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Abstract 

Accurate assessment of hip fracture risk is very important to prevent hip fracture and to 

monitor the effect of a treatment. A subject-specific QCT-based finite element model was 

constructed to assess hip fracture risk at the critical locations of femur during the single-

leg stance and the sideways fall. The aim of this study was to improve the prediction of 

hip fracture risk by introducing a more proper failure criterion to more accurately 

describe bone failure mechanism. Hip fracture risk index was defined using the strain 

energy criterion, which is able to integrally consider information such as stresses, strains 

and material properties in bone failure. It was found that the femoral neck and the 

intertrochanteric region have higher fracture risk than other part of the femur, probably 

owing to the larger content of cancellous bone in these regions. The study results also 

suggested that women are more prone to hip fracture than men. The effects of different 

parameters such as age, body height, weight, and BMI on hip fracture risk were also 

investigated in this study. The findings in this study have a good agreement with those 

clinical observations reported in the literature. The main contributions from this study 

include: (1) introducing an algorithm for hip fracture risk assessment at the critical 

locations of femur using the strain energy criterion and QCT-based finite element 

modeling, (2) theoretically more reasonable definition of hip fracture risk index based on 

the strain energy criterion, and (3) a semi-automatic finite element analysis and automatic 

calculation of hip fracture risk index at the critical locations of femur using in-house 
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developed computer codes. The proposed hip fracture risk index based on the strain 

energy criterion wil l be a promising tool for more accurate assessment of hip fracture 

risk. However, experimental validation should be conducted before its clinical 

applications. 
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 Chapter 1 

Introduction 

1.1 Background and Motivation 

A major cause of suffering, disability, and death in the elderly is hip and other 

osteoporotic fractures. Osteoporosis is a skeletal disease determined by low bone mass 

and micro-architectural deterioration (Figure 1-1) with an increase in the possibility of 

bone fracture [1]. Osteoporosis is often known as a ñsilent diseaseò because bone loss 

occurs without any symptom [2]. Many factors, in addition to low bone mineral density 

(BMD), independently contribute to the risk of osteoporotic fracture, and in particular for 

hip fracture, including body mass index (BMI), age, history of maternal hip fracture, 

body weight, height, poor health, previous hyperthyroidism, poor depth perception, 

tachycardia, previous fracture, benzodiazepine use, low calcium intake, reduced sunlight 

exposure, early menopause, smoking, alcohol consumption, and physical activity levels 

[3,4]. Previous hip fracture increases the risk of second hip fracture two to ten folds [5].   
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Figure 1-1. Bone mass in normal and osteoporotic conditions [6] (courtesy of Osteoporosis Canada). 

 Osteoporotic fractures are more common than heart attack, stroke, and breast cancer 

in Canada (Figure 1-2). At least one in three women and one in five men may experience 

an osteoporotic fracture during their lifetime [6]. The statistical studies show that hip 

fractures are increasing dramatically in the elderly. Ninety percent of hip fractures occur 

in individuals older than 70 years of age [7,8]. The estimation of total number of hip 

fractures in men and women in 1990 was 338,000 and 917,000 respectively over the 

world [9]. the number of hip fractures is estimated to 2.6 million by the year 2025, and 

4.5 million by the year 2050 over the world [9]. About 25,000 hip fractures were reported 

in Canada in 1993 [6].  
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Figure 1-2. Annual incidence of common diseases in Canada [6] (courtesy of Osteoporosis Canada). 

Osteoporotic fractures also cause high economic costs for the health-care systems 

worldwide. Treatment costs of all osteoporotic fractures have been estimated to be $20 

billion in the USA and about $30 billion in the European Union per year [1]. The annual 

cost to the Canadian healthcare system for treating osteoporosis and the corresponding 

fractures was over $2.3 billion as of 2010. This cost will increase to $3.9 billion if a 

proportion of Canadians are assumed to living in long-term care facilities because of 

osteoporosis [6]. By the increasing trend in hip fractures because of the aging of the 

population, the worldwide annual costs of hip fractures in the year 2050 have been 

estimated to be $131.5 billion [10]. Hip fracture reduces the quality of life dramatically, 

so that it can result in reduction or loss of mobility, disfigurement, lowered self-esteem, 

and decreased independence [6].  
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Hip fracture leads to an up to 20% chance of death, a 25% chance of long term 

disability , and less than a 50% chance of full recovery [11]. Reduced bone strength and 

falling are usually the main causes of hip fracture. Hip fracture is the most common 

serious injury associated with the fall of an elderly person. Falls are the main etiological 

factor in over 97% of hip fractures [12]. Sideways falls, in contrast to forward or 

backward falls, increase the risk of hip fracture. Risk of hip fracture in the elderly is six 

times greater during the sideways falls than the forward or backward falls, and 30 times 

greater if the fallïrelated impact force is directly applied on the hip region [13].   

Therefore, due to hip fracture prevalence among the elderly, high medical care costs, 

and the associated social problems, hip fracture risk should be assessed for osteoporosis 

patients to prevent fracture. The goal in the assessment of hip fracture risk is to identify 

who is at a risk of osteoporotic hip fracture and to put the patient in a program to prevent 

future fractures.  

1.2 Literature Review 

1.2.1 Available Methods for Hip Fracture Risk Assessment 

Bone mineral density captured by Dual-Energy X-ray Absorptiometry (DXA) is now a 

well-established practice in clinical centres for screening osteoporosis. This method 

evaluates the bone mineral densities at several critical locations of the patient and 

compares them with those of healthy young adults. DXA  is the most widely used method 

for measuring BMD due to its low dosage of radiation, high precision, stable calibration, 
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and short scan time, less than 2 minutes for the spine, hip or forearm, and less than 3 

minutes for the total body [14]. DXA employs two different X-ray energies to determine 

bone mineral content (BMC). With the preselected area, areal bone mineral density 

(aBMD) (ÇÃÍϳ ) can be derived via BMC divided by the area of a region of interest 

(ROI) on lumbar spine, hip, forearm, or even whole body. The aBMD of an individual is 

then compared to the references in a proper population database, and the result is 

commonly expressed as T-score and Z-score. The T-score indicates the difference 

between the patientôs BMD and the mean peak bone mass achieved in healthy young 

adults. The operational range of T-score for diagnosing osteoporosis has been 

recommended by the World Health Organization (WHO). T-score above -1 (T-score>-1) 

indicates normal bone density (low fracture risk), T-score from -2.5 to -1 (-2.5<T-score<-

1) indicates low bone mass (intermediate fracture risk), and T-score lower than -2.5 (T-

score<-2.5) indicates the presence of osteoporosis (high fracture risk) [15]. However, the 

limitation of using T-score lies in subjects with or without hip fractures may have the 

same BMD values [16]. Z-score, an indicator comparing the patientôs aBMD with the 

mean value derived from the same age, sex, and ethnicity, is sometimes used in assessing 

hip fracture risk [17]. It can be used particularly in situations when use of T-score is 

inappropriate to assess fracture risk. High proportion of the elderly are classified as 

osteoporotic according to the WHO criteria, even their BMD is normal for their age [18]; 

it means T-score is not a proper fracture risk evaluator in the elderly. This deficiency 

does not appear in Z-score measurement since the patientôs BMD is compared with that 

of the patientôs peers with matched age. However, Z-score may be confusing since it 
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obscures age as a risk factor in assessing osteoporosis [19]. A DXA image cannot provide 

any information about the distribution of  mineral  along the projection path; so, it is 

inappropriate to be used to draw conclusions about tissue mineralization or porosity [20]. 

T-scores cannot be used for children and young adults [21], as their bone density has not 

yet reached the peak value. On the other hand, the WHO definition of high risk of 

fracture (T-score<-2.5) only covers a very small percentage of the actual high-risk 

patients while the majority of actual fracture cases recorded by clinic occurred with T-

score above the threshold. Therefore, their accuracy in assessing individual fractures is 

limited. 

Fracture Risk Assessment Tool (FRAX®) is a tool to evaluate an individualôs fracture 

probability in the next 10 years, adopted by the WHO in 2008 [22]. The FRAX® model 

has been developed from studying population-based cohorts in Europe, North America, 

Asia and Australia. It has been established as a tool to identify and treat patients with a 

high risk of bone fractures. Not all risk factors are properly considered in FRAX® and the 

actual risk may be considerably underestimated. The main limitations of the FRAX® 

include: it is a statistical model and fracture risk is not consistent within 10 years with 

some of the treatment results [23]. FRAX® also does not take into account fall-induced 

impact force that is critically important in the hip fracture risk assessment [24,25].  

Hip Structural (or Strength) Analysis (HSA) programs are now commercially 

available and are used to automatically assess the geometric and structural parameters of 

the femur. The HSA program measures not only the BMD of the femur but also the 

structural geometry of cross-sections traversing the femur at specific locations [26]. 
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Although, DXA scanners have high precision for measuring BMD, but they were not 

designed to measure geometry [27]. Small changes in femur position have a large effect 

on the projected dimensions of the geometry. Accuracy in measuring structural 

parameters of paired images using HSA is worse than conventional BMD due to 

positioning inconsistence [28]. HSA is not able to distinguish mineralization contributed 

by different bones, for example cancellous and cortical bone, and it thus measures 

average tissue mineralization which is sometimes misleading [27]. 

 By integrating an imaging technology such as DXA or Quantitative Computed 

Tomography (QCT) and a numerical method such as the Finite Element Method (FEM), 

a category of more reliable tools for assessing hip fracture risk have been developed. [29ï

40]. These methods also do not have the aforementioned limitations. The FEM is a 

computational method that can be used to study the mechanical aspect of hip fracture. 

Imageïbased finite element analyses can more accurately predict fracture risk of femur. 

DXA- and QCT-based finite element (FE) analyses are the two commonly used methods 

for in-vivo assessment of hip fracture risk. In DXA-based FE analysis, a two-dimensional 

(2-D) FE model of the femur is constructed from the patientôs hip DXA image. In 

assessment of hip fracture risk using a DXA-based FE model, the real-world boundary 

and loading conditions cannot be accurately considered. Although DXA-based FE 

models are 2-D, they are preferred in clinics because the radiation dosage used in the 

DXA scanning is much lower than that of the QCT scanning. Whereas the purpose is to 

accurately determine the actual stresses/strains in the bone for precise fracture risk 

assessment, all components in the FE model, i.e. the geometry, the material properties, 
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and the loading and boundary conditions, must be faithful to the real-world scenario. In 

contrast to planar DXA scan which is widely utilized, QCT scan provide information on 

three-dimensional (3-D) geometry and volumetric bone mineral density (vBMD) 

(ÇÃÍϳ ) of the cancellous and cortical bone so that a faithful FE model of the bone can 

be generated. Therefore, a subject-specific QCT-based FE model, which is a 3-D FE 

model and more faithfully represents the real-world object, can provide more accurate 

assessment of hip fracture risk.    

1.2.2 Bone Failure Criteria 

Hip fracture under a stance force or impact force induced in sideways fall is usually 

measured by one of the two indices: Factor of Safety (FOS) or Fracture Risk Index (FRI). 

FOS less than one or FRI more than one indicates bone failure. For a precise assessment 

of hip fracture risk, FOS or FRI should be calculated accurately. For this purpose, 

parameters that are required in FOS and FRI calculation should be calculated accurately. 

One component required in accurate assessment of hip fracture risk is a proper failure 

criterion based on bone failure mechanism and microstructure. A number of 2-D and 3-D 

FE models have been developed in the literature to assess hip fracture risk. 

Testi et al. [29] evaluated hip fracture risk using a 2-D FE model derived from DXA 

image of a surrogate femur. They validated their evaluation in-vitro using a replica of the 

human femur and then the predicted results were compared to strain-gauge measurements 

and to a 3-D FE model, with good agreement being observed. They considered the 

maximum principle strain criterion to assess hip fracture risk. Luo et al. [30] calculated 
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the averaged FRI as the ratio between the effective stress (or von Mises stress) induced 

by the applied forces and the allowable stress (or yield stress) of the bone over an ROI. In 

their definition FRI was defined based on the von Mises stress failure criterion.  Keyak et 

al. [41] assessed FOS to predict femur fracture load under two loading conditions - one 

representing the loading in a stance phase configuration and the other simulating the 

impact in a sideways fall configuration. Their study was based on 3-D FE model 

generated from CT data of the patient. They calculated FOS using the von Mises stress 

failure criterion. Lotz et al. [42,43] used the von Mises stress failure criterion for the 

cortical bone and the crushing-cracking stress criterion for the trabecular bone. In the 

study by Ota et al. [44] the hip fracture risk was assessed using the principle stress 

criterion. 

 In the previous studies [29,30,41ï44] different failure criteria were considered for the 

hip fracture risk assessment. However, choosing a proper failure criterion to calculate 

FRI and FOS is challenging. Lotz et al. [42] and Schileo et al. [45] investigated the 

possibility of applying the strain-based criteria and compared their performance with the 

stress-based ones. According to the study of Lotz et al. [42], the von Mises strain 

criterion improved the hip fracture risk prediction, compared to the von Mises stress 

criterion. Schileo et al. [45] applied the maximum principle strain, the von Mises stress, 

and the maximum principle stress criteria and compared the results with the experimental 

findings under the same stance loading. Their study proved that the principal strain 

criterion predicted fracture risk better than the two stress-based criteria and its prediction 

was consistent with the experimental findings. Although, Schileo et al. [45] compared 
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different failure criteria under the stance loading, they did not investigate their accuracy 

during the sideways fall. In the study reported by Keyak and Rossi [46], the performance 

of nine stress- and strain-based failure criteria in assessment of hip fracture risk was 

investigated. They evaluated the distortion energy, the Hoffman and a strain-based 

Hoffman analog, the maximum normal stress, the maximum normal strain, the maximum 

shear strain, the maximum shear stress, the Coulomb-Mohr, and the modified Mohr 

failure theories using a CT-based FE model of the femur. Two loading configurations, 

one simulating the single-leg stance and the other simulating the fall status were 

considered in their study. The results of their study suggest that the distortion energy and 

the maximum shear stress criteria may be the most accurate for identifying the fracture 

location under the stance loading or the impact in a fall.  

The femur consists of inhomogeneous (porous) cancellous bone and nearly 

homogenous cortical bone, so, their failure mechanism is totally different due to their 

different microstructure. Failure mechanism of the cancellous bone is mostly in the form 

of buckling, and the failure of denser cancellous bone and the cortical bone is mostly 

characterized by local cracking [32,47]. Although stress- and strain-based failure criteria 

are accurate for ductile materials such as metal, they may not be accurate for bones 

because bone is classified as a brittle material [48]. The ultimate strain of metals is much 

larger than that of bones. Therefore, bone is considered as a brittle material rather than a 

ductile one. The tensile strength of bones is smaller than their compressive strength, 

which suggests that bone should be classified as one of the brittle materials [48]. Due to 

this property of bones, energies related to distortion and volume change should be taken 
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into account in failure analysis. Therefore, the maximum distortion energy criterion that 

only considers the energy of distortion may not be accurate for bone failure analysis. The 

total strain energy, which is a combination of the energy due to element distortion (Ὗ ) 

and the energy due to change of element volume (Ὗ), should be taken into account in 

bone failure analysis. Strain energy is a product of the stress and strain tensors, so it can 

be a more complete representative of both the force and deformation intensities [32]. 

Mirzaie et al. [32,49] predicted failure strength and failure patterns of human proximal 

femur and human vertebrae using the strain energy criterion with a QCT-based FE model. 

Their predictions of the failure loads and failure locations were in a good agreement with 

the experimental findings. The strain energy criterion is widely used in fracture analysis 

of engineering materials. It is usually used in crack problems [50ï52], composite 

laminates [53,54], bone cement analysis [55], and other engineering fields. Therefore, 

computation of hip FRI over an ROI based on the strain energy criterion theoretically 

should be more accurate for assessing hip fracture risk. To the best of our knowledge, 

there are currently no published studies that use the strain energy criterion for the hip 

fracture risk assessment. We defined the hip fracture risk index over an ROI using the 

strain energy criterion. The aim of this study is to improve hip fracture risk assessment by 

using the strain energy criterion.  

1.3 Objective of the Reported Research 

The objective of this dissertation is to improve the prediction of hip fracture risk by 

developing a fracture risk index based on the strain energy criterion. Based on the 
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discussions in Section 1.2, we define the hip fracture risk index using the strain energy 

criterion that is the most appropriate failure criterion according to bone failure 

mechanism. In total, sixty clinical cases (30 females and 30 males), including 120 right 

and left femurs, were obtained from the Winnipeg Health Science Centre for this 

investigation. For each clinical case, two finite element models for respectively the right 

and left femur were constructed using the patientôs hip QCT images. Loading and 

boundary conditions for the single-leg stance and the sideways fall configuration were 

simulated; fracture risk indices at the critical regions on the femur were obtained using 

the new FRI definition. It is expected that the new fracture risk index based on the strain 

energy criterion can predict both the fracture risk level and the potential fracture locations 

more precisely than other failure criteria.  

1.4 Outline of the Thesis 

This thesis is organized as follows: 

Chapter 2 - In this chapter, first the basic anatomy of the hip will be illustrated. Second, 

femur structure, physiology and material properties will be introduced. Then, hip fracture 

types and failure mechanism will be reviewed. Finally, the general finite element 

procedure for hip fracture analysis will be presented. 

Chapter 3 - In this chapter, the procedure of constructing a QCT-based finite element 

model and finite element analysis of femur will be explained step by step. The definition 

of a new hip fracture risk index will be introduced, which is based on the cross-section 

strain energy.     
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Chapter 4 - In this chapter, verification results will be provided and explained to validate 

the in-house developed computer codes. Convergence tests will be presented. Stress and 

strain patterns in the femur will be presented and discussed. Hip fracture risk at the three 

critical cross-sections on femur for the 60 clinical cases will be calculated and hip 

fracture variations will be discussed. Finally, the effects of anthropometric parameters on 

hip fracture risk will be investigated.    

Chapter 5 - In this chapter, major conclusions and contributions from this reported 

research will be summarized. Future research will be presented to remove the limitations 

in the current research. 
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 Chapter 2 

 

Theoretical Background 

2.1 Basic Anatomy of the Hip 

The human hip is a ball-and-socket joint, as shown in Figure 2-1, capable of tri-axial 

articulation. The ball bearing is the femoral head, located at the proximal end of the 

femur, and the socket bearing is the acetabulum, located at the three pelvic bones [56]. 

The stability in the hip is maintained by the deep socket-the acetabulum, and it is 

increased by the strong joint capsule and its surrounding muscles and ligaments [57].  

The hip joint is also one of the largest joints in the body and is a major weight-bearing 

joint. Forces acting on the hip during walking can be five times of the personôs body 

weight. A healthy hip can support body weight and allow motion without pain. Diseases 

or injuries will significantly influence on gait and place abnormal stress on the hip joint. 

To seriously damage the hip, a great force is needed because of the strong and large 
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muscles of the thighs that support and protect the hip. Osteoarthritis, inflammatory 

arthritis, and bone fragility due to osteoporosis in the elderly can lead to the damage of 

the hip joint [57].  

 

Figure 2-1. Anatomy of the hip joint [58] (courtesy of Valeo Health Clinic). 
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2.2 Femur Bone 

2.2.1 Structure and Physiology 

Bone is a dynamic living organ constituting the skeletal system together with other 

connective tissues such as ligaments, tendons, and cartilages. Bones support and protect 

the various organs of the body, store minerals, enable mobility, and also 

produce red and white blood cells. Bone is made of mineral (70%), organic matrix (22%), 

and  water (8%) [59]. This kind of composition makes the bones stiff but tough, so that 

the skeleton is able to maintain the shape of the body [60]. Generally, the hardness, 

elasticity, and viscoelasticity of bone are respectively related to the mineral, organic 

matrix, and water. 

Bones are classified according to their shape into long (e.g. humerus and femur), short 

(e.g. wrist bone), flat (e.g. cranial bones), irregular (e.g. vertebra), and sesamoid bone 

(e.g. patella) [61]. Mechanical functions of bone depend on its shape. Long bones, for 

example femur, act as a stiff lever to transmit muscle generated-forces over joints. On the 

other hand, the function of flat bones, for example skull bones, is to protect the internal 

organ such as the brain [62].  

Anatomically, femur is divided into a number of sections, namely, diaphysis, 

epiphyses, metaphyses, articular cartilage, periosteum, medullary cavity, and endosteum. 

The structure of femur is shown in Figure 2-2. Different parts of the human femur are 

also described in Figure 2-3. The long bones such as the femur are mostly made of 

http://en.wikipedia.org/wiki/Mineral
http://en.wikipedia.org/wiki/Red_blood_cell
http://en.wikipedia.org/wiki/White_blood_cell
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cortical (or compact) bone and trabecular (or cancellous) bone. In adult human, the 

cortical bone constitutes approximately 80% of total skeletal mass and the trabecular 

bone constitutes the remaining 20%. Spongy trabecular bone can be found in the inner 

parts of bones and dense cortical bone forms the outer layer of all bones (Figure 2-2).  

Cortical bone mainly can be found in the diaphysis, which surrounds the medullary cavity 

[60,63]. 

 

Figure 2-2. Anatomic structure of the human femur [64] (courtesy of Wikipedia). 
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Figure 2-3. Different parts of the human femur. 

2.2.2 Material Properties 

Materials can be categorized into two groups based on their mechanical behavior in 

response to the direction of applied force: isotropic and anisotropic material. Isotropic 

material has identical mechanical behavior in all directions while anisotropic material has 

different behavior in different directions. There is a structure-mechanical function 

relationship in bone. Bone is built of a structural basic building block called mineralized 

collagen fibril [65]. In bones that have parallel-fibered structure such as long bones, the 

mineralized collagen fibrils are aligned in the direction parallel to the axis of long bones. 

This longitudinal orientation of the mineralized fibrils creates the highly anisotropic 



Theoretical Background  19 

 

 

 

material behavior. It was reported that the parallel-fibered bone like the long bones has 

higher modulus in the direction parallel to the axis of bone than the one in the direction 

perpendicular to the axis [62,65,66]. Due to this property of long bones, they are 

classified as an anisotropic material.  

Because of porous structure of trabecular bone, its mechanical properties such as 

elastic modulus can vary from one location to another at macrostructure level [67]. 

Different degrees of porosity of the trabecular bone make different degrees of density. 

The mechanical properties of bone are dependent on its density [68]. Due to variation of 

density in the trabecular bone, the mechanical properties also vary through the trabecular 

bone. Therefore, bone is also categorized as an inhomogeneous material.  

Whereas there is not enough information on anisotropic properties of bone, it is 

typically considered isotropic in finite element analyses. Anisotropic long bones can 

often be considered as orthotropic material. To construct anisotropic/orthotropic FE 

models, the bone density and the directions of the orthotropic axes are required. The 

effects of anisotropic and isotropic material properties assignment on subject-specific FE 

analysis were investigated in the literature [69,70]. It was reported that inhomogeneous 

orthotropic material properties assignment is very important for the FE analysis of small 

bone specimens, while in global FE analysis of long bones such as the femur, anisotropy 

is less dominant, and an inhomogeneous isotropic material model can be used [69]. The 

results of another study [70] showed that there is no significance difference between 

acquired results from isotropic and orthotropic material properties assignments of femur 

under two loading conditions (double-leg standing and single-leg standing).  
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There are two ways to assign material properties into a bone FE model: homogeneous 

and inhomogeneous. Homogenous material properties assignment is simpler and takes 

less time. But due to inhomogeneous property of bone, considering homogenous material 

properties is unrealistic and reduces the accuracy of subject-specific FE analysis. In 

homogenous material properties assignment, constant densities are considered for both 

the trabecular and the cortical bone. Therefore, constant Youngôs moduli are assigned to 

both the trabecular and the cortical bone. The homogenous assignment of material 

properties is also called two-material model [33]. While in inhomogeneous assignment, 

mechanical properties are assigned according to bone density. Based on above 

discussions, femur is considered as an inhomogeneous isotropic material in this study. 

2.3 Age-Related Bon Loss and Osteoporosis 

Osteoporosis is a common health problem in the elderly, characterized by a systemic loss 

of bone mass, strength, and the deterioration of microarchitecture, which increases the 

possibility of fragility fractures (Figure 2-4B) [71]. Bone mineral density can be assessed 

with DXA, and osteoporosis is defined by a T-score of less than -2.5, i.e. more than 2.5 

standard deviations below the average of a young adult [15]. Multiple factors are 

involved in the development of osteoporosis. Disruption in bone modeling and 

remodeling is obviously the main cause of osteoporosis. Adult bone normally is 

continuously going through bone formation and resorption processes. Bone loss occurs 

when either bone resorption is too fast or bone formation is too slow, the worst scenario 

is the combination of the above two aspects. Thus, osteoporosis occurs only when the rate 
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of bone resorption (destruction) exceeds the rate of bone formation (construction). 

Resorption and formation processes are conducted by the specialized bone-resorbing 

cells, osteoclasts, and bone-forming cells, osteoblasts (Figure 2-4C).       

Osteoporosis is categorized to the primary and secondary form. Primary osteoporosis, 

the most common form, is due to the typical age-related bone loss. It is further classified 

as type1 and type2. Secondary osteoporosis is the result of other diseases or conditions 

that predispose to bone loss and is classified as type3. Type1 or postmenopausal 

osteoporosis occurs in 5% to 20% of women [72]. The incidence of osteoporosis 

in women is eight times higher than that in men [73]. Type1 osteoporosis is characterized 

by increased bone resorption due to osteoclastic activity. Type2 or senile osteoporosis 

occurs in women or men more than 70 years of age and usually is associated with 

decreased bone formation. In type2 osteoporosis, masses in trabecular and cortical bone 

are gradually lost, primarily leading to increased fracture risk of hip, long bone, and 

vertebral fractures. Type3 or secondary osteoporosis occurs equally in men and women 

and at any age [74]. Approximately 40% of the total number of osteoporotic fractures 

observed in clinic are related to secondary osteoporosis [75]. 

Aging contributes to bone loss in women and men [76]. Normally by aging, the BMD 

decreases, which contributes to osteoporosis. There is a rapid loss of the trabecular bone 

in women associated to menopause. But, there is a less loss of the cortical bone in women 

following the menopause. Generally, bone loss in men is less than in women, however, 

there is  a very similar pattern of slow, age-related bone loss in men as present in women 

[77].  

http://www.medscape.com/viewarticle/410461_3
http://www.medscape.com/viewarticle/410461_3
http://www.medscape.com/viewarticle/410461_3
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2.4 Hip Fracture 

2.4.1 Hip Fracture Types 

Fracture may occur anywhere from the articular cartilage of the hip joint to the femur 

shaft [78]. Hip fractures are generally classified into intracapsular (femoral neck and 

head) and extracapsular (intertrochanteric and subtrochanteric). Hip fractures are further 

assorted into three types based on the anatomical locations: femoral neck (or cervical), 

intertrochanteric, and subtrochanteric fractures as shown in Figure 2-5 [79]. The femoral 

neck fractures take place at the femoral neck region between the trochanters and the 

femoral head. The intertrochanteric fractures occur in the area between the greater 

trochanter and the lesser trochanter. Subtrochanteric fractures occur below the lesser 

trochanter.  

Not only does the location of the fracture types differ, but also the etiology. It was 

reported that women with the intertrochanteric fracture have significantly lower BMD 

than those with the femoral neck fracture [80ï82]. Women with intertrochanteric fracture 

have low BMD especially due to large trabecular bone loss. On the other hand, the 

femoral neck fracture may not mainly attribute to bone loss and low BMD, but may be 

related to external causes such as sideways fall [83]. Femoral neck and intertrochanteric 

fractures are often the result of falls from standing height and impact onto the greater 

trochanter, particularly for the elderly patients. The subtrochanteric fractures, on the other 

hand, are typically the result of high energy impacts such as motor vehicle accidents and 
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falls from a height [84]. According to clinical observations, hip fractures at the femoral 

neck and the intertrochanteric region are more common than the subtrochanteric fractures 

[85ï89].  

 

Figure 2-4. Osteoporosis at a glance: (A) fragility fractures of wrist, vertebrae, and hip; (B) 

comparison of osteoporotic bone  and normal bone; (C) bone-resorbing osteoclasts and bone-forming 

osteoblasts: (1) morphology of osteoclast; (2) tartrate-resistant acidic phosphatase staining of 

multinucleated osteoclasts; (3) morphology of osteoblasts; (4) alkaline phosphatase staining of 

osteoblasts [71].  
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Figure 2-5. Three main types of hip fractures: the femoral neck (or cervical) fractures (subcapital and 

transcervical fractures), the intertrochanteric fractures, and the subtrochanteric fractures [90] (courtesy 

of Advanced Orthopedic Specialists). 

2.4.2 Mechanics of Hip Fracture 

Two major factors contributing the high incidence of hip fractures in the elderly are age-

related osteoporosis and accidental falling [91]. Falling plays a more dominant role in  

causing hip fracture than low BMD, so that falling was responsible for 97% hip fractures 

[12]. However, only about 5% of falls in the elderly resulted in hip fracture [92].  

In the normal walking, the greatest stresses occur in the subcapital and the mid-

femoral neck regions [93]. Within these regions, the maximum compressive stresses 

occur in the inferior surface and smaller magnitude tensile stresses occur in the superior 

surface of the femoral neck (Figure 2-6a) [93]. Conversely, during the sideways fall, the 

greatest compressive stresses and strains occur in the superior femoral neck while the 

lower tensile stresses appear at the inferior region (Figure 2-6b) [93,94]. The maximum 

magnitude of stresses during a sideways fall is approximately four times greater than 

those in the normal walking [93]. Due to the high compressive stress in the superior 

region of the femoral neck during the sideways fall, fracture usually initiates from this 

region [95,96]. It was found that bone loss in the elderly mainly occurs at the superior 
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aspect of the femoral neck [97], and this same region has been observed to be a site of 

fracture initiation during ex-vivo experiments under the sideways fall loading, followed 

by failure in the inferior aspect of the femoral neck or the medial intertrochanteric region 

[34]. This fragility can be explained by noting that the superior femoral neck only 

experiences low tensile stresses during regular standing and walking; according to the 

Wolffôs Law, bone in this region tends to weaken over time if alternative loading is not 

regularly experienced. During a sideways fall impact to the greater trochanter, however, 

the same area is heavily loaded in compression (Figure 2-6b). The weakened structure is 

often unable to support the sudden increased load, leading to higher possibility of fracture 

[98]. This strongly suggests that the superior region of femoral neck has the highest 

fracture risk and would be more prone to failure than the inferior region and would thus 

constitute a relatively weak region in the femoral structure during the sideways fall. 

The mechanism leading to fracture initiation in the superior region of femoral neck 

under compression during the sideways fall is still a topic of argument. Mayhew et al. 

[96] suggested that local buckling of the thinning cortical shell may be an important 

factor of fractures, because this area of the neck often becomes thinner with age. Turner 

[98], however, disagreed to the occurrence of shell buckling in the femoral neck, as it is 

filled with the trabecular bone and marrow, making it a far more complex and also 

stronger structure than an empty shell. Fractures have been observed to initiate in areas 

that are subjected to compression during the sideways fall, where the cortical bone is 

thinner [34], a finding that potentially supports the buckling hypothesis as the mechanism 

leading to hip fracture. 
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Figure 2-6. Stress distributions in the femoral neck region during (a) the normal gait and (b) the 

sideways fall. During the normal gait, the greatest compressive stress occurs in the inferior region 

while during the sideways fall, the superior region receives the greatest compressive stress [34]. 

2.5 Finite Element Analysis of Hip Fracture 

The finite element method, an advanced computational method for structural stress 

analysis, was introduced to orthopedic biomechanics in 1972 to assess stresses in human 

bones [99]. Since then, this method has been applied increasingly for failure analyses of 

bones, bone-prosthesis structures, and bone fixation devices. The use of FE modeling to 

specifically investigate hip fracture risk of the intact femur started in the early 1990s with 

the investigation by Lotz et al. [42,43]. They used data from QCT images to create 

models of the femur and load them in both the single-leg stance and the sideways fall 

configuration. 
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The aim of FE analyses was to assess bones under physiological loading to find 

relationships between load carrying functions and morphology of bones, and to optimize 

designs of fixation techniques of implants [100]. From a biomechanical viewpoint, an 

approach that is able to provide complex geometries and to accurately represent the 

heterogeneous distribution of material properties may provide accurate assessment of 

bone strength, compared to the BMD-based methods. In this regard, there is an increasing 

interest in the use of finite element method to assess bone biomechanical behavior. For 

the FE analyses, different commercially available software such as ANSYS and 

ABAQUS or in-house computer codes developed using MATLAB, C, and etc. are 

usually used. Since 1972, the finite element method, along with the newly developed 

digital imaging techniques, has been actively used to evaluate bone strength and to study 

osteoporosis. Generally, the implemented image-based FE models can be divided into 

two categories, i.e., three-dimensional (QCT-based) and two-dimensional (DXA-based), 

which are described in the following. 

A number of DXA-based FE models were developed for subject-specific assessment 

of hip fracture risk [29ï31]. The general procedure to construct a DXA-based FE model 

is first to extract the 2-D geometry of femur from the DXA image using image processing 

programs. The obtained geometry is meshed and the inhomogeneous material properties 

are assigned. The loading and boundary conditions are then applied to the constructed FE 

model to obtain the strain and stress distributions. Whereas the DXA is a 2-D image, the 

overlapped part of the femoral head with the pelvis is used to calculate the fracture risk 

while the BMD of the femoral head is overestimated from the DXA image. It means that 
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the actual fracture risk is higher than what is calculated by the DXA-based FE models. 

The other issue in estimating the overall fracture risk is that a high stress is generated on 

the shaft due to the applied boundary conditions on the distal end of the femur. These 

stresses are used in predicting fracture risk, but they are not realistic because the 

boundary conditions are not properly applied and cannot faithfully simulate the single-leg 

stance and the sideways fall configuration. The mentioned limitations should be removed 

to improve the DXA-based FE models. Although DXA-based FE models are 2-D, they 

are preferred in clinics because the radiation dosage used in the DXA scanning is much 

lower than that used in the QCT scanning. 

DXA scanning technique has certain limitations, namely, a 3-D object is projected 

onto a 2-D plane and the depth information is lost, but the QCT scanning technique does 

not have these limitations. For the complex geometry of bones, a QCT-based finite 

element model, which is a 3-D model, is principally more precise in estimating strength 

and fracture risk. Over the past 20 years, a number of subject-specific QCT-based FE 

models of human femur have been developed to evaluate bone strength, stress, strain, 

failure load, fracture location, and fracture risk during the single-leg stance and the 

sideways fall [32ï40].  

3-D FE model of bone is generated directly from QCT image and then material 

properties are assigned based on CT numbers using image processing programs such as 

Mimics (Materialise, Leuven, Belgium). Loading and boundary conditions, simulating 

the single-leg stance or the sideways fall configuration, are then applied to the 

constructed 3-D FE model using commercially available software such as ANSYS and 
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ABAQUS or in-house developed computer codes. One group of the 3-D FE models are 

constructed directly from voxels of QCT scans. The main advantage of voxel-based FE 

models is that they can be generated extremely fast. However, voxel elements create 

jagged edges due to protruding vertices of the cubes at the surface, resulting in errors in 

the computed local stresses and strains. High-resolution peripheral QCT (HR-pQCT) is a 

newly developed in-vivo clinical imaging modality. It can assess the 3-D microstructure 

of trabecular and cortical bone and is suitable as an input for microstructural finite 

element analysis to evaluate bone mechanical properties [101ï103]. 

Therefore, in this research, QCT-based FE model was established to assess hip 

fracture risk using the strain energy criterion. In the next chapter, construction of the 

required QCT-based FE model will be explained in detail.  
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 Chapter 3 

 

Assessment of Hip Fracture Risk using 

QCT-based Finite Element Model 

The proposed methodology for assessment of hip fracture risk at the three critical cross-

sections of femur using the strain energy criterion determined from QCT-based finite 

element model is shown in Figure 3-1. The procedure is explained in detail in the 

following.    

3.1 QCT-based Finite Element Model 

3.1.1 QCT-Scan of Femur 

The purpose of this study is to accurately assess hip fracture risk, so, a 3-D finite element 

model of subjectôs femur is required to achieve it. The 3-D model can be constructed 
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from the subjectôs femur QCT images. QCT slices are produced using multiple scanners 

with a set of proper acquisition and reconstruction parameters. A sample set of QCT 

images are shown in Figure 3-2. Slice thickness of 1mm is commonly used. The scanned 

QCT images are stored in the format of Digital Imaging and Communications in 

Medicine (DICOM), which can be used for the construction of a 3-D FE model. A proper 

segmentation is done to separate the femur for constructing the 3-D model. Each voxel in 

the QCT scan has an intensity (or grey scale) that is expressed as Hounsfield Unit (HU), 

which is correlated to bone density [104,105].  

 

 

Figure 3-1. The proposed methodology for calculating hip fracture risk index using the strain energy 

criterion. 
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3.1.2 Generation of Finite Element Mesh  

In the first step, the geometrical model of the femur is generated from clinical QCT 

images using Mimics (Materialise, Leuven, Belgium). QCT images (in DICOM format) 

are imported to Mimics for segmentation (Figure 3-2) and construction of 3-D geometric 

model of the femur (Figure 3-3). With the 3-D geometric model, a FE mesh is generated 

using the 3-matic module in Mimics (Figure 3-4). The 4-node linear tetrahedral element 

SOLID72 in ANSYS was used in this study. SOLID72 is well developed to simulate 

irregular and complex geometric models such as those produced from various 

CAD/CAM systems. The element has four nodes with six degrees of freedom at each 

node: translations in the nodal x, y, and z directions and rotations about the nodal x, y, 

and z directions. The element also has stress stiffening capability [106]. The geometry, 

node locations, and the coordinate system for this element are shown in Figure 3-5. 

To investigate model convergence, FE models with different maximum element edge 

lengths were created. For each FE model, displacement was calculated under the same 

loading and boundary conditions. The maximum element edge length that produced 

converged finite element solutions was obtained and used in all the rest FE simulations. 

 

 

 

 

 

http://mostreal.sk/html/elem_55/chapter4/ES4-72.htm
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Figure 3-2. QCT image of femur (in DICOM format) imported to Mimics in the three viewing planes: 

(a) coronal plane, (b) transverse plane, and (c) sagittal plane. 

 

 

 

 

(a) 

(c) 

(b) 
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 Figure 3-3. 3-D model generated from QCT image. 

 

 

Figure 3-4. A 3-D finite element model. 
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Figure 3-5. SOLID72, a 3-D 4-node linear tetrahedral structural solid element [106]. 

3.1.3 Assignment of Material Properties 

To construct a more faithful FE model, bone material properties are considered 

inhomogeneous and isotropic in this study. Information on the inhomogeneous isotropic 

mechanical properties of the bone can be derived from the CT data using a mathematical 

relationship between the CT numbers and the mechanical properties of bone. The 

following empirical equation was used to determine bone ash density ( ” ) according to 

the HU number [38,107]: 

”  πȢπτρφςπȢπππψυτ ὌὟ    Ὣὧάϳ                                                                      σȢρ 

Equation (3.2) and Equation (3.3), derived by Keller [108], were respectively used to 

assign Youngôs modulus (Ὁ) and the yield stress („) according to the bone ash density:  

Ὁ ρπυππ”Ȣ   ὓὖὥ                                                                                                           σȢς 

„ ρρφ”Ȣ    ὓὖὥ                                                                                                              σȢσ 
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A constant Poissonôs ratio (’ πȢτ) was considered [41,109,110]. To assign material 

properties, elements are grouped into several discrete material bins using Mimics 

(Materialise, Leuven, Belgium), which are used to approximately represent the 

continuous distribution of the inhomogeneous bone mechanical properties. To determine 

the maximum number of material bins, convergence study was performed. Models with 

different material bins were created for convergence study. For each FE model, 

displacement was calculated under the same loading and boundary conditions. The 

maximum number of material bins that generated converged finite element solutions was 

obtained. Figure 3-6 displays the inhomogeneous distribution of bone density.    

 

 

Figure 3-6. Inhomogeneous distribution of bone density (g/cm3). 
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3.1.4 Loading and Boundary Conditions 

For a precise assessment of hip fracture risk during the single-leg stance and the sideways 

fall, loading and boundary conditions simulating the single-leg stance and the sideways 

fall configuration are required in the FE model. To simulate the single-leg stance statue, 

2.5 times of the patientôs body weight was applied as a distributed load on the femoral 

head [97] and femur was fixed at the distal end [37,41] (see Figure 3-7a): 

Ὂ ςȢυύ    ὔ                                                                                                                  σȢτ 

where ύ is the subjectôs body weight in Newton (N). To simulate sideways fall 

configuration, the distal end of femur were completely fixed and the surface of femoral 

head were fixed in the loading direction (Figure 3-7b) [39,40]. The peak impact force 

during the sideways fall on the greater trochanter can be estimated based on the previous 

studies on the kinematics and dynamics of the falls from the standing height [97,111]. 

The impact force during the sideways fall acting on the greater trochanter (Figure 3-7b) is 

given by [97,111]: 

Ὂ ψȢςυύ
Ὤ

ρχπ
     ὔ                                                                                                σȢυ 

where Ὤ is the body height of the subject in centimeter (cm).  
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Figure 3-7. Application of loading and boundary conditions during (a) the single-leg stance and (b) 

the sideways fall. 

3.2 Finite Element Analysis using ANSYS 

A finite element model of femur with the assigned material properties output from 

Mimics was imported to ANSYS for finite element analysis. Loading and boundary 

conditions on the greater trochanter, the femoral head, and the distal end of femur, 

simulating the single-leg stance and the sideways fall configuration, were applied to the 

nodes located on the respective boundaries (Figure 3-7a and Figure 3-7b). All loading 

and boundary conditions were applied using ANSYS Parametric Design Language 

(a) (b) 
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(APDL) codes. After importing the QCT-based FE model and applying the loading and 

boundary conditions, finite element analysis was performed and finite element solutions 

were obtained. In all the analysis, the nodal displacements, von Mises stress and strain, 

tensile and compressive stresses were obtained for each subject.  

After solving the FE model of each subject, stress and strain distributions at the three 

critical cross-sections of femur were obtained. APDL codes were written in order to 

extract the boundary of the three critical cross-sections, the nodal displacements, the 

coordinates of nodes from the FE model, as well as information on elementôs density, 

corresponding nodes, and nodes connectivity. The results extracted by the APDL codes 

were used in next steps to calculate FRI at the three critical cross-sections of femur.  

3.3 Detection of the Three Critical Cross-Sections on 

the Femur 

The smallest femoral neck cross-section (SFN CS), the intertrochanteric cross-section 

(IntT CS), and the subtrochanteric cross-section (SubT CS) are the three critical cross-

sections on the femur that usually have the highest fracture risk (Figure 3-8). To 

determine the smallest femoral neck cross-section and the intertrochanteric cross-section, 

neck-shaft angle is needed. The neck-shaft angle is the angle between the femoral neck 

axis and the femoral shaft axis. This angle traditionally is measured on conventional 

radiography images, or using 2-D images projected from CT/MRI scans. Although these 

methods are popular, but they are based on over simplification of the real 3-D anatomy 
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and may lead to large errors and inaccurate results [112ï114]. In this study, the neck-

shaft angle was measured using a 3-D measurement technique based on fitting functions. 

In this technique, the shapes of particular parts of the femur are approximated using 

geometric entities such as circle, cylinder, sphere, and etc., which are well-fitted to the 

actual anatomy, and the geometrical relationships between these entities are obtained to 

estimate the neck-shaft angle.   

 

Figure 3-8. Three critical cross-sections of femur: the smallest femoral neck cross-section (A-A), the 

intertrochanteric cross-section (B-B), and the subtrochanteric cross-section (C-C). 

First, a sphere is fitted to the femoral head (Figure 3-9a) to obtain the position of the 

jointôs centre of rotation, which is also the femoral head centre. Then, the femoral neck 

axis and the femoral shaft axis are identified by applying the ñfit ruled surface directionò 

function on the femoral neck and shaft (Figure 3-9b and Figure 3-9c) [115]. All fitting 

functions were applied using the 3-matic module in Mimics. The neck-shaft angle was 

also measured by the 3-matic module of Mimics (Figure 3-10). 
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With the femoral neck-shaft angle, the intertrochanteric cross-section and the smallest 

femoral neck cross-section were found using in-house computer codes. The 

intertrochanteric cross-section is chosen the cross-section that has the largest area in the 

intertrochanteric region. The smallest femoral neck cross-section is chosen the cross-

section with the smallest area in the neck region [116ï118]. By using APDL codes, 

perpendicular planes on the femoral neck axis were determined and then areas of planes 

were obtained. The planes with the smallest and largest areas were chosen respectively as 

the smallest femoral neck cross-section and the intertrochanteric cross-section. The 

subtrochanteric cross-section is considered five centimeter below the lesser trochanter 

(Figure 3-8) [78].  

 

 

Figure 3-9. Fitting functions: (a) fit sphere function on the femoral head, (b) fit ruled surface direction 

function on the femoral neck, and (c) fit ruled surface direction function on the femoral shaft. 

(a) (b) (c) 
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Figure 3-10. Neck-shaft angle measured by the fitting functions in the 3-matic module of Mimics. 

3.4 Hip Fracture Risk Index at the Three Critical Cross-

Sections  

3.4.1 Femur Failure Criterion based on Cross-Section Strain Energy 

Based on the previous discussion on the bone failure mechanism and microstructure, the 

strain energy criterion is theoretically the best failure criterion for hip fracture risk 

assessment. Therefore, hip fracture risk index was defined based on this criterion in this 

study. The criterion requires the determination of the strain energy associated with 

changes in shape and volume of the material [119]. According to this criterion, a femoral 

cross-section will not crack as long as the strain energy induced by external forces would 

not exceed the ultimate strain energy that the cross-section is able to sustain until bone 

yielding. The strain energy (Ὗ) stored at a cross-section is given by: 
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Ὗ ὟὨὃ                                                                                                                              σȢφ 

where Ὗ is the strain energy density. The strain energy density is the scalar product of the 

stress vector („) and the strain vector (‐): 

Ὗ „Ȣ‐                                                                                                                                    σȢχ   

The strain energy of a cross-section at the yielding point (Ὗ ) is given by: 

Ὗ ὟὨὃ                                                                                                                         σȢψ 

where Ὗ  is the strain energy density at the yielding point: 

Ὗ
ρ

ς
„‐                                                                                                                                  σȢω 

where „ and ‐ are respectively the yield stress and the yield strain of the bone. Thus, 

based on the strain energy criterion, the femoral cross-section will not crack if Ὗ Ὗ .  

3.4.2 Strain Energy at the Three Critical Cross-Sections 

The strain energy at the three critical cross-sections of femur induced by the applied 

forces was computed using in-house developed MATLAB codes and the data extracted 

by APDL codes from the obtained finite element solutions. The plane boundaries of the 

three critical cross-sections, extracted from the finite element mesh, were imported to 

MATALB to generate a 2-D mesh for calculating the cross-section strain energy. Figure 

3-11 shows the generated triangle elements over the smallest femoral neck cross-section, 

the intertrochanteric cross-section, and the subtrochanteric cross-section.   
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Figure 3-11. Generated triangle elements over (a) the smallest femoral neck cross-section, (b) the 

intertrochanteric cross-section, and (c) the subtrochanteric cross-section. 

The strain energy at the three critical cross-sections induced by the applied forces is 

the sum of strain energy in all the triangle elements, i.e.:  

Ὗ Ὗ                                                                                                                                 σȢρπ 

where Ὗ is the strain energy in an element (e) induced by the applied forces and ά is the 

number of triangle elements created over the concerned cross-sections. Gaussian 

integration method was used to calculate the strain energy in an element (e). Integration 

points in each triangle element were determined using in-house MATLAB codes. By 

using Gaussian integration method, the strain energy of Element e induced by the applied 

forces is calculated as: 

Ὗ ὟὨὃ ὡȿὐȿὟ                                                                                            σȢρρ 

where Ὗ is the strain energy density of a triangle element (e); Ὗ is the strain energy 

density at the integration points of in Element e; ὡ  is the weight at the integration 

points; ȿὐȿ is determinant of the Jacobean matrix of the triangle element; and ὲ is the 

(a) (b) (c) 
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number of integration points over the triangle element (integration domain). The strain 

energy density at an integration point (Ὥ) was determined from the finite element 

solutions obtained by the 3-D QCT-based FE model, i.e.:  

Ὗ
ρ

ς
„ ‐                                                                                                                           σȢρς 

where „ Ὀ ‐ and ‐ ὄ Ὠ. The strain energy density at each integration point 

can be expressed by the finite element solutions as: 

Ὗ
ρ

ς
Ὠ  ὄ Ὀ ὄ Ὠ                                                                                               σȢρσ 

where Ὠ is the displacement vector consisting of displacements at the element nodes of 

the tetrahedral element where the integration point is located; matrix ὄ is the 

derivatives of shape functions of the tetrahedral element; and Ὀ is the material property 

matrix of the tetrahedral element:    

Ὀ
Ὁ

ρ ’ ρ ς’

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρ ’      ’      ’      π      π      π 
’      ρ ’      ’      π      π      π
’      ’      ρ ’      π      π      π

π      π      π      
ρ

ς
’      π      π

π      π      π      π      
ρ

ς
’      π

π      π      π      π      π      
ρ

ς
’Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

                                               σȢρτ 

where Poissonôs ratio is constant (ʉ πȢτ ) and Youngôs modulus is function of the bone 

density obtained from Equation (3.2). For each integration point, its Youngôs modulus is 

calculated according to the bone density at the point, which is the density of the 

tetrahedral element where the integration point is located.  
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3.4.3 The Maximum Allowable Strain Energy of the Three Critical 

Cross-Sections 

The maximum allowable strain energy of the three critical cross-sections of femur was 

also computed using in-house MATLAB codes and the data extracted by APDL codes 

from the obtained finite element solutions. The maximum allowable strain energy (or the 

yield strain energy) of the three critical cross-sections is the sum of the yield strain 

energy in all the triangle elements: 

Ὗ Ὗ                                                                                                                               σȢρυ 

where Ὗ  is the yield strain energy in Element e and ά is the number of triangle elements 

created over the concerned cross-sections. The Gaussian integration method was also 

used to calculate the maximum allowable strain energy in each triangle element. The 

maximum allowable strain energy that a triangle element (e) can sustain is given by: 

Ὗ Ὗ Ὠὃ ὡȿὐȿὟ                                                                                           σȢρφ 

where Ὗ  is the yield strain energy density in a triangle element (e); ὲ is the number of 

integration points over the triangle element (integration domain); and Ὗ  is the yield 

strain energy density at an integration point (Ὥ) and is calculated as: 

Ὗ  
ρ

ς
„‐

„

ςὉ
                                                                                                              σȢρχ 

where „  and Ὁ are respectively the yield stress and Youngôs modulus at the integration 

point. Both of them are functions of bone density, which is the density of the tetrahedral 
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element where the integration point is located, as given in Equation (3.2) and Equation 

(3.3). 

3.4.4 Hip Fracture Risk Index at the Three Critical Cross-Sections 

Hip fracture risk index at the three critical cross-sections is defined as the ratio of the 

strain energy induced by the applied forces to the maximum allowable strain energy of 

the femur over the concerned cross-sections:                                                                                                           

ʂ
5

5
                                                                                                                                  σȢρψ 

where ʂ  is the fracture risk index at one of the three critical cross-sections of femur 

based on the strain energy criterion; and Ὗ and 5  are respectively obtained from 

Equation (3.10) and Equation (3.15).  

3.5 Enrollment of Clinical Cases  

Information of 60 clinical cases (30 females and 30 males), including QCT image, height, 

body weight, and age, was acquired from the Winnipeg Health Science Centre in an 

anonymous way under a human research ethics approval. Statistical information of the 

clinical cases is listed in Table 3-1. The age scope of the subjects is between 50 and 82 

years (average of 65 years) and their heights and body weights are respectively in range 

of 149-193.2 centimeters and 51.7-126.6 kilograms. For each case, BMI was calculated. 

A QCT-based FE model was constructed for each subject; loading and boundary 

conditions simulating the single-leg stance and the sideways fall configuration were 
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separately applied to the FE model; FE analysis was then performed for each subject. 

Based on the previously described methodology, FRIs were calculated at the three critical 

cross-sections of femur for each subject.     

Table 3-1. Statistical information of the 60 clinical cases. 

 Age (years) Height (cm) Body weight (kg) BMI (kg/m2) 

Range 50-82 149-193.2 51.7-126.6 18.83-43.36 

Average 65 169.86 81.94 28.36 
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 Chapter 4 

Results and Discussions 

4.1 Verification of In-House Computer Codes 

To verify the proposed methodology for calculating the hip FRI using the cross-section 

strain energy criterion, FRI at the fixed-end cross-section of a cantilever beam (Figure 

4-1) was computed using this methodology. The obtained FRI was compared with that 

computed using the von Mises stress criterion. A cantilever beam with the geometric 

dimensions shown in Figure 4-1 was considered and a vertical force (F) was applied on 

its free end. The beam is made of Stainless Steel (ASTM-A-441) with the following 

mechanical properties: 

Ὁ ςππ Ὃὖὥ  

ὺ πȢσ                                                                                                                                           τȢρ 

„ σςπ ὓὖὥ     
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Figure 4-1. A cantilever beam, its geometric dimensions, and the applied force. 

FRI at the fixed-end cross-section was considered for the comparison. Triangle 

elements were generated over the cross-section using in-house MATLAB codes (Figure 

4-2). The cross-section strain energy, induced by the applied force, and the maximum 

allowable strain energy (or the yield strain energy) of the fixed cross-section were 

computed using the in-house MATLAB codes. The FRI based on the strain energy 

criterion (ʂ ) was defined as the ratio of the strain energy of the fixed-end cross-

section to its maximum allowable strain energy (Equation (3.18)). 

The maximum von Mises stress („ ) of the fixed-end cross-section, induced by the 

applied force, was obtained using ANSYS (Figure 4-3). The FRI based on the von Mises 

stress criterion (ʂ ) was defined as the ratio of the maximum von Mises stress of the 

fixed-end cross-section to its maximum allowable stress (or yield stress):  
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                                                                                                                                    τȢς 

 

Figure 4-2. Generated triangle elements over the fixed-end cross-section of the cantilever beam. 

 

Figure 4-3. The von Mises stress (MPa) distribution at the fixed-end cross-section of the cantilever 

beam. 
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The strain energy induced by the applied force, the maximum allowable strain energy, 

and the FRI at the fixed-end cross-section using the strain energy criterion are shown in 

Table 4-1. Table 4-1 also shows the maximum von Mises stress induced by the applied 

force, the yield stress (which is the yield stress of the material used), and the FRI at the 

fixed-end cross-section based on the von Mises stress criterion. There is no significant 

difference between the FRIs computed using these two criteria (Table 4-1), which 

indicates the validity of the proposed methodology and in-house computer codes in 

calculation of FRIs at the three critical cross-sections of femur using the strain energy 

criterion. In this regard, an experimental set-up is needed to draw a strong conclusion on 

the accuracy of the proposed methodology; however, establishing an experimental set-up 

will be considered in future development.       

Table 4-1. Comparison of FRIs at the fixed-end cross-section of the cantilever beam computed using 

the strain energy and the von Mises stress criteria. 

 Strain energy criterion           von Mises stress criterion 

 Ὗ (J) Ὗ  (J) –   „ ὓὖὥ „ ὓὖὥ    –  

 755.16 606.32 1.24  377.62 320 1.18 

Relative error (%) between 

–  and –  
5.08 

 




































































































