77.0 447.1 ± 62.7 0.6 0.5   
Crt vBMD (mg/cm3) b 1154.1 ± 19.4 1151.5 ± 23.1 0.6 0.7   
Crt Thk (mm) b 3.8 ± 0.5 4.1 ± 0.5 0.03 0.02 3.74  
SSIp (mm3) b 2133.2 ± 413.0 2177.3 ± 416.2 0.5 0.6   
MCSA (mm2) b 6158.3 ± 1068.3 6057.8 ± 925.1 0.5 0.6   
MDen (mg/cm3) b 78.9 ± 3.6 79.2 ± 3.2 0.6 0.6   
pQCT-FEA       
4% kcomp (kN/mm) 1258.4 ± 239.4 1444.7 ± 364.5 0.03 0.02 185.30  
4% kshear (kN/mm) 337.4 ± 75.5 407.1 ± 75.4 < 0.01 < 0.01 164.67  
4% kbend (Nm/deg) 2017.8 ± 443.0 2290.7 ± 557.2 0.04 0.02 9.72  
4% ktorsion (Nm/deg) 1245.6 ± 270.9 1296.1 ± 259.1 0.1 0.1   
66% kcomp (kN/mm) 2494.5 ± 651.8 2444.7 ± 863.4 0.5 0.5   
66% kshear (kN/mm) 1113.0 ± 158.6 1208.8 ± 161.8 0.03 0.03 69.86  
66% kbend (Nm/deg) 2412.8 ± 718.6 2447.6 ± 931.7 0.5 0.4   
66% ktorsion (Nm/deg) 3606.9 ± 551.9 3759.6 ± 543.4 0.1 0.2   

Values expressed as mean ± standard deviation. a standard pQCT variables measured at the 4% 
tibia. b standard pQCT variables measured at the 66% tibia. padj: p value with adjustment for 
HbA1c level and age at menarche. VIF: variance inflation factor. DXA: dual energy X-ray 
absorptiometry, pQCT: peripheral quantitative computed tomography, pQCT-FEA: pQCT-
based finite element analysis, T1DM: type 1 diabetes mellitus, aBMD: areal bone mineral 
density, LS: lumbar spine, TH: total hip, FN: femoral neck, WB: whole body, BMC: bone 
mineral content, Tot vBMD: total volumetric bone mineral density, Trb vBMD: trabecular 
volumetric bone mineral density, Trb CSA: trabecular cross-sectional area, Crt vBMD: cortical 
volumetric bone mineral density, Crt Thk: cortical thickness, SSIp: polar stress-strain index, 
MCSA: muscle cross-sectional area, MDen: muscle density, kcomp: compression stiffness, kshear: 
shear stiffness, kbend: bending stiffness, ktorsion: torsion stiffness 

 

  



209 
 

7.6 Discussion 

Our findings demonstrate abnormalities in novel markers of bone fragility and are likely to be 

clinically-important in young T1DM females. In this study, we reported diabetes- and 

osteoporosis-related clinical characteristics in young females with T1DM aged 17 – 26 years 

with an average period of 8 years since T1DM diagnosis, compared with findings in age-, height- 

and weight-matched healthy, non-diabetic controls. According to participant characteristics (i.e. 

average age at diagnosis and BMI) and blood analyte results, the studied subjects represented a 

typical young adult female T1DM population with good glycemic control (acceptable diabetes-

specific pathology results). Investigations did not reveal evidence of diabetic complications, but 

long-term complications including retinopathy and neuropathy were not reported. No difference 

was found in DXA aBMD variables between T1DM subjects and matched controls although a 

trend towards lower aBMD at the lumbar spine was noted in T1DM subjects compared with 

controls. Young T1DM women had lower tibial trabecular vBMD and thinner tibial cortical shell 

than controls. Notably, SSIp, a standard pQCT-derived indicator of bone bending strength, did 

not differ between cases and controls. However, pQCT-FEA revealed several substantially-lower 

tibial stiffness measures which are good predictors for bone failure load (668). The major bone 

deficits are similar to those reported in an older cohort of patients recruited after sustaining low-

trauma fractures (669). Therefore, the findings are likely to be clinically-important despite the 

relatively modest sample size of participants with T1DM. 

 

Weber et al reported the relative risk for all fractures to be 1.35- to 1.76-fold higher in females 

with T1DM aged less than 30 years compared to non-diabetic controls (569). The elevated 

relative risk of fracture especially affected lower extremity fractures. For hip fracture alone, 
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although absolute risk was low, the relative risk was particularly high in young T1DM females, 

about 5-fold compared to their non-diabetic counterparts in this young population (569). As this 

age is a key stage for bone mass accumulation and bone structure maturation (692), 

understanding of bone fragility in this population is of great clinical importance. 

 

In this reported population, average values of the routine biochemistry analytes were within 

laboratory reference ranges, which indicated no signs of diabetes-related complications. 

However, a lower albumin level and higher glucose, insulin and HbA1c levels were observed in 

T1DM subjects than in controls, which may reflect the effects of diabetes of average duration of 

8 years. Although these differences usually would not raise clinical concern, their long-term 

cumulative effects may be one contributing factor to compromised bone health observed in the 

current study. While serum BTMs can reflect activities of bone remodelling more rapidly than 

DXA (693), the current study did not find any differences in P1NP or bCTX levels between 

groups. This finding is consistent with a recent systematic review on BTMs in children and 

adolescents with T1DM (694). Laboratory BTMs reference ranges based on data of 

premenopausal women were not used in this study. Indeed, wider local reference ranges (27 – 

131 and 0.2 – 1.0 μg/L for P1NP and bCTX, respectively) are suggested due to variability in 

bone remodeling rate across this age range (695).  

 

In a meta-analysis by Shah et al (696), data pooled from 16 studies showed modestly lower 

aBMD at the femoral neck and the lumbar spine in T1DM adults compared to controls. In 

another meta-analysis by Pan et al (697), significant differences in aBMD at the lumbar spine, 



211 
 

femoral neck and the total body were observed between young female T1DM subjects and 

controls aged less than 20 years. However, the included data were either of children and 

adolescents, or of adults aged older than 30 years. Moreover, neither study managed to perform 

subgroup analysis based on different age groups. More recent data on T1DM adolescents and 

young adults have revealed inconsistent results as well. Kaur et al reported lower WB BMC and 

WB aBMD in female adolescents with T1DM than in controls (698). Fuusager observed a 

negative effect of hyperglycemia on total body less head aBMD in T1DM adolescents, but these 

adolescents did not meet DXA criteria for osteoporosis (687). However, comparable LS aBMD 

in female adolescents with and without T1DM was reported by Helper-Stromberg et al (699). 

Madsen et al did not find any difference in total body less head aBMD between subjects with and 

without T1DM, although they did not divide groups based on gender (700). Abdalrahaman et al 

observed no difference in DXA-determined aBMD variables or MRI-determined bone 

microstructural variables in young adult women with and without T1DM (701). However, their 

analysis did not adjust for confounding factors e.g. age at menarche or HbA1c level. 

 

Among standard pQCT variables, trabecular vBMD and cortical thickness were observed to be 

lower in young females with T1DM than in their non-diabetic counterparts. Trabecular bone is 

more metabolically active than cortical bone and it changes more quickly in response to many 

diseases and treatments (633). However, in another study comparing standard pQCT variables 

between T1DM adolescents/young adults and controls, the investigators did not find any 

difference in Trb vBMD (702). The inconsistency with the current study may be due to higher 

BMI observed in the T1DM females than in controls in the study by Roggen et al. Another 

possible explanation may be site-specific effects since Roggen et al examined the radius instead 
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of the tibia. Our finding of reduced tibial cortical thickness is consistent with a previous finding 

by Verroken et al, although their observation was made in middle-aged adults at the radius (589). 

As cortical thickness is a strong predictor of bone strength and resistance to fracture (50), the 

standard pQCT findings suggest bone strength may be already compromised by early adulthood 

in T1DM females. 

 

Bone stiffness estimates assessed by pQCT-FEA indicated compromised bone stiffness which is 

strong predictor for bone failure load (668). Peripheral QCT FEA models based on tibial cross-

sectional images can provide better diagnostic performance than DXA alone in determining bone 

fragility in women with low-trauma fracture (599, 669). From our previous data, the area under 

the receiver operating curve (AUROC) for identifying patients with low-trauma fracture 

increased from 0.69 for total hip DXA to 0.83 for the pQCT-FEA shear stiffness estimate at the 

4% tibia (669). In the current study, stiffness estimates in different load cases were found to be 

11.9 – 17.1% lower in T1DM subjects than in controls. These differences are likely to be of 

clinical significance considering our previous finding of comparable deficits in pQCT-FEA 

estimates between older individuals with low-trauma fracture and controls without fracture 

(669). This finding may also help to explain the high relative risk of hip fracture seen in young 

T1DM females compared with non-diabetic controls in this age range, and ultimately may 

validate non-pharmacological or pharmacological intervention on bone fragility at an early stage 

of life in T1DM subjects. It is acknowledged that these FEA variables calculated from pQCT 

cross-sections do not capture bone stiffness and bone strength of the whole tibia but are estimates 

of bone mechanical properties that are proportional to the failure load. This logic has been 
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applied in micro-FEA by high-resolution pQCT (HR-pQCT) (412), although the current 

technique is more widely available and saves considerable time both in acquisition and analysis. 

 

While existing data are inconsistent in aBMD measures between T1DM subjects and healthy 

controls in different age ranges, and data in the current age range are scarce, our findings suggest 

that DXA alone provides limited information about bone fragility in a young adult female 

population within 10 years of T1DM onset. This consideration may be based, at least in part, on 

the fact that DXA has limitations in identifying individuals with increased fracture risk in an 

older population (667) due to its intrinsic technical weaknesses (703). Peripheral QCT and 

pQCT-FEA may be better tools for the assessment of bone fragility in this population. 

 

Age at menarche and oral contraceptive use potentially influence bone health in young T1DM 

adolescents. T1DM is associated with delayed age at menarche in young females and this impact 

is even present with good glycemic control (704). A negative correlation has been observed 

between age at menarche and DXA-determined aBMD variables in adults by both 

epidemiological and genetic studies (705, 706), although more details need to be explored in 

T1DM patients. Young females using oral contraceptives have also been found to present lower 

aBMD than non-users (707). While our unadjusted analysis did not find significant differences in 

DXA aBMD variables between T1DM subjects and controls, a trend towards lower aBMD at the 

lumbar spine was observed in T1DM subjects compared with controls after adjustment for age at 

menarche. Therefore, the role of these confounding factors warrants further investigation in 

T1DM females. 
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One of the strengths of this current study is that an age-, height- and weight-matched control 

group was selected from two large databases of projects on young women’s health in Australia. 

It is well-known that both age and body size have an influence on areal bone density (708), and 

controlling for these confounding factors by selecting age-, height- and weight-matched controls 

most likely eliminated the impact of age and body size on the results.  

 

Although differences in pQCT and pQCT-FEA were observed between young T1DM females 

and controls in this cross-sectional study, longitudinal comparisons were not available due to the 

study design. Future studies should focus on longitudinal changes in DXA, pQCT and pQCT-

FEA variables in this population, in particular, studies commencing from the time of T1DM 

diagnosis, as well as investigating fracture outcomes. Another limitation is the relatively small 

sample size for the T1DM females due to its low incidence in the population and compared to 

males (709). However, increased statistical power can be achieved by a case-to-control ratio of 

1:3 while keeping a practical study budget by not going beyond 1:4 (710). Moreover, the 

magnitude of the deficits revealed in pQCT-FEA variables strongly support the validity of the 

findings.  

 

In conclusion, this study provides novel and important insights into bone health in a female 

T1DM population in their early twenties within 10 years of T1DM onset and contributes to our 

understanding of bone fragility in this population by comparing them with age-, height- and 

weight-matched controls. DXA-measured aBMD variables did not differ between T1DM 

females and controls. However, this negative finding did not indicate healthy bones in these 



215 
 

young T1DM individuals as pQCT and pQCT-FEA demonstrated clear evidence of bone 

fragility compared with matched non-diabetic controls. The observed deficits in pQCT-FEA 

variables reflecting bone strength were large and likely to be of clinical significance. Future 

studies providing longitudinal DXA and pQCT data with a larger sample size and commencing 

soon after the diagnosis of T1DM are needed for a more detailed analysis and improved 

understanding of bone health in this population.  
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7.8 Additional discussion 

This section aims to discuss a few additional aspects after the first 7 sections was published.  

 

Oral contraceptive use was not an exclusion for either group. Although there was no difference 

observed in oral contraceptive use between groups, its influence on bone health is complicated 

and warrants discussion in this section. Allali et al (711) reported no differences in DXA aBMD 

or BTMs between past oral contraceptive users and never users among postmenopausal women. 

However, sub-group analysis in this study showed that past oral contraceptive use was associated 

with decreased BTMs (osteocalcin and CTX) but not aBMD variables in this study. In another 

study on premenopausal women in their mid-twenties by Ott et al (712), current oral 

contraceptive users were reported to have lower bone resorption and formation markers than 

non-users (DXA aBMD did not differ between them). While in another study on adolescents and 

younger women by Scholes et al, oral contraceptive use was associated with DXA aBMD (713), 

which was in consistent with data from the Canadian Multicentre Osteoporosis Study (714). 

However, none of the available literature focused on oral contraceptive use in T1DM females, 

especially T1DM young females, which hindered further assumption of whether oral 

contraceptive use led to changes in bone variables to different degrees for the two groups in this 

study.  

 

Detailed matching protocol was not described in the published sections. In the selection of 

matching, all T1DM cases were first listed followed by potentially matched candidates according 

the criteria in Section 7.4 in separare rows (i.e. one row for each case and the respective potential 
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matches). In this step, each case was followed by at least three matches. For those with three 

matches only, they were fit into Table 7.4 with the corresponding three matches. For those with 

more than three matches, their matches were selected by the order of weight, height and age that 

had the closest values with the cases’ corresponding variables. When there was a repeated match 

with another case, a new match was sought in the matching candidate list. The final cases and 

matches are shown in Table 7.4. 

 

The significant findings in standard pQCT and pQCT-FEA variables between groups could be 

associated with compromised muscle condition in T1DM cases. Muscle and bone have been 

studies as a functional unit recent year due to the mechanical and chemical interactions between 

them (715). Diabetic myopathy, characterised by decreased muscle mass and muscle strength 

(716, 717), has been considered as one of the diabetic complications due to the interrupted 

protein synthesis resulting from hyperglycemia and hypoinsulinemia (718). In a study on 

children and adolescents with T1DM, Bechtold et al observed lower bone cross-sectional area 

and muscle mass in prepubertal but not adolescent T1DM cases compared to reference data 

(719). However, no differences were observed in vBMD or muscle strength in all T1DM cases 

compared with reference. In another study, Maratova et al reported decreased muscle strength 

and Trb vBMD in T1DM cases compared to reference data (720). One possible explanation, as 

proposed by the authors, was that the skeletal impairment may be partly associated with 

insufficient stimulation of muscles due to diabetic myopathy. While data on muscle strength 

were not available in the current study, whether correlation exists between muscle strength and 

compromised bone density and bone strength still needs further exploration. 
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Table 7.4 Final matches for each case  

T1DM case  Match 1  Match 2  Match 3 

Age Height Weight  Age Height Weight  Age Height Weight  Age Height Weight 

17 168.5 65.4  17 167.7 62.5  17 171.0 63.1  17 168.6 66.0 

18 157.0 59.7  18 158.6 58.2  17 158.7 56.6  18 157.5 60.5 

20 177.8 65.0  21 178.8 69.0  21 179.6 64.0  19 176.0 66.5 

20 163.5 53.4  20 160.5 53.2  20 161.5 55.0  19 164.7 52.7 

21 161.9 54.0  21 161.4 54.0  21 161.5 53.6  21 164.0 56.7 

21 158.5 60.6  22 158.4 64.0  21 160.0 60.2  20 162.0 59.8 

22 163.0 65.2  21 160.3 67.6  22 161.8 66.1  22 164.8 63.0 

22 149.7 57.7  21 153.3 61.9  22 149.5 56.4  23 154.5 56.0 

23 159.7 91.1  22 164.2 94.5  23 161.7 96.0  24 164.4 86.1 

23 167.8 75.8  22 167.2 74.0  23 166.9 75.9  23 167.6 73.0 

23 163.3 62.8  23 166.2 64.8  23 161.7 65.6  23 164.0 60.2 

23 165.1 73.2  22 164.8 72.1  22 165.6 75.2  23 162.1 72.0 

23 167.5 65.1  23 166.0 67.7  23 170.2 64.7  23 169.9 63.2 

24 153.4 55.7  25 155.4 51.3  25 157.4 52.0  24 156.6 54.5 

24 164.3 93.4  25 169.2 95.5  24 169.0 90.6  23 167.5 95.4 

24 174.0 74.8  24 173.4 72.0  24 172.1 73.5  24 173.0 75.8 

24 173.3 58.4  23 172.2 57.4  23 170.7 61.4  24 176.1 57.5 

25 164.6 83.8  24 168.0 86.0  25 167.9 83.9  25 168.2 81.5 

25 173.0 59.4  24 174.0 56.8  25 171.0 57.2  25 175.4 58.4 

25 165.0 66.7  25 167.3 69.7  25 167.8 65.6  25 166.8 66.8 

26 173.7 71.9  25 169.8 75.5  25 174.3 73.0  25 176.5 68.2 

Age, height and weight are expressed in the unit of year, cm and kg, respectively. 

 

While this study finds compromised bone density, bone geometry and bone strength in young 

females with T1DM by pQCT and pQCT-FEA, the underlying mechanisms are multifactorial. 
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One major mechanism may be a suppressed bone formation caused by deficiency of insulin and 

insulin like growth factor-1 (IGF-1) in T1DM. Studies have confirmed poor bone formation in 

T1DM. In T1DM, deficiency of insulin and IGF-1 cause alterations in transcription of osteoblast 

promoting genes [e.g. Runt-related transcription factor 2 (RUNX2) that directs differentiation of 

mesenchymal cells into pre-osteoblasts and inhibits differentiation of mesenchymal cells into 

adipocytes and chondrocytes] resulting in decreased osteoblasts for bone formation (721, 722). 

In addition, hyperglycemia and inflammatory environments are also a toxic factor for osteoblast 

activity and survival (723). The effect of T1DM on osteoclasts and bone resorption is not as 

well-understood as on osteoblasts and bone formation. The most investigated signaling pathway 

in osteoclast differentiation and activation is RANK system (discussed in Section 2.6.2). Studies 

have shown that interaction between RANKL and osteoprotegrin (OPG), a decoy receptor of 

RANKL, results in increased osteoclast activity and bone resorption (724). This is supported by 

the finding of increased OPG expression in young T1DM cases (725). However, decreased OPG 

expression has been also reported in some animal models, which reflects the uncertainty existing 

in this mechanism (726). Furthermore, other studies have reported suppressed osteoclast 

differentiation under high glucose conditions in vitro (727, 728). All these findings together 

indicate that the RANK signaling system may not be the primary mechanism of bone effects 

throughout the course of T1DM that drives osteoclast activity, and new pathways need to be 

explored. 
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Chapter 8 

Conclusions and future directions 
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8.1 Conclusions 

Dual energy X-ray absorptiometry (DXA) is the most established tool for the assessment of bone 

strength in clinical practice and research, and is a key investigation in the diagnosis of 

osteoporosis currently. However, it only provides part of information about bone fragility, 

therefore has limitations in identifying individuals with increased fracture risk. The human 

skeleton is a hierarchical organ whose mechanical behaviour depends on multiple factors from 

organ level, to macrostructural and microstructural levels, finally to nano-structural level. 

Developments in modern technology enable examinations of all the hierarchical levels. 

Therefore, inclusion of other tests along with DXA may provide additional information about 

bone mechanical properties compared with DXA alone.  

 

Peripheral QCT has the ability to determine volumetric bone density and to separately analyse 

cortical and trabecular compartments of bone. More promisingly, the three-dimensional data 

acquired by pQCT are a potential source for FEA, as the cases in QCT and HR-pQCT, the FEA 

of which has been proved to contribute to our understanding of bone fragility in different 

populations. Therefore, this doctoral project aimed to explore the role of pQCT-FEA in the 

assessment of bone fragility in both laboratory mechanical testing and clinical studies of three 

cohorts: older people with low-trauma fracture, women following surgical menopause as well as 

young women with T1DM.  

 

In the first part of this project, the ability of pQCT-FEA of the radius to predict forearm fracture 

load obtained from mechanical testing was investigated. Up to 86% of variation in the failure 
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load can be explained by pQCT-FEA-calculated radius stiffness. This proportion was higher than 

the average proportion of DXA reported in the literature and comparable with that of HR-pQCT. 

Therefore, pQCT-FEA was potentially a tool to be used in clinical settings where assessment of 

bone strength is required. The promising finding facilitated its application in the following 

studies of this doctoral project. 

 

The next three studies investigated the application of pQCT-FEA in three cohorts considered to 

have increased risk of fracture. In the second study, comparison was made in DXA, standard 

pQCT and PQCT-FEA variables between older people with low-trauma fracture and controls. 

Significant differences were observed in pQCT-FEA stiffness variables, as well as in Trb vBMD, 

between the two groups. However, this degree of difference was not observed in DXA aBMD 

variables. Further analysis found that the pQCT-FEA variables were associated with high OR for 

fracture status. Moreover, enhanced diagnostic ability (specificity, sensitivity and AUROC) was 

observed with pQCT-FEA variables compared with DXA alone in both females and males. On 

one hand, this study confirmed again the limitations of DXA in identifying individuals with 

increased risk of fracture; more importantly, these findings suggest pQCT-FEA may offer 

complementary information in this population and improve clinical management of osteoporosis 

patients. 

 

In the third study, significant bone loss was detected by DXA, standard pQCT and pQCT-FEA 

variables in women who did not receive hormone therapy following surgical menopause. Up to a 

14.8% decrease in pQCT-FEA variables was observed 24 months post-surgery in these subjects 
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compared with up to 6.0% in DXA aBMD. This difference was similar to the difference found 

between older patients with osteoporotic fracture and controls in the second study, which 

indicated a clinically-important change in these women. In addition, pQCT-FEA but not DXA 

measurements differed between women undergoing RRBSO and controls at the end of the two-

year follow up, which means pQCT also seems to provide a more detailed assessment of bone 

strength in a cross-sectional setting.  

 

The fourth study examined bone fragility in young adult females with T1DM compared with 

age-, height- and weight-matched controls. While DXA aBMD measurements did not detect any 

difference in between them, significant difference was observed in pQCT-FEA of the distal tibia. 

As a large proportion of lower limb fracture was found in young females with T1DM, findings 

from the fourth study provided a more direct assessment of bone mechanical characteristics at 

this site compared to central measurements of DXA. The pathogenesis of fracture risk in young 

people with T1DM is poorly understood, with inconsistent data being found with DXA. This 

provided a strong justification for investigating alternative measures of bone strength in this 

population.  

 

In conclusion, this doctoral project provided insights in the application of pQCT-FEA as valid 

tool for the assessment of bone fragility considering the intrinsic limitations of DXA in clinical 

settings. Exploration of its utility in future studies is warranted. 
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8.2 General limitations 

Other than the specific limitations discussed in each of sub-studies, there are a few general 

limitations to be acknowledged in this section. 

 

Selection bias may have existed in the three sub-studies invloving a control group (Chapter 5, 6, 

7). Ideally, selection of controls should be based on a random sample from the source population 

to eliminate selection bias when comparing differences between them and study cases (729). In 

chapter 5, recruiting sources were mainly based on community education programs (University 

of the Third Age) and people from the University of Melbourne and the Royal Melbourne 

Hospital. While community attendees and hospital volunteers were all retired people and were 

older than the rest of the control group, they were assumed to be more physically active than the 

general population at their age. The overall impact on the control group to represent the study 

population is uncertain, therefore, interpretation of the difference should be with caution. In 

Chapter 6, again, combined recruitment techniques of population advertising and snowballing 

were used. While controls by snowballing technique may have similar socioeconomic 

background or living environment with the intervention group (730), these factors may confound 

the difference between cases and controls from general advertising. In Chapter 7, both the T1DM 

group and the control group were recruited from two large cohorts on young women’s health. 

Therefore, they may represent a young female population who pay attention to their health more 

than the general population. All in all, subjects and controls were generally well-matched for 

known relevant covariables and adjustments were made for potentially relevant differences, thus 

reducing the risk of bias between groups. 
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In Chapters 5 – 7, information about statistical power was not provided when each chapter was 

published/peer-reviewed by the respective journal. This information is important to describe 

what difference the observed samples could reliably reflect. In Chapter 5, the statistical power of 

TH aBMD, tibia Trb vBMD and kshear at 4% tibia to detect differences between groups at the 5% 

significance level were 76.2%, 89.6% and 99.9%, respectively, which were not considered 

underpowered. In Chapter 6, the statistical power of LS aBMD, tibia Crt vBMD and 4% tibia 

kbend to detect differences between RRBSO and control groups at 24 months at the 5% 

significance level were 53.0%, 88.4% and 69.4%, respectively. In Chapter 7, the statistical power 

of LS aBMD, tibia Trb vBMD and 4% tibia kshear to detect differences between T1DM and 

control groups at the 5% significance level were 62.8%, 67.8% and 97.8%, respectively. 

Unfortunately, the statistical power for some outcomes was considered only moderate to detect 

differences between groups at 5% significance level, which means the risk of Type II error may 

increase. On the other hand, all studies explored novel outcomes so a priori estimates of power 

and sample size were not feasible. Future studies with larger sample size are therefore warranted 

to overcome this statistical issue. 

 

A precision study on the pQCT-FEA models was not conducted at the time of thesis submission. 

Such a study has been conducted by my colleagues thereafter and reproducibility of pQCT-FEA 

is shown in Appendix 3. 
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8.3 Future directions 

Based on the findings of this doctoral project, there are several directions for future research. The 

first potential lies in the methodology of pQCT-FEA itself. All FEA models were based on a thin 

cross-section of pQCT image; therefore, the calculated strength and stiffness were assumed to be 

proportionate with the real whole-bone mechanical properties. This logic is also reflected in the 

idealized load cases applied in the FEA simulations. In reality, a combination of all load cases 

occurs at the same time in vivo. Using separate load case to predict bone strength can only reflect 

the whole-bone strength but is never the real whole-bone strength. This logic has been widely 

used in FEA studies of QCT and HR-pQCT. A regression model involving all the load cases and 

concluding a more comprehensive variable may be developed in future studies.  

 

Although strong correlation was observed between pQCT-FEA variables and bone failure load in 

the validation study, direct comparisons between the pQCT-FEA variables and DXA or HR-

pQCT variables were not available, although the r2 of pQCT-FEA in this study was higher than 

the reported r2 of DXA and comparable with that of HR-pQCT. A more comprehensive study is 

therefore needed to see whether pQCT-FEA performs parallel to, if not better than, DXA and 

HR-pQCT under the same testing configuration.  

 

Most of the fractures were peripheral fractures in the second study, which proved the value of 

pQCT-FEA in patients with non-vertebral fracture. However, hip and vertebral fractures account 

for a large proportion of osteoporotic fracture and are associated with worse clinical outcomes 

than peripheral fracture. Therefore, whether pQCT-FEA can provide the same diagnostic 
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performance in patients with central fractures is unclear. A further study exploring the role of 

pQCT-FEA in these patients is therefore warranted. 

 

pQCT-FEA showed a good ability to detect long-term changes in women with surgical 

menopause in the third study. However, pQCT data were not available at 12 months follow-up or 

earlier. Therefore, its role in detecting short-term changes in bone mechanical behaviour is 

unknown. PQCT-FEA may be sensitive to subtle changes in bone mechanical properties, as 

reflected in the larger difference compared with the difference in DXA aBMD observed between 

respective groups in the second to the fourth studies, but this hypothesis needs further validation. 

In addition, recruitment of more subjects and extended follow-up is also needed due to the 

relatively small sample size in this study, as well as in the fourth study. 

 

The cross-sectional design of the fourth study may limit further interpretation of bone fragility 

seen in young women with T1DM. Therefore, longitudinal comparison is needed for the 

comprehensive role of pQCT-FEA in this population. Heterogeneity existed in the gap between 

T1DM onset and the study time point, which may confound the findings. Future studies are also 

in need with comparable period of T1DM onset in this population. 

 

As compromised bone strength has also been shown in many other populations, e.g. individuals 

with inflammatory bowel disease or end-stage renal disease, individuals taking glucocorticoid 

agents for an extended period or anti-epileptic drugs, individuals undergoing bariatric surgery, 
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application of pQCT-FEA can also used in these populations to compare with DXA and other 

modalities.  

 

Sarcopenia has been associated with osteoporosis in recent studies (731). It is now considered 

that the two conditions should be recognised in association as osteosaropenia. Since the 

diagnostic criteria for sarcopenia still face challenges (732), and pQCT can also measure some 

muscle variables e.g. muscle density, muscle CSA, future studies may also focus on the role of 

pQCT and pQCT-FEA in the identification of osteosarcopenia and clinical implications of the 

association. 

 

The clinical application of pQCT-FEA would be greatly facilitated with identification of one or 

several key pQCT-FEA variables that best distinguish between individuals with increased 

fracture risk and a general population. This would be an important future research direction as an 

extension of this PhD project. Comparison of key pQCT-FEA variables in each chapter is 

summarised in Table 8.1 for this purpose. Intuitively, kbend and kshear at the 4% tibia 

performed better than the rest of the pQCT-FEA variables but more detailed analysis are needed 

to confirm this assumption. 
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Table 8.1 Comparison between key pQCT-FEA variables in each chapter 

Chapter Key variable Measured site Key results 

Chapter 4 

The validation study 

kbend 4% radius r2 = 0.83 and 0.86 with experimental 

failure load, before and after 

adjustment for age, respectively  

Chapter 5 

The FRACTURE study 

kshear 4% tibia 29.7% lower in fracture patients than 

in controls; OR = 9.13 for a fracture 

fracture and AUROC = 0.79 

Chapter 6 

The WHAM study 

kbend 4% tibia 12.1% lower in RRBSO group than in 

control group at 24 months; identify as 

high as 14.8% loss in non-HT users in 

24-month follow-up 

Chapter 7 

The T1DM study 

kshear 4% tibia 17.1% lower in T1DM cases than in 

controls; difference between groups 

was still significant after adjustment 

for confounders 

 

Finally, to improve fracture prediction using pQCT and pQCT-FEA, large epidemiological 

studies recording detailed fracture event and fracture risk factors with DXA and pQCT 

measurements are therefore needed to develop more valid prediction models.  
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Appendix 3 pQCT precision data 

The radius and the tibia of each participant were scanned by two qualified technologists, and the 

first technologist again. All scans were analysed by them separately. All scans and analysis were 

performed in line with the standard protocol detailed in Section 3.4. Inter-rater and intra-rater 

reliability are summarised in Table A3.1. Precision error and least significant changes for each 

pQCT-FEA variable are summarised in Table A3.2. 

 

Table A3.1 Inter-rater and intra-rater reliability of pQCT-FEA variables 

Limb Site Variable Inter-rater reliability Intra-rater reliability 

 

Radius 

(n = 9 

except for * 

where n = 

8) 

 

4% 

kcomp 0.770 0.849 

kshear 0.800 0.877 

ktorsion 0.913 0.918 

kbend 0.951 0.918 

 

66% 

kcomp 0.957 0.983 * 

kshear 0.953 0.982 * 

ktorsion 0.982 0.980 * 

kbend 0.974 0.971 * 

 

 

Tibia 

(n = 10) 

 

4% 

kcomp 0.998 0.997 

kshear 0.998 0.997 

ktorsion 0.998 0.998 

kbend 0.999 0.999 

 

66% 

kcomp 0.999 0.999 

kshear 0.999 0.999 

ktorsion 0.999 0.999 

kbend 0.998 0.999 
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Table A3.2 Precision errors and least significant changes of pQCT-FEA variables 

Limb Site Variable RMS-SD RMS-%CV LSC-SD LSC-%CV 

 

Radius 

 

 

4% 

kcomp 18.13 21.4 50.23 0.593 

kshear 4.23 18.7 11.72 51.7 

ktorsion 6.99 14.5 19.35 40.1 

kbend 6.44 13.3 17.83 36.9 

 

66% 

kcomp 15.37 8.7 42.58 24.2 

kshear 4.67 9.6 12.94 26.7 

ktorsion 3.68 10.3 10.2 28.6 

kbend 6.33 12.7 17.53 35.3 

 

 

Tibia 

 

 

4% 

kcomp 24.32 1.7 67.38 4.8 

kshear 7.15 1.9 19.82 5.3 

ktorsion 40.99 1.9 113.54 5.4 

kbend 39.14 1.6 108.41 4.5 

 

66% 

kcomp 24.30 0.8 67.32 2.1 

kshear 7.13 0.8 19.76 2.3 

ktorsion 45.35 1.1 125.63 3.0 

kbend 61.71 1.5 170.92 4.1 

RMS-SD: root mean square of standard deviation, RMS-%CV: root mean square of coefficient 
of variation (expressed in %), LSC-SD: least significant change in standard deviation, 
LSC-%CV: least significant change in coefficient of variation. RMS-SD and LSC-SD are 
expressed in the unit of the corresponding variables, which are kN/mm, kN/mm, Nm/deg and 
Nm/deg for kcomp, kshear, ktorsion and kbend, respectively. 


