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Abstract 

Hip fracture has been identified as a major worldwide health problem among the elderly population. 

A fast, accurate and effective evaluation of hip fracture risk is essential for accurate health care 

planning and selecting a proper treatment. Therefore, the high applicability and the universal 

availability are required for assessing a technique. The objective of this study was to develop a 

two-dimensional subject-specific beam model, which is easy to be adopted into a clinical 

environment to assess hip fracture risk. 

 First, the equivalence between CTXA (computed tomography X-ray absorptiometry) 

and QCT (quantitative computed tomography) derived femur cross-section stiffness was studied. 

Then, the CTXA-based femur cross-section stiffness was used in the beam model to calculate the 

hip fracture risk index (FRI) during sideways fall and single-leg stance loading configuration. 

Finally, the test of discrimination between PPI (proton-pump inhibitor) users and non-PPI users 

based on cross-sectional stiffness, BMD (bone mineral density) and FRI was conducted to 

demonstrate if PPI use is associated with the presence of osteoporosis or accelerated BMD loss. 

 Strong correlation is found between CTXA and QCT derived femur cross-section stiffness, 

which indicates that QCT can be replaced by CTXA in assessing femur bone quality. Therefore, 

DXA can be a replacement of QCT to calculate femur cross-sectional properties due to the 

equivalence between CTXA and DXA derived mechanical properties. It is also demonstrated that 

the cross-sectional stiffness, BMD, and FRI cannot discriminate the PPI users from non-PPI users, 

which means that there is no difference between PPI users and non-PPI users in cross-sectional 



 

 

stiffness, BMD, and FRI. This may suggested that PPI use is not associated with the presence of 

osteoporosis or accelerated BMD loss. The proposed beam model can be easily adopted into clinic 

to predict hip fracture risk, and this beam model derived FRI can be used in some clinical 

verification. Yet its accuracy of discriminate fracture will be investigated in a future study. 
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Chapter 1  

Introduction 

1.1 The Prevalence of Hip Fracture and the Significance 

of Accurately Assessing Hip Fracture Risk 

Hip fracture has been recognized as a significant public health problem and a major cause of 

suffering, disability, and death in the elderly [1, 2]. The mortality rates are 20-24% in the first year 

after a hip fracture [3, 4], and a greater risk of death may persist for at least 5 years afterwards [5]. 

Among the survivors, 40% are unable to walk independently, and 60% still require assistance even 

one year later [6].   

The vast majority of hip fractures are related to both accident fall and osteoporosis [7, 8]. 

Osteoporosis is a skeletal disease characterized by substantial reduction in bone mass, which 

resulting in the increasing of bone fragility and hence susceptibility to fracture [9]. Osteoporotic 

fracture (fractures associated with osteoporosis) are more common than heart attack, stroke and 

breast cancer combined. The lifetime risk of osteoporosis fractures is 33% in women and 20% in 

men [10]. In the United States alone, it is estimated that 2 million osteoporotic fractures occur 
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annually [11].  In Canada, over $2.3 billion was spent on osteoporosis fracture in 2010, and this 

cost will rise to $3.9 billion if considering the long-term care facilities due to osteoporosis [12]. 

Among osteoporotic fractures, hip fractures has the highest morbidity and mortality, and more 

attention has been focused on hip fracture other than other osteoporotic fractures [13]. In terms of 

falls, hip fractures are the most serious fall injuries. More than 95% of osteoporotic hip fractures 

are caused by accident fall. Usually, sideways falls are more likely to cause hip fractures in contrast 

to forward or backward falls [14]. During a sideways fall, hip fracture risk is increased by 6-fold 

compared with backward or forward fall and 30-fold if the hip is directly impacted [15]. 

According to statistic studies, the population is aging significantly around the world, and 

the incidence rate of hip fractures is exponentially increased with age [7]. The peak number of hip 

fractures occurred at 75-79 years of age for both sexes. At age 50, lifetime risk of fractures is 1:2 

in women and 1:5 in men [1]. Of all hip fractures, women account for nearly 75% [16]. Globally, 

the total number of hip fractures will dramatically rise from 1.66 million in 1950 to 3.94 million 

in 2025, and to 6.26 million in 2050, without considering the age- and sex-specific incidence 

(Figure 1.1) [17]. Even based on a conservative projection, the number of hip fractures will reach 

21.3 million by 2050 [17, 18]. As shown in Figure 1.1, the striking increases are expected to occur 

in Asian. In the United States alone, the number of hip fractures will climb from 238,000 in 1986 

to 512,000 in 2040. With the aging rate becoming even faster, the number of hip fracture will 

reached 840,000 by 2040 [19].  In Canada, more than 30,000 hip fractures occur each year, and 

this number will be quadrupled by the year 2030 [20-22].   
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Figure 1.1 Regional distribution of hip fracture occurring in 1990 and 2050. (Total number of hip 

fractures worldwide projected to increase 3 to 4 fold from 1990 to 2050: 1990=1.66 million; 

2050=6.26 million)[17] 

 

 Consequences of hip fractures are significant in terms of the economic cost because hip 

fractures are more likely to cause prolonged hospitalization and rehabilitative care. According to 

Lauritzen [23], almost fifty percent of the patients with hip fractures have become more dependent, 

and one in five will live in a nursing home. Each hip fracture costs the medical-care system $21,285 

in the 1st year after hospitalization, and $44,156 if the patient is institutionalized [24]. In 1984, the 

estimated number of the cost of hip fracture and related care in the United States is $7.2 billion or 

an average of $29,800 per hip fracture. If a modest 5% inflation rate is assumed, the total annual 

cost for hip fracture care will rise to $62 billion by 2020 and $240 billion by 2040 [19]. The overall 

yearly medical expenditure for the treatment of osteoporotic hip fractures in Canada was over $2.3 

billion as of 2010. This cost rises to $3.9 billion under the assumption that a proportion of 

Canadians lived in long term facilities due to osteoporosis [25].  
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Another important aspect related to hip fractures is the effect of injury on a person’s life 

independence, decreased quality of life and depression, especially in older people [26]. After a hip 

fracture, the happiness of their life is reduced enormously. Only a minority of the patients can 

reach the same level of functioning as before fracture (personal care and daily activities) [27]. 

Most people have to experience a long recovery period, or be referred to a rehabilitation facility. 

Twenty percent of the patients suffer from severe pain. People who previously were able to live 

independently will generally need help [26]. More emotional distress, more feeling of loneliness 

and worse general health are founded among them [27].  

 Due to the prevalence, high medical costs, and the related social problems of hip fractures, 

early identification of high-risk patients and prevention of hip fracture are critical.  Therefore, it is 

extremely important to accurately assess hip fracture risk for osteoporosis patients and 

discriminate the high-risk hip fracture patients to put them in an intervention program to prevent 

future fractures.  

1.2 Hip Fracture Types 

A hip fracture is a partial or complete break in the upper quarter of the femur bone. Anatomically, 

a hip consists of a ball-and-socket join, where the top of the femur and part of the pelvic bone meet 

together. The ball is the head of the femur and the socket is the curved part of the pelvic bone 

called the acetabulum. The primary function of hip is to support the weight of the body in both 

static and walking postures [28]. A hip fracture may occur at different site of the ball portion 

(femur) of the hip joint. Generally, it can be classified into three major categories, depending on 

the location of the fracture: femoral neck fractures, intertrochanteric fractures, and subtrochanteric 

fractures, as shown in Figure 1.2 [29]. According to Michelson et al, 49 percent are 
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intertrochanteric fractures, 34 percent are femoral neck fractures, and 14 percent are 

subtrochanteric fractures respectively [30].   

 Femoral neck fractures normally occur in the narrowest section of the upper femur which 

is between the femoral head and the trochanter [31]. These fractures can be further subdivided into 

subcapital and transcervical neck fractures as shown in Figure 1.2.  A femoral neck fracture is 

usually accompanied by tearing the blood vessels passing through the femoral neck region. 

Therefore, femoral neck fractures may cut off the blood supply to the femoral head, resulting in 

more healing complications such as fractures non-union, or femoral head necrosis.  In this kind of 

fracture, hip replacement is recommended. However, if it is just a small or nondisplaced fracture, 

an internal fixation is suggested to treat the fracture [31]. 

 

 

Figure 1.2 Three major types of hip fractures: femoral neck fractures (including subcapital and 

transcortical fractures), intertrochanteric fractures, and subtrochanteric fractures [29]. 

  

Intertrochanteric fractures occur below the femoral neck, in the area between the greater 

and sub-trochanter. This type of fracture does not stop blood flow to the femur, and may be easier 

to repair. Generally, stabilization is involved in the treatment of intertrochanteric fractures. 

However, these fractures are complicated due to the considerable forces induced by the attached 
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muscles. Therefore, the treatment more likely causes shortening of the femoral length or healing 

of the fracture with a misaligned position [31].  

  A subtrochanteric fractures normally occurs in the proximal portion of the femur shaft. 

Subtrochanteric fractures are less common than the other two fractures mentioned above. However, 

the torsional effects caused by the attached muscles and the high stresses from the daily activities 

make this type of fracture difficult to fix. 

 

1.3 Existing Techniques for Assessing Hip Fracture 

Risk and Their Limitations  

1.3.1 BMD Method 

Currently, bone mineral density (BMD) is a well-established method for in vivo osteoporosis risk 

assessment. It is the most popular way to evaluate bone quality and fracture risk. A highly 

significant correlation has been shown between BMD and bone strength [32]. The risk of fracture 

increases exponentially as BMD decreases, therefore, BMD is a powerful predictor of fracture risk 

[32].  

There are several ways to measure bone mineral density, and the best known is Dual-

Energy X-ray Absorptiometry (DXA), which is regarded as the “gold standard” by the World 

Health Organization (WHO) for the diagnosis of osteoporosis due to its low dosage of radiation, 

high precision, and fast scan [33]. During a DXA scan, two types of X-rays with different level of 

energy are employed to determine the bone mineral content (BMC), then, areal bone mineral 

density (aBMD, g/cm2) is derived by dividing BMC by the area of region of interest (ROI). The 
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aBMD is converted into T-score and Z-score. T-score compares the patient’s aBMD with that of 

the healthy young adults of the same sex. Z-score compares the patient’s aBMD with the mean 

aBMD derived from the reference group with same age, sex, and ethnicity. The difference between 

the patient’s bone density and the average of the reference group is converted to standard 

deviations away from the mean value, called T-score [32]. The BMD diagnosis is based on the 

WHO diagnostic classification (see Table1.1). However, there are some limitations if only rely on 

the WHO categories to determine fracture risk. First, the fracture risk assessed by a given category 

can substantially vary at different ages [34]. For example, a 90-year-old woman with osteopenia 

is expected to have a higher fracture risk than a 60-year-old woman with osteoporosis. However, 

based on the WHO categories, the 60-year-old woman will be screened to have the osteoporosis 

treatment. Second, the BMD only tells bone density, other factors such as the ongoing change of 

the bone density, the bone type, and other factors are not considered. For example, BMD doesn’t 

give the information that if you are currently losing bone or if you have already had low bone 

density for a long period; BMD measures all body types the same way and doesn’t consider that a 

thinner woman will always has a lower bone density than a heavier woman [35]. Also, the accuracy 

of BMD measurement to assess hip fracture risk is limited. The placement of patient on the 

machine causes a 5-6% change from test to test [35].    

Table 1.1 Definition of normal, osteopenia, osteoporosis and severe osteoporosis by WHO 

T-score Diagnosis 

T-score>=-1 

-2.5<T-score<-1 

T-score<=-2.5 

Normal bone density(low fracture risk) 

Osteopenia ( intermediate fracture risk)  

Osteoporosis(high fracture risk) 
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1.3.2 FRAX® 

Fracture Risk Assessment Tool (FRAX®) was issued by WHO in 2008 to evaluate a patient’s 10-

year probability of hip fracture in order to provide general clinical guidance for treatment decisions 

[36].  In addition to BMD at the femoral neck measured by DXA, FRAX® also incorporate other 

personal information called non-BMD clinical risk factors to estimate risk and probability of 

fracture in the next 10 years [37]. This information can help the doctor decide whether further 

action needs to be taken. The non-BMD clinical risk factors include sex, age, body mass index 

(BMI), fracture history, glucocorticoid history, current smoking, alcohol intake, etc. Compared to 

BMD method, FRAX® provide a more accurate method to assess fracture risk. However, it also 

has limitations. First, the fracture probability varies considerably among different countries in the 

world, thus, it may become complicated to determine intervention threshold by the fracture 

probabilities [38]. Also, FRAX® does not take into account fall-induced impact force in the 

assessment of fracture risk. Impact force on the hip is considered as a critical factor since most hip 

fractures are caused by sideways falls and the impact force directly acts on the trochanter of the 

hip [39]. Fall-related parameters may be applied in FRAX® in the future, but the data collection 

need to be done in a systematic way, and the best performance should be achieved by data 

validation.  

1.3.3 Hip Structure Analysis (HSA) 

Hip Structural Analysis (HSA) was developed to improve the prediction of fracture risk using hip 

bone mineral density incorporated with structural parameters derived from DXA scan [40]. The 

derived structural parameters include section modulus, cross-sectional moment of inertia, mean 

cortical thickness, etc. [41]. All of those structural parameter can be calculated via HSA software, 
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which is now commercially available. HSA program measures both the BMD of the hip bone and 

structural geometry of cross-sections traversing the proximal femur. The method is based on the 

principle that in a DXA image, a line of pixels orthogonal to the bone axis is a projection of the 

corresponding cross-section in the 3-D QCT image and contains some information of the cross-

section, such as the geometry [41]. Although some research reported that HAS predicted strength 

is more precisely than aBMD method [40], there are limitations. First, HSA program employs 2-

D DXA scans to extract cross-sectional properties at certain locations on femur, however, DXA 

scanners were not designed to measure geometry. Small changes in femur rotation will result in 

large effect on the projected dimensions, and the inconsistent femur position alters projected 

dimensions. As a result, the real dimensional differences cannot be distinguished from projection 

error and the results are more operator-dependent [42, 43]. The second limitation of HSA is that 

edge margins are difficult to locate precisely in noisy and blurred scan images [41]. The 

measurement accuracy is dependent on image quality. Finally, HSA program is still more complex 

than it should be due to the calculation of the unfamiliar geometric properties, such as Neck-Shaft 

Angles, Endocortical Dimater, Femoral Shaft Average Cortical Thickness, etc. For the clinical 

practice, it still needs many assumptions to simplify [41]. 

1.4 The Advantages of Biomechanical Modeling  

Osteoporotic hip fracture is associated with many risk factors, and it is difficult and almost 

impossible to study all of these factors. Strictly speaking, in order to measure bone strength, the 

most reliable and direct way is to conduct destructive mechanical testing. However, it is 

impractical for in vivo diagnosis [41]. Therefore, it is required to use methods or models to non-

invasively estimate the risk of hip fracture. Though the methods mentioned above including BMD, 
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FRAX, and HSA, etc. can predict the risk of hip fracture from different risk factors, they have 

limitations and the accuracy needs to be improved. Furthermore, their common limitation is that 

they have not considered hip geometry and loading conditions. 

 In biomechanics, the risk of osteoporotic hip fracture is decided by the load-strength ratio 

(LSR), which is calculated by the applied load divided by the bone strength [44-46]: 

LSR=
  

  

The applied load

The bone strength
 

Where the applied load is usually the impact force induced in a bump or fall, and the bone strength, 

which is determined by bone quality and bone geometry based on the theories of material 

mechanics and strength, is the allowable force that the bone can sustain without fracture 

[45].Therefore, from the engineering point of view, to better evaluate the risk of fracture, at least 

three major biomechanical factors need to be considered which include impact force (loading 

condition), bone quality and geometry. Recently the applications of biomechanical models in 

computer simulations, which incorporate structural dimensions, knowledge of the loading 

condition, and the material properties, to predict the risk of hip fracture have progressed rapidly. 

Obviously, it is more reasonable and accurate in predicting hip fracture risk compared to the other 

methods. Among these biomechanical models, finite element modelling based on medical images 

is considered a promising technique [47]. 

1.5 Objective          

The objective of this study is to develop a highly applicable and universally available two-

dimensional subject-specific beam model to assess hip fracture risk. To achieve this objective, the 

equivalence between CTXA- and QCT-derived femur cross-section stiffness is first studied. The 
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results can partially justify the use of DXA in replacement of QCT in assessing femur bone quality. 

Then, a CTXA-derived subject-specific beam model is developed, which is easier to be adopted 

into clinical environment, to assess hip fracture risk, and the CTXA-derived femur cross-section 

stiffness (bending stiffness (EI), axial stiffness (EA), and shear stiffness (GA)) are combined with 

this beam model to calculate hip fracture risk index (FRI) for sideways fall and single-leg stance 

loading configurations. Finally, the beam model is applied in a clinical validation to study if PPI 

use is associated with the presence of osteoporosis or accelerated BMD loss. 

1.6 Outline of This Thesis 

After highlighting the motivation and the objectives of this project in this chapter, the rest work 

will be organized as follows: 

Chapter 2 – In this chapter, hip fracture evaluation using biomechanical model will be first 

reviewed. Then, currently popular methods to predict the fracture risk, including QCT- and DXA-

based finite element models, will be introduced. Finally, image-based beam model will be 

presented. 

Chapter 3 – In this chapter, anatomic structure of hip and the cross-sectional mechanical 

properties will be introduced. Then, QCT- and CTXA-based cross sectional stiffness will be 

calculated. During the calculation, data extraction from image, derivation of the coefficient 

between pixel value and BMD, and the correlation analysis between aBMD and vBMD will be 

presented. 

Chapter4 – In this chapter, CTXA-based beam model will be constructed based on the data 

extracted from CTXA image. HFRI based on the cross-section strain energy will be calculated 

under the two common loading conditions: single-leg stance configuration and sideways fall.  
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Chapter 5 – In this chapter, the correlation between QCT- and CTXA-based cross-sectional 

stiffness will be analyzed, and the verification that DXA-based cross-sectional stiffness can 

substitute QCT-based cross-sectional stiffness will be provided. The test of discrimination between 

PPI users and non-PPI users based on cross-sectional stiffness, BMD and FRI was conducted to 

demonstrate if PPI use is associated with the presence of osteoporosis or accelerated BMD loss. 

Chapter 6 – In this chapter, the major conclusions and contributions from this study will be 

summarized. Future research work will be recommended to minimize the limitations in the current 

research. 
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Chapter 2  

Literature Review 

2.1 Review of Hip Fracture Risk Evaluation Using 

Biomechanical Models  

Biomechanical models apply mechanical laws to living structures, especially to the 

musculoskeletal system of the body based on biomechanical principles and theories [48]. They are 

used to predict the mechanical behaviours of an object using its shape, structure and material 

property information. These models can be constructed from different medical images. From the 

engineering point of view, a hip fracture is a structural failure, where the loads applied on the 

femur exceed the femur strength. This “load-to-strength ratio” approach provides insight into 

development of effective assessment tools. In theory, a model integrating mass distribution, 

structural geometry and patient-specific loading should be more accurate for assessment of hip 

fracture risk [49]. In this regard, a biomechanical measure may better evaluate hip fracture risk 

and improve fracture risk assessment [46]. 
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For bone stress analysis, the most promising biomechanical model is finite element analysis 

(FEA) model, which can model the irregular geometry and heterogeneous bone [50]. The finite 

element method is an advanced computational method for structural stress analysis, which was 

introduced to orthopedic biomechanics in 1972 to evaluate stresses in human bones [51]. Since 

then, FEA has been widely used to study human bone mechanics [52]. Finite element (FE) models 

incorporate information of the femoral bone structural geometry and bone material properties 

derived from medical images and simulated loading conditions leading to fractures. Since 1990s, 

FE modeling has been increasingly used to specifically assess hip fracture risk due to the 

availability of newly invented digital imaging techniques [53, 54]. Recently, with the development 

of computer hardware and software tools, substantial progress in the application of FEA was made 

and the era of patient-specific FE modeling began [55]. Right now, the commercially available 

software such as ANSYS, ABAQUS or in-house computer codes developed using MATLAB, C, 

etc. are commonly used in FEA.  

Generally, the implemented image-based FE models are divided into two categories, three-

dimensional and two-dimensional models constructed from either CT or DXA images. For 

example, Testi et al. [56] and Buijs et al. [57] developed a two dimensional finite element model 

from DXA image and the projection of quantitative computed tomography (CT) scans, 

respectively. For three dimensional models, Keyak et al. [58] and Viceconti et al. [59] used CT 

images to build the three dimensional model; Cody et al. [60], however, derived the three 

dimensional model from QCT image. Their basic steps using FE modeling to assess hip fracture 

risk include extracting the femoral geometry from the medical image, generating a finite element 

mesh, assigning the material properties, applying the loading conditions, and implementing the 

finite element analysis. All of these models have their limitations and characteristics. Based on 
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literature review above, QCT-based three dimensional and DXA-based two dimensional models 

are the two main FE models in the current research. Therefore, in the following sections, QCT-

based three dimensional and DXA-based two dimensional finite element models will be reviewed. 

2.2 QCT-based Finite Element Models  

Over the past 20 years, when the faster computers became available, a number of FEA models of 

QCT scans of human femur have been developed to assess bone mechanical characteristics, 

including bone strength, stress, strain, failure load, fracture location and hip fracture risk [61-64]. 

There are three stages in QCT-based FEA for hip fracture risk evaluation. The first step is 

generation of the 3-D FE model from the QCT images of femoral bone. In this step, the CT data 

acquisition, the region of interest (ROI) segmentation and mesh generation need to be processed 

based on the QCT images. In order to obtain a high quality and accurate FE model, mesh 

generation is one of the main issues. Generally, the mesh generation techniques include voxel 

based mesh and geometry based mesh [61]. After the 3-D FE model is constructed, material 

properties of the each element in the model is assigned. Bone density in each element is defined 

based on Hounsfield unit (HU) value. According to the equations between bone density and 

mechanical properties, Young’s modulus in the element is defined as well [61]. Because bone 

stiffness is highly connected to material properties, the assignment of accurate material properties 

to the model is critical. It is preferable to represent inhomogeneous property over the entire bone. 

The final step is to apply the loading and boundary conditions, simulating the single-leg stance or 

the sideways fall configuration. A number of commercial software such as ANSYS, ABAQUS or 

in-house developed computer codes are available to use. The steps are summarized in Figure 2.1. 
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Figure 2.1 Steps involved in QCT-based FEA for hip fracture risk assessment 

 

Although QCT-based 3-D FEA has been recognized as a prospective and reliable tool, 

there are some limitations. One major problem is they are time-consuming and computationally 

expensive, therefore, they are difficult to be applied to clinical studies. For example, linear FE 

models have taken up to 6–8 hours [60] while non-linear models can take approximately 10 hours 

for each case [65, 66]. Second, the high X-ray dosage required to acquire the quality images may 

be a potential health concern, and QCT scans are not routinely performed in the clinical procedure. 

Third, it is quite complex in respect to the 3-D model construction and the material properties 

assignment, and its accuracy relies on meshes or elements. Therefore, more universally available 

and simpler tools are preferred for clinical applications. 
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2.3 DXA-based Finite Element Models   

Currently, DXA images are commonly used to derive two dimensional FE models used to assess 

hip fracture risk. Due to the low radiation dosage of X-ray, short computational time, and low-cost 

screening technique for obtaining bone properties relevant to strength compared to 3-D imaging 

modalities, DXA-based 2-D FEA is likely to be more clinically feasible and is more useful for 

routine hip fracture predictions on a large number of patients. Based on literature, a number of 

DXA-based FE models were developed to evaluate hip fracture risk in the past few years [47, 67, 

68]. 

 The general procedure to construct a DXA-based FE model is similar to the construction 

of a QCT-based 3-D FE model. The main difference is the DXA-based FE model is from the two 

dimensional DXA image, and the resulting model is 2-D geometry of the femur bone. Compared 

to the QCT-based 3-D FE model, DXA-based 2-D FE model is simpler in contour segmentation, 

mesh generation and assignment of material properties. However, the accuracy of prediction of 

hip fracture is possibly compromised. Actually, a number of studies have sought to improve the 

predictions of hip fracture risk by DXA-based 2-D FEA method. After proposing a DXA-based 

patient-specific finite element modeling procedure to improve the accuracy of the hip fracture 

assessment [47], Luo et al. focused to identify the factors that have dominant effects on the 

precision of the procedure in his later research paper [68]. 

 Whereas, there are some issues need to be addressed in DXA-based 2-D FEA method. First, 

restricted by the two-dimensional feature of DXA scans, DXA-based 2-D FE models lack the depth 

information of the 3-D object and the resolution of the structural dimension is also low, which may 

affect the accuracy of predicted hip fracture risk. In addition, a number of assumptions are made 
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to evaluate bone strength from 2-D DXA data and how well the simplified 2-D model represents 

the original 3-D FE model is not known [69]. Furthermore, a high stress is generated on the shaft 

because the boundary conditions are applied on the distal end of the femur in simulating the real 

world forces. These stresses increase the fracture risk, but it is not realistic risk since the applied 

boundary conditions cannot faithfully simulate real world force configuration. Finally, it still 

highly depend on the model construction, mesh generation and is still technically complicated for 

routine clinical application. 

2.4 Beam Models 

From a biomechanical viewpoint, FEA is a powerful and accurate tool to evaluate hip fracture risk 

due to the incorporation of bone geometry, material properties and loading conditions. However, 

its accuracy relies on the quality of mesh or elements. According to van Rietbergen et al. [70], a 

realistic FE model of proximal femur requires tens of millions of elements and hundreds of hours 

[71]. Therefore, the complexity of the procedure, the time-consuming calculation and the high 

costs for quality scanners limit their clinical applicability and their use in large-scale research 

studies [69]. The simplicity of beam model, on the other hand, may be better suited to evaluate 

bone strength, especially considering the practical limitations of clinical measurements. Also, a 

beam model can directly output cross-sectional stiffness which can be used to evaluate bone 

quality and hip fracture risk. Beam models have been shown reasonable accuracy to predict stress 

in the femoral shaft and are considerably less expensive in computational resources [72].   

 A beam model is an engineering model in which an object is simulated as a loaded beam. 

Mathematically, it is much simpler than a FE model. The earliest idea that using beam theory to 

analyze the stresses in bones was proposed by Koch in 1917 [73]. In a beam model, the femur 
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bone with a slender shape is treated as a supporting beam with various cross-sectional properties 

continuously varying along its length, and its mechanical behaviour can be approximately 

described. A beam model can be constructed from either DXA or QCT image. Although three-

dimensional beam models have been proved to better approximate the hip geometry, the complex 

geometry of the proximal femur does not contribute too much to the accuracy [73, 74]. In addition, 

the limitations of QCT image in clinical practice also make the 3-D beam model less applicable. 

Therefore, a 2-D beam model will be useful in assessing hip fracture risk. Generally, a DXA-based 

2-D beam model is preferable since DXA technique is still widely available in clinical practice. 

The first step to construct a 2-D beam model is to generate the geometry of the femur bone 

from a DXA image, which can be done with in-house MATLAB codes. The geometry generation 

includes tracing the edges, locating critical cross-sections (normally narrowest femoral neck, 

intertrochanter, and the femoral shaft) and the center of femoral head, determining neck and shaft 

axes, and detecting the neck-shaft angle. Material properties can be converted from the pixel values 

contained in the DXA image based on empirical equations. According to physiological loading 

conditions, stresses generated by physiological forces are mainly axial, bending and shearing 

stresses [41]. Therefore, the cross-sectional parameter such as cross-sectional area (CSA) and the 

cross-sectional moment inertia (CSMI) are then calculated from DXA scans, based on the 

projection principle that a line of pixel values across femur bone contains information of bone 

mass distribution [41]. After that, the loading and boundary conditions, simulating single-leg 

stance or sideways fall configuration, are applied to the constructed beam model. Finally, the 

mechanical responses of femur cross-section such as stresses, stiffness and strain energy are 

calculated to predict fracture risk. 
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 A number of 2-D beam models have been developed recently, including curved beam 

model, curved composite beam model, and straight beam model [75, 76]. Among those beam 

models, the one developed by Thomas J. Beck is already applied in clinics [40, 76]. However, 

there are some problems in this model. First, only cross-sectional moment of inertia (CSMI) is 

considered in evaluating bone rigidity [40], which actually cannot represent femur stiffness 

without considering material properties. Secondly, the effective bone thickness of femur cross-

section is calculated by the quotient of bone mass and bone density, the latter is considered as a 

constant (i.e. the density of fully mineralized bone tissue, 1.85g/cm3). Considering the highly 

heterogeneity of bone tissues, it is not reasonable. Finally, this beam model is constructed from a 

two-dimensional DXA image. If it can represent the three-dimensional beam model, which can 

much better simulate the real femur bone, was not investigated. 

In this project, a simpler straight two-dimensional beam model is developed which only 

consider the femoral neck and shaft as the parts of the beam under the goal that it is easier to be 

adopted into clinical environment.  In this beam model, the bending stiffness, axial stiffness, and 

shear stiffness (the information required for calculating the torsional stiffness is missing due to the 

two-dimensional image of CTXA) are employed to describe the ability of femur bone to withstand 

loading instead of only considering moment of inertia, the geometry property of the femur bone. 

Furthermore, the effective thickness of the cross-section for calculating the geometry properties 

(cross-section area (CSA), cross-section moment inertia (CSMI)) is obtained by dividing areal 

bone mineral density by volumetric bone mineral density, which is more case specific. Finally, the 

equivalence between CTXA- and QCT- (2-D and 3-D) derived stiffness parameters is studied in 

this beam model, which gives a clear idea that if CTXA can be used in replacement of QCT in 

assessing femur bone quality. 
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Chapter 3  

Cross-sectional Mechanical Properties of 

Femur Derived from Medical Images 

3.1 The Relation among QCT-, DXA- and CTXA-based 

Mechanical Properties 

The CTXA-Hip module in QCT PRO software (Mindways, Texas, USA) can generate bone 

projection images through 3-D QCT volume data sets. This projection images visually looks like 

that generated by clinical DXA. Based on reported research [77, 78], CTXA Hip provides 

substantially the same clinical information as conventional DXA. According to Cann, etc., CTXA 

Hip BMD is highly correlated with that measured by DXA, and CTXA is equivalent to DXA [77]. 

Therefore, if mechanical properties from CTXA images are equivalent with those from QCT 

images, there should exist high correlations between DXA and QCT derived mechanical properties, 

which means DXA can be a replacement of QCT to calculate femur cross-sectional properties. 
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Therefore a beam model of femur can be constructed from clinical DXA, which is more practical 

in clinical use.  

3.2 Anatomical Structure of Femur 

The femur is the longest and also the strongest bone in the human body and it is between the hip 

joint and the knee joint .The main function of the femurs is to support the weight of the upper body 

and allows the motion of the lower extremities. The femur has three parts: the shaft, the proximal 

and distal portions. 

 The proximal portion is composed of femoral head, femoral neck, greater trochanter, and 

less trochanter. The femoral head is smooth, spherical shape, which forms the ball-and-socket hip 

joint with the cup-shaped acetabulum of the hip bone. The femoral neck is an approximate 

cylindrical bone, connecting the femoral head with the femoral shaft. The angle between femoral 

neck and shaft is about 120 to 130 degrees. At the end of the femoral neck, the greater and lesser 

trochanters serve as points of attachment for several ligaments and tendons of the buttocks and 

thighs [79]. The shaft of the femur is roughly cylindrical in shape, and its upper part is a little 

thicker than its center part. The long shaft is not straight but slightly arched as it descends toward 

the knee, which allows the knee joint to be closer to the body’s center of gravity and provide for a 

better balance [80]. The distal portion of the femur has round, smooth medial and lateral condyles, 

which meet with the condyles of the tibia to form the articular surface of the knee joint. 

Based on literature [31], hip fracture most likely happens at one of three locations: femoral 

neck, intertrochanter, and subtrochanter. Therefore, attention has been focused on the mechanical 

properties of the three critical cross-sections of the femur.  
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3.3 Cross-sectional Mechanical Properties of Femur 

The mechanical properties of a material or structure describe its responses to an applied load. The 

most common properties include stiffness, strength, hardness, etc. From an engineering 

perspective, the mechanical properties and loading are the two factors governing material damage 

and structural fracture. For a structure, the mechanical properties are affected by both the material 

properties and the geometric shape. As discussed in the previous section, the most common 

locations of hip fracture are femoral neck, intertrochanter and subtrochanter. Bone is an anisotropic 

and inhomogeneous material, and the femur bone could be simplified as an engineering beam. 

Therefore, the cross-sectional stiffness of femur are considered to be the most important 

mechanical properties affecting hip fracture. 

3.3.1 Axial, Shear, Bending and Torsional Stiffness of Femur 

Generally, the stiffness, including axial stiffness ( Ka  ), beading stiffness ( Kb ), shear stiffness 

( K s ) and torsional stiffness ( K t ), are used to describe the ability of an engineering beam to 

withstand, respectively, axial force, bending moment, transversal force, and axial torque. For a 

homogeneous beam cross-section, the stiffness parameters are calculated as  

 a b s tK =EA K =EI    K =GA    K =GJ， ， ，
  (3.1)                  

Where E and G are the elasticity modulus and shear modulus, respectively. I represents the bending 

moment of inertia of the section, A is the area of the section. J is the polar moment of inertia. It 

should be noted that the information required for calculating the torsional stiffness is missing in a 

two-dimensional image. In order to do the correlation analysis between 3-D- and 2-D- image based 
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cross-sectional stiffness, the torsional stiffness will not be considered. As can be seen from 

Equation (3.1), the stiffness parameters are affected by both the cross-section geometry and 

material property. However, bone is an inhomogeneous material, E and G are not constant over 

femur cross-section. The calculation of the stiffness parameters therefore are conducted by 

integration: 
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Where υis the poison ration, which is considered to be constant here. 
i  is the bone mineral 

density of ith pixel or voxel. 
iy  is the distance of the pixel or voxel to the effective neutral axis, 

which is substituted with the  mid-axis of the image (antero-posterior) in this study for simplicity. 

The actual neutral axis can be determined by developing an algorithm based on the definition of 

neutral axis for inhomogeneous cross-section.  

 Elasticity modulus is related to bone mineral density by mathematical relationships. The 

accurate determination of such a relationship is of great importance and challenging. Extensive 

experiments have established that bone elasticity modulus is related to bone mineral density either 

by linear or by exponential functions [81, 82]: 
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Hereinafter the term elasticity-density relationship will be used for those mathematical relationship 

between elasticity modulus and bone mineral density. Based on the range of bone mineral density 
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[81], three representative elasticity-density relationships were employed in this study to 

investigate how different material models affect the 3-D~2-D correlation: 
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3.4 Femur Cross-Sectional Properties Derived from 

QCT Scans 

3.4.1 Identification of Three Critical Cross Sections of Femoral Bone 

from QCT Scans  

Quantitative Computed Tomography or “QCT” is a medical imaging technique to evaluate bone 

mineral density, clinically at the proximal femur or the lumbar spine [83]. The generated 

volumetric data set contain a wealth of information about bone mineral density, bone mass 

distribution and geometry.  QCT PRO software (Mindways, Texas, USA) can be used to analyze 

CT volumetric data set. The CTXA-Hip module in QCT Pro can produce DXA-equivalent hip 

measurements from a CT volumetric data set including areal BMD estimates and bone projection 

images (CTXA) that are equivalent to those generated by clinical DXA. One sample CTXA is 

shown in Figure 3.1.   
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Figure 3.1 A sample CTXA image generated by the QCT PRO software 

 

The Bone Investigational Toolkit included in the QCT PRO software can be employed to 

analyze the geometry information of bone to estimate biomechanical relevant properties such 

cross-sectional moment of inertia, section modulus and cross-sectional area. The three critical 

cross-sections are automatically located in the CTXA image and the cross-sectional images are 

exported in the format of Digital Imaging and Communications in Medicine (DICOM) shown in 

Figure 3.2 [84].  
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Figure 3.2 QCT Pro-derived information. (a) The three critical cross-sections from CTXA image; 

(b) BIT-generated three cross-sections 

 

3.4.2 Calculation of Cross-Sectional Stiffness from QCT PRO Image 

The cross-section image (DCM format) extracted from QCT PRO was imported into MATLAB 

using the function “dicomread”. The information of the image was then stored in a pixel array with 

the size of 192x192 in this study. In the pixel array, the coordinates and the pixel value of each 

pixel can be found using MATLAB. Each of the pixel value describes how bright that pixel is, or 

the density of bone. Generally, a linear correlation is assumed between pixel value and density [67, 
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85]. In this study, the volumetric bone mineral density of each pixel corresponding to the pixel 

value is obtained by the following equation [84]: 

 
3(p_value_CT Intercept)

( ) (mg/ cm )v

FUC
vBMD

Slope


 
           (3.5) 

Where 

FUC——Field Uniformity Correction,1.073.  

p_value_CT—— pixel value in CT image(p_value>0).  

Intercept (CT calibration Intercept)—— pixel counts,-1024. 

Slope(CT calibration Slope)——
3( )mg cm

count
,1.28. 

In order to calculate the stiffness parameters, the first step is to determine the elasticity and 

shear modulus. Bone is essentially a heterogeneous material. The elasticity and shear modulus 

vary over a cross-section. As described in Section 3.3.1, three relationships between bone elasticity 

modulus and bone mineral density were adopted      

 iE =E ( )i i               (3.6)             

Where the bone elasticity modulus is inGPa ,
i  is in 

3g/ cm  . 

Due to inhomogeneity of bone density and irregularities of femur cross-section, the 

stiffness parameters in Equation (3.2) must be calculated by numerical integration. After 

substituting Equation (3.6) into (3.2), and conducting the integrations in a voxel-by-voxel way, as 
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shown in Figure 3.3, the axial (EA), bending (EI) and shearing (GA) stiffness of each cross-section , 

the moment of inertia I, and the section modulus Z are calculated as [86] 
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Where Ei  represents the modulus of elasticity for ith pixel; dA is the pixel area; yi is the distance 

of each pixel to the mid-axis; ymax is the maximum distance to the mid-axis;  N is the total numbers 

of the pixels in the bone contour. υ is Poisson ratio, considered as a constant (υ=0.3) [87].  

 

Figure 3.3  The cross section of the image extracted from QCT Pro. y is the distance of a single 

pixel  to horizontal mid-axis 
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3.5 Femur Mechanical Properties Derived from CTXA 

Images  

3.5.1 Data Extraction from CTXA Image 

As discussed above, CTXA image is generated through QCT PRO software (Mindways, Texas, 

USA).  A CTXA image is obtained by projecting volumetric bone density in a given direction [88]. 

If femur cross-section stiffness parameters derived from CTXA are equivalent to those directly 

derived from QCT, it would suggest that a beam model of femur can be constructed from CTXA 

(or clinical DXA). The beam model would have wide clinical applications, as DXA is most 

commonly scanned in clinic.  

In order to derive femur cross-sectional mechanical properties from CTXA, the three 

critical lines in CTXA images corresponding to the three critical cross sections need to be located. 

Therefore, in-house MATLAB codes were developed to extract the contour of femoral bone. The 

codes are able to detect femur edge, identify the relevant axes and points, obtain the boundary 

coordinates, and determine the critical cross sections from CTXA. 

The data extraction process is briefly described in Figure 3.4. It consists of extracting 

contour of femur, finding the FNA (femoral neck axis) and FSA (femoral shaft axis), deciding 

NFN (narrowest femoral neck), IT (Intertrochanter) cross-section and FS (femoral shaft) cross-

section, and locating the FHA (femoral head apex).  
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Figure 3.4  Steps for extracting data from CTXA image 

 

The steps for extracting femur contour from CTXA is shown in Figure 3.5. The image was 

read into MATLAB using ‘Dicomread’ command. After edge sharpening and dilating, filling 

interior gaps, and smoothing the object, the outline of the image was then extracted, shown as the 

white line in Figure 3.6. 

 

Figure 3.5  Extraction process of the outline of femoral bone 
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Figure 3.6  Detected contour of femur and part of the pelvis 

 

User’s intervention was required to locate the narrowest femoral neck (NFN), femoral shaft 

(FS) cross-section, and femoral head apex (FHA). The first step was to find the narrowest femoral 

neck (NFN). Based on the geometry feature of femur, the NFN has the minimum width in the neck 

region, and the femoral neck axis (FNA) is orthogonal to the NFN and through the mid-point of 

the NFN [89].  The perpendicular line passing through the mid-point of the shaft cross-sections is 

the femoral shaft axis (FSA) [90]. The user needs to specify a femoral shaft region (here is the 

rectangular selection region) including a segment of femoral shaft, and use the mean mid-points 

of those cross-sections to decide the FSA. Otherwise, the FSA will be very different if only decided 

by the mid-point of a single shaft cross-section due to the positioning error. Figure 3.7 shows the 

detected NFN, FNA and the rectangular selection region. 
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Figure 3.7 The detected NFN, FNA and the rectangular selection region 

 

The IT cross-section line was identified as the line that bisects the femoral neck-shaft axis 

angle (FNSA) [91]. Also, the FS cross-section line was defined 1.5 times the length of NFN distal 

to the intersection point of the neck-shaft axes and parallel to the horizontal axis. Finally, the 

femoral head apex was identified as the smallest pixel value between the femoral head and the 

pelvis bone around it.  

All of the above procedure was implemented using the in-house MATLAB codes. The 

three critical cross-sections, the femoral head apex, and the femoral neck and shaft axis are shown 

in Figure 3.8, and the coordinate of the relative parameter was written into an EXCEL table. 
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Figure 3.8 The three critical sites of hip: NFN, IT, and FS. A is the femoral head apex, B is the 

intersection point of femoral neck and shaft axis. 

 

3.5.2 Relation between Pixel Value and aBMD in CTXA Image 

The DXA-equivalent two-dimensional CTXA images are projectional images from the QCT 3-D 

data set. Each pixel intensity in CTXA is the sum of all the bone voxel intensity along the 

projection lines [88]. Therefore, the three critical cross section lines in CTXA images are the 

projections of the corresponding cross sections in QCT scans. This process is schematically shown 

in Figure 3.9 [47, 92]. The projection line of the QCT slice in CTXA is replaced by a rectangle 

with a width because it can show the density variation along the line. Correspondingly, the bone 

mineral density in CTXA is transferred to areal BMD from the volumetric BMD in QCT scans as 

shown in Figure 3.9(c). 
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Figure 3.9 Projection from QCT into CTXA. (a) QCT slice (a femur cross-section); (b) the 

projected cross-section; (c) areal BMD profile [92] 

 

In Section 3.5.1, the coordinate of the three critical cross section line have already been 

located. By importing the CTXA image into the MATLAB software and using a command 

‘improfile’, the pixel values along the line segments will be obtained. An important step is to derive 

the relation between pixel value and areal BMD. Generally, the linear relation is assumed as 

follows:  

 _ _ aa p value CTXA b                      (3.8) 

Where _value_CTXAp represents each pixel value in CTXA image,
a is the corresponding areal 

BMD.  

_ _value_CTXAave p is defined as: 

 
_ _ dA

_ _ _
N

p value CTXA
ave p value CTXA

dA






（ ）
                 (3.9) 
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Where _value _p CTXA  is the sum of the pixel value in the ROI area of the femoral 

neck in the CTXA image, which is a user-defined region based on the reference [91], as shown in 

Figure 3.10. The blue line is the central line of the ROI, which is the narrowest femoral neck 

identified in Section 3.5.1. The width of the ROI is 10mm as shown in green region. dA and N are 

the  pixel area and the total pixel numbers in the ROI respectively.   

 

Figure 3.10 ROI region in CTXA. 

 

In this project, using _ _value_CTXAave p  as independent variables, _a QCT  as 

dependent variable, regression analysis was performed among different size of sample out of the 

overall sample respectively, with 5, 10, 15, 20 samples, etc. The corresponding relationships 

between pixel value and areal BMD were built. _a QCT  is the average areal BMD of the ROI area 

based on QCT PRO report. The error e is defined as the square of the difference between the actual 
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areal bone mineral density and the estimated bone mineral density. For each equation created by 

the linear regression analysis, a sum of e was obtained, shown as Equation (3.10).  

 

2

_ _( )

'

a estimated a QCTe

e e

  


                       (3.10) 

The convergence study was performed using e’ to decide the most accurate regression 

equation. The convergence curve was shown in Figure 3.11. As shown, the third equation had the 

smallest e’ and obtained the convergence, therefore, the third regression equation was chosen to 

represent the relationship between the pixel value and the areal bone mineral density, as shown in 

Equation 3.11. 

7 6 _ _ 0.6432a e p value CTXA    

                  (3.11) 

Where a  is the estimated areal BMD of each pixel in CTXA image, with the unit
2/g cm . 
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Figure 3.11 The convergence study to decide the most accurate relationship between the pixel 

value and areal BMD 

  

3.5.3 Correlation Between aBMD in CTXA and vBMD in QCT 

After transferring the pixel value into the areal BMD in CTXA image based on the Equation (3.11), 

the next step is to develop a conversion formula between areal BMD and volumetric BMD in order 

to reduce the difference in stiffness derived from QCT and CTXA images, since the bone mineral 

density is volumetric BMD in QCT image and areal BMD in CTXA image. With the same 

described in Section 3.5.2, correlation and regression analysis were conducted between aBMD and 

vBMD based on QCT PRO data, and the convergence study was performed to decide the most 

accurate relationship.  
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Totally, there were five groups of paired aBMD and vBMD provided in QCT Pro reports, which 

are user-defined neck, femoral neck, trochanter, intertrochanter and total hip aBMD and vBMD, 

for 97 subjects.  Different number of samples, namely 15, 20, 25, 30, etc., were randomly selected 

from the five groups of paired aBMD and vBMD, to produce sample datasets. Then, linear 

regression analysis was conducted in each dataset to obtain an equation. In the regression equation, 

vBMD is calculated from aBMD. As described in Section 3.5.2, the square of the difference 

between estimated vBMD and the measured vBMD was calculated as e, then the convergence 

study was conducted using e’, as shown in Figure 3.12 . 

 

2

_ _( )

'

v estimated v QCTe

e e

  


                  (3.12) 

Based on the convergence curve, the fourth regression equation was more accurate, which 

was obtained by the dataset of 150 samples consisting of 30 samples from the five groups. The 

most accurate regression formula is 

 0.29348 0.055042y x                  (3.13) 

Where x  represent the aBMD (
2/g cm  ), y  is the vBMD (

3/g cm  ). The correlation between 

aBMD and vBMD was shown in Figure 3.13. The correlation coefficient is 

0.87475(P 0.001)R   . 
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Figure 3.12  The convergence study to decide the most accuracy relationship between aBMD and 

vBMD 

 

 

Figure 3.13  Correlation between aBMD and vBMD 
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For the cases that were not included in the sample datasets, vBMD were calculated from 

aBMD using the regression formula, at respectively, user-defined neck (UDF), femoral neck (FN), 

trochanter (T), intertrochanter (IT) and total hip (TH). The correlation coefficients between the 

calculated vBMD and the vBMD directly measured by QCT Pro are listed in Table 3.1. The 

Bland-Altman plots are shown in Figure 3.14.  

From Table 3.1, it can be seen that the vBMD calculated from the regression formula is 

strongly correlated with the vBMD measured by QCT PRO. In Figure 3.14, the Bland-Altman 

plots show that the agreement level is acceptable. Therefore, the conversion formula was used to 

convert aBMD into vBMD. 

Table 3.1 Correlation coefficient between estimated and measured vBMD at the five sites 

 UDN FN T IT TH 

r 0.7767 0.8253 0.9178 0.8614 0.8813 

p 8.7997e-21 2.6262e-25 6.8739e-40 1.0733e-29 1.0866e-32 
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Figure 3.14   Bland-Altman plot of measured vBMD and calculated vBMD using the regression 

formula. 
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3.5.4 Calculation Cross-Sectional Stiffness from CTXA Image 

The three critical cross-sections where hip fractures most often occurred are indicated by the three 

yellow lines in CTXA shown in Figure 3.8.  As described in Section 3.5.2, the coordinates and 

the pixel values of the line can be obtained by MATLAB codes, then the areal bone mineral 

density of each pixel on the line can be calculated based on Equation (3.11). Using the regression 

Equation (3.13), vBMD of each pixel on the line can be obtained. As described in Section 3.4.2, 

the elasticity-density relation was adopted as the empirical Function (3.6), and stiffness 

parameters was calculated by integration along the line. In a pixel-by-pixel way along the cross 

section line, the integration was carried out, and the axial (EA), bending (EI) and shearing (GA) 

stiffness of each cross section line in CTXA are calculated. The calculation method is described 

in Section 3.4.2. 
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   (3.14) 

 Where i , the volumetric BMD, is regressed from areal BMD in the cross-section image of CTXA, 

and has the unit of
3/g cm ; N  is the total numbers of the pixels along the cross-sectional line in 

CTXA images; 
_i CTXAy is the distance of the ith pixel to the mid-point of the cross-sectional line 

in CTXA images; dA is the product of the thickness of the ith pixel in the profile and pixel spacing 

along the profile line. The thickness of the ith pixel is calculated by divided the vBMD by aBMD.
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Chapter 4  

Assessment of Hip Fracture Risk Using 

CTXA-based Beam Model 

4.1 Beam Model Constructed from CTXA  

Beam model used in this project treats the proximal femur as two straight beams connected at the 

intertrochanter, as shown in Figure 4.1. Angle   is the neck-shaft axis angle, and the 

intertrochanteric cross-section bisects this angle. Point h and k represent the femoral head apex 

and distal femur end, respectively, and point o is the intersection of the femoral neck and shaft 

axis.  The angle   and the coordinates of these points and the three critical cross-sections femoral 

neck (FN), intertrochanter (IT) and femoral shaft (FS) are located by MATLAB codes. The 

procedure for extracting data from CTXA image is described in Section 3.5. Based on these 

information, the geometry properties of the beam can be extracted. The length ok ，i.e. the 

femoral shaft length (FSL), is estimated from the patient’s height H [93],  
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1

(FSL)
5

ok H             (4.1) 

 

 

Figure 4.1 Beam model constructed from CTXA image 

 

4.2 Loading Conditions 

There are different loading configurations that can be applied to the two-dimensional beam model. 

Two of them represent the real life conditions and they commonly used in hip fracture studies: 

(1) one-legged stance and (2) sideways fall. The one-legged stance condition is often used for 

comparison among different studies [75, 76]. Sideways fall has been identified as the most critical 

condition, especially for older people, to develop hip fracture [94, 95]. Therefore, these two 

loading conditions will be considered in the following studies, and the forces (including moment) 

diagrams are determined based on static equilibrium.  
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4.2.1 One-Legged Stance Configuration 

To simulate one-legged stance loading condition, the proximal femur is loaded on the femoral 

head apex and completely constrained at its distal end, as shown in Figure 4.2. The load on the 

femoral head is calculated as 2.5 times body weight [96, 97] of the subject in Newton (N), and 

the direction of the load is assumed parallel to femoral shaft [40, 98]. The load can be projected 

into axial and normal component relative to the femoral neck axis.   

 

 

Figure 4.2 The loading condition of femoral beam model in a one-legged stance 

 

Based on the principles of statics, the internal forces at the three critical cross-sections, i.e. 

FN, IT and FS, are shown in Figure 4.3. 
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Figure 4.3 The force diagrams at the three critical cross-sections 

 

At cross-section FN, the axial force _a fnF , shear force _q fnF  and bending moment fnM  are 

calculated as 

 

_

q_fn

fn

cos(180 )

sin(180 )

M sin(180 )

a fn load

load

load fn

F F

F F

F d







  


 


  

           (4.2) 

Cross-section IT is the intersection point of the neck and the shaft axis, therefore, both axes 

are considered for calculation the forces. That is, IT cross-section is either considered as the cross-

section of femoral neck axis, or as the cross-section of femoral shaft axis to calculate the forces. 

However, the total strain energy induced by the axial, bending and shear force does not show too 

much difference (calculated in the later section). Therefore only femoral neck axis is used to show 

the forces on IT cross-section: 
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           (4.3) 

For cross-section FS, 
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          (4.4) 

As mentioned above, 

 2.5loadF W        (4.5) 

Where W is the body weight of the subject. 

4.2.2 Sideways Fall  

The dominant cause leading to hip fracture is sideways fall, especially for elderly people suffering 

from osteoporosis. A set of static forces are used to simulate the peak impact force in sideways 

fall in the real world. Figure 4.4 shows the forces experienced by the femur in sideways fall, and 

the free body diagram is shown in Figure 4.5. Under this loading condition, the impact force is 

assumed perpendicular to the shaft axis and at the intersection point of the femoral neck-shaft 

axis. Two reaction forces are produced respectively at the femoral head apex and at femur distal 

end with a distance of 0.2 times patient’s body height, they are shown as hF  and kF   respectively 

[76]. This distance is femoral shaft length (FSL), shown in Figure 4.4. 
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Figure 4.4 Loading/constraint profile of the femur beam model 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Free body diagram simulating sideways fall 

 

According to Robinovitch et al. [99], the impact force and FSL can be estimated using the 

following empirical functions 
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Where H and W represent respectively body height in centimeter (cm) and body weight in Newton 

(N) of the concerned subject. 

The internal forces at the three critical cross-sections are shown in Figure 4.6. Based on 

static force equilibrium, force hF and Fk can be calculated as 

 

(FSL ho sin( 90))
,

impact h

h k

impact h k

F FSL F
F F

F F F

      


             (4.7) 

 

Figure 4.6 The internal forces at the three cross-sections in sideways fall 

 

 After calculating force impactF , hF and kF , the internal forces at the three critical cross sections can 

be determined. 
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For femoral neck (FN), 
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Similarly, for cross-section IT, only femoral neck axis is used to show the forces on IT 

cross-section 
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For cross-section FS, 
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4.3 Fracture Risk Index 

4.3.1 Cross-Sectional Strain Energy Failure Criterion 

For the assessment of hip fracture risk, there are different failure criteria, for example strain-based 

criteria [53, 100], stress-based criterion [101], energy-based criterion [102], etc.  However, stress- 

and strain-based failure criteria are suitable for either ductile or brittle material, they may not be 
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able to accurately describe bone failure because cortical bone is classified to be brittle and 

cancellous bone is ductile [103]. Therefore, both of distortion energy and volume change energy 

should be considered in the failure analysis of hip fracture risk. The energy stored in a material 

body caused by deformation is called strain energy. The total strain energy is the combination of 

distortion energy and volume change energy.  Therefore, the total strain energy is theoretically a 

better criterion to evaluate bone failure due to its ability to accommodate both ductile and brittle 

failure. In this study, hip fracture risk index (FRI) over the three critical cross section is defined 

based on the strain energy criterion. 

 

4.3.2 Strain Energy at the Three Critical Cross-Sections 

Strain energy is the potential energy produced by stress and deformation of material. Generally, 

the total strain energy of an engineering beam subjected to axial, bending, shear and torsional 

forces is the sum of the strain energy due to axial, bending, shear and torsional deformation. 

However, as discussed before, for the femur beam model constructed from two-dimensional 

CTXA image, torsion is not considered. Therefore, in this study, only the strain energy of axial, 

bending and shear deformation are considered. 

According to material mechanics, the strain energy at an arbitrary cross-section of femur 

induced by the axial, bending and shear force are calculated respectively as,  
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                 (4.11) 

Where aU , bU and sU  are the strain energy corresponding to the axial force aF , bending moment

bM and shear force sF . EA , EI and GAare the cross-sectional stiffness of the beam, which have 

been described in Section 3.5.4. Therefore, the total strain energy on the cross-section is 

 a b sU U U U                    (4.12) 

The formulas for calculating the axial, bending and shear forces under the two loading conditions 

on the three critical cross-sections have been introduced respectively in Section 4.2.1 and 4.2.2, 

and the cross-sectional stiffness are obtained in Section 3.5.4, the total strain energy on the three 

critical cross-sections in the beam model can be computed based on Equations (4.11) and (4.12) 

using in-house MATLAB codes. 

4.3.3 The Yield Strain Energy of the Three Critical Cross-Sections 

For a beam model, the allowable strain energy over a cross-section at the yielding point is given 

by 

 21 1

2 2
Y

T

Y Y Y
A A

U dA dA
E

                 (4.13) 

Where 
Y  and 

Y are respectively the yield stress and yield strain at a point over the cross-section. 

Here the yield stress was chosen instead of ultimate stress because use of ultimate stress for bone 
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evaluation is too risky. However the yield stress is more conservative for the bone since bone was 

treated as brittle material. For a femur cross-section projected as a CTXA image, the integration 

can be conducted in a pixel-by-pixel way as 

 2

i

1

1

2

N

Y Y

i

U dA
E




                       (4.14) 

Where N is the number of pixels along the cross-section line in CTXA image, Yi  is the yield stress 

of the ith pixel. According to Keller et al [104] and the previous work in our team [92], bone yield 

stress is correlated to volumetric bone mineral density (
3/g cm  ) by empirical function,  

 
2.03116
viYi MPa                  (4.15) 

vi  is the volumetric BMD at the ith pixel . 

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

Hip fracture risk index (HFRI) at the three critical cross-sections, including the femoral neck (FN), 

the intertrochanter (IT), and the femoral shaft (FS), is defined as the ratio of the strain energy 

caused by the applied forces to the yield strain energy of the femur at the concerned cross-section.  

 
hfri

Y

U

U
                  (4.16) 

Where hfri  is the fracture risk index at one of the three critical cross-sections of the femur. U and 

UY are respectively the strain energy induced by the applied forces and yield strain energy over the 

cross-section, they are obtained in Equation (4.12) and (4.14).  
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Chapter 5  

Results and Discussion  

All of the results obtained in this study are reported in this chapter. Section 5.1 introduces the 

cases enrolled in this study. Section 5.2 represents the relationships between bone mineral density 

and elasticity modulus, and comparison of CTXA- and QCT- derived cross sectional stiffness of 

femur. Section 5.3 reports the correlation analysis results, which will help establish the 

equivalence between DXA- and QCT- derived cross-sectional stiffness. Section 5.4 presents the 

results of discriminating PPI users from non-PPI users, by CTXA-based cross-sectional stiffness, 

bone mineral density, and hip fracture risk respectively. 

5.1 Enrollments of Cases 

Total of 92 clinical cases were enrolled in this study. The information including QCT image, 

height, and body weight was obtained from the Winnipeg Science Health Center in an anonymous 

way under a human research ethics approval. The statistical information is listed in Table 5.1. 

The heights and body weights range from 124.5-187 centimeters and 55.1-170.6 kilograms, 

respectively. CTXA images were derived from QCT images through QCT PRO software 
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(Mindways, Texas, USA) for each case. The correlation between CTXA- and QCT-derived cross-

sectional stiffness was investigated. A CTXA-based beam model was constructed for each subject; 

loading and boundary conditions simulating sideways fall and single-leg stance were applied to 

each beam model; FRIs were calculated at the three critical cross-sections of femur for each 

subject. 

Table 5.1 Statistics information of the 92 clinical cases 

 

 

5.2 Relationships between BMD and Elasticity Modulus 

As described in the previous section, three elasticity-density relationships were investigated in 

this study. After substituting Equation (3.4), the three elasticity-density relationships, into the 

calculation of the cross-sectional stiffness, the corresponding correlation coefficient between 

CTXA-derived stiffness and QCT-derived stiffness at the three critical cross-sections are listed 

in Table 5.2. As can be seen from the table, the general trend is the correlations between CTXA- 

and QCT- derived stiffness are getting worse with higher power exponent. There is some different 

at FS (not follow the same trend), probably due to that the cross-sections in CTXA and in QCT 

were mismatched. The linear equation produced the highest correlations. However, for all the 

elasticity-density relationships, the results in Table 5.2 show that CTXA- and QCT- derived 

stiffness are highly correlated. 

  Height (cm) Body weight (kg) 

Range 124.5-187 55.1-170.6 

Average 168.76 84.54 
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According to extensive experimental studies [81, 87], bone elasticity modulus is correlated 

to bone density, mostly by exponential relationship. Therefore, in the following study, we only 

showed the results of the exponential relationship with the lowest exponent, which is  

 
1.83E 8.92      (5.1) 

Where E is the elasticity modulus (Gpa  ), ρis the volumetric bone mineral density ( 3/g cm  ). 

Table 5.2 Correlations between CTXA and QCT derived stiffness at the three critical cross-

sections based on different elasticity-density relationships. E is the elasticity modulus ( Gpa ), ρ 

is the volumetric bone mineral density ( 3/g cm ) 

Cross-

section 

 

CTXA- derived 

stiffness 

QCT- derived 

stiffness 

E 0.573 0.0094     1.83E 8.92    2.46E 2.017    

r p r p r p 

FN 

EI EI 0.95038 1.13E-34 0.93338 1.24E-30 0.91161 8.63E-27 

EA EA 0.79377 1.13E-15 0.70997 1.72E-11 0.64258 4.56E-09 

IT 

EI EI 0.87537 3.40E-22 0.87443 4.28E-22 0.86208 7.39E-21 

EA EA 0.83061 3.50E-18 0.80879 1.24E-16 0.76817 3.28E-14 

FS 

EI EI 0.55149 1.32E-06 0.61212 3.74E-08 0.63592 7.37E-09 

EA EA 0.52985 4.00E-06 0.55771 9.44E-07 0.53212 3.59E-06 
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5.3 Equivalence between QCT- and CTXA- Derived 

Cross-Sectional Mechanical Properties 

5.3.1 Validation of QCT-derived Cross-sectional Mechanical Properties 

Table 5.3 shows the correlation coefficient between femoral-neck mechanical properties derived 

by in-house MATLAB codes and by QCT Pro software from QCT scan. In Table 5.3, EIx,  Ix,  Zx, 

and EIy, Iy, Zy are the bending stiffness, moment inertia, and section modulus in x direction and 

y direction accordingly, calculated by in-house MATLAB codes in Section 3.4.2.“CSMI_inplane” 

and “CSMI_outplane” are the cross section moment inertia with respect to x direction and y 

direction, respectively; “CSA” is cross section area; “SM” represents the section modulus. They 

are obtained from QCT Pro database. According to Beck et al [40, 76], cross section moment inetia 

(CSMI), cross section area (CSA) and section modulus (SM) are calculated as  

2

_

1

1

max_c

CSMI=

CSA=

/

N

i c a

ib
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ib

y

SM CSMI y















                                                            (5.2) 

Where   is the pixel width along the profile line and 
b  is the fully mineralized bone density 

considered as a constant.
a  is the pixel bone mass（areal bone density) in 2/g cm  and _i cy  is the 

distance of the i-th pixel to the centroid of the bone mass distribution in the profile. max_ cy  is the 

maximum distance to the centroid. 
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Table 5.3 Correlation coefficients r (p-value) between femoral-neck stiffness derived by in-house 

codes and QCT-Pro software from QCT scan 

Cross-section 

  

In-house 

developed  

QCT-PRO 

developed 

Correlations 

r p 

FN 

EIx CSMI_inplane 0.88740 1.53E-23 

EIy CSMI_outplane 0.88482 3.06E-23 

EA CSA 0.81373 5.80E-17 

Ix CSMI_inplane 0.88758 1.46E-23 

Iy CSMI_outplane 0.86314 5.86E-21 

Zx SM_inplane 0.86310 5.83E-21 

Zy SM_outplane 0.86665 2.66E-21 

 

As we can see, mechanical properties developed by in-house MATLAB codes are highly 

associated with those obtained by QCT-Pro software (r=0.81-0.88, p<0.001), which suggests that 

the proposed algorithm to calculate cross-sectional stiffness is reasonably accurate and reliable.  

5.3.2 Correlation between QCT- and CTXA-derived Cross-sectional 

Mechanical Properties 

Correlations between CTXA- and QCT- derived mechanical properties of femur are presented in 

this section. Figure 5. 1 (a-d) shows the correlation between CTXA- and QCT-derived cross-

sectional parameters. Figure 5. 1 only lists the cross-sectional parameters at femoral neck, not 

including the other two critical cross-sections, i.e., interchochanter and femoral shaft because they 

have the same trend. The overall pattern of the points are not in a perfect straight line, but the linear 

trend (upward) is clearly shown in each figure. The best fit is shown in red line in each figure. 
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Take Figure 5.1 (a) as an example, the points are tightly clustered around the underlying form, and 

the trend is upward. Therefore, QCT-derived and CTXA-derived bending stiffness at femoral neck 

have a strong positive correlation. The other three figure show similar pattern. Therefore, CTXA- 

and QCT-derived cross-sectional parameters are strongly and positively correlated. It is worth of 

mentioning that the shear stiffness has the same trend-line as that of axial stiffness, because there 

is a linear relationship between elasticity and shear modulus if the Poisson’s ration is a constant. 

In this study, Poisson’s ration is assumed as 0.3. 

Table 5.4 shows the correlation coefficients at the three critical cross-sections between 

QCT and CTXA derived cross-sectional properties. As expected, CTXA- and QCT-derived 

mechanical parameters at the three critical cross-sections are highly correlated; and there is a strong 

correlation, generally, between each pair based on the correlation coefficient (r=0.4141-0.9338, 

p<0.001, as shown in Table 5.4).  As can be seen, the correlation coefficients at different anatomic 

site, namely FN, IT and FS, are quite different. The correlation is highest at FN, and lowest at FS. 

The reason may come from the elasticity-density relationship. Based on the literature [105], the 

relationship between elastic modulus and density depends on anatomic site, which means there is 

no universally accurate relationship for the whole femur. In this study, the elasticity-density 

relationship was established by power-law regressions for four sites together (“pooled”), including 

femoral neck [105]. This partially explains why the correlation coefficients at FN are highest. Also, 

the empirical function employed here is established based on the extensive experiments on 

cancellous bone [105]. However, we used this function for the whole cross-section without 

separating the cortical bone and cancellous bone. Obviously, the cortical bone accounts for a large 

proportion at FS. This may explain why the correlation coefficients at FS are lowest. Therefore, if 
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the elasticity-density relationship is used in the corresponding site and is separated for cancellous 

bone and cortical bone in the future study, the correlations are expected higher. 

 

(a)   (b) 

 

(c)   (d) 

Figure 5.1  Correlations between CTXA- and QCT-derived stiffness at femoral neck (FN). (a) 

Bending stiffness; (b) Axial stiffness; (c) Moment of inertia; (d) Sectional modulus. 
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Table 5.4 Correlation coefficients r (p value) between CTXA- and QCT-derived mechanical 

properties at the three critical cross-sections with elasticity-density relationship: 1.83E 8.92    

Cross-section 
CTXA- derived 

stiffness 

QCT- derived 

stiffness 

Correlations 

r p-value 

FN 

EI_2-D EI_3-D 0.93338 1.24E-30 

EA_2-D EA_3-D 0.70997 1.72E-11 

I_2-D I_3-D 0.94756 6.50E-34 

Z_2-D Z_3-D 0.94229 1.34E-32 

IT 

EI_2-D EI_3-D 0.87443 4.28E-22 

EA_2-D EA_3-D 0.80879 1.24E-16 

I_2-D I_3-D 0.85401 4.11E-20 

Z_2-D Z_3-D 0.81535 4.48E-17 

FS 

EI_2-D EI_3-D 0.61220 3.74E-08 

EA_2-D EA_3-D 0.55771 9.44E-07 

I_2-D I_3-D 0.44756 0.000146 

Z_2-D Z_3-D 0.41410 0.000494 

 

Another issue is that the correlation coefficients in this study are not as high as expected 

like that (r=0.93-0.96) produced in our previous published paper [92]. One of the main reasons is 

that the cross-section image used in the stiffness calculation in CTXA may be not the exactly same 

with that used in QCT. Although the algorithm in locating the cross-section is the same in CTXA 

and QCT images, the errors may come from all aspects, such as the difference of the codes used 

to find the interested cross-sections in CTXA and QCT, different user operations of QCT PRO, 

and image quality etc. However, in the published paper [92], we use the exactly same cross-section 
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to produce the two data to calculate the correlation coefficients, which are much higher. Therefore, 

in the future, if the same cross-section in CTXA and QCT images are used, the correlation 

coefficients between CTXA- and QCT-derived stiffness will be improved. 

Figure 5. 2 shows Bland-Altman plots that demonstrate the comparability between CTXA- 

and QCT-derived mechanical properties at FN. The Bland-Altman plot of CTXA- and QCT-

derived shear stiffness has similar pattern with that of axial stiffness due to the linear relation 

between elasticity and shear modulus since the Poisson’s ration is assumed as a constant in this 

study. Therefore, shear stiffness Bland-Altman plot is not displayed. As shown in Figure 5.2, 

CTXA derived mechanical properties slightly underestimate those derived by QCT.  Around 95% 

points are inside the 95% confidence interval and the distance between the upper and lower 

margins is clinically acceptable.  Also, the variability, especially in Figure 5.2 (c), is around the 

mean constant (others are not so clear probably due to the small sample size). Therefore, a fairly 

good agreement between the CTXA and QCT derived mechanical properties can be concluded, 

which may justify the use of two dimensional CTXA in replacement of three dimensional QCT in 

assessing femur bone quality.  However, there indeed exist non-trivial differences between CTXA- 

and QCT-derived parameters.  The main reason may come from the relation between the elasticity 

and bone mineral density, which is nonlinear in this study. Also, the cross-section used to calculate 

the stiffness in CTXA and QCT may not be the same one due to the various errors, e.g., the 

software operator, the quality of the images, the difference of algorithm to locate the interested 

cross-section between CTXA and QCT image. Finally, considering the fact that bone mechanical 

properties depend on many factors and testing conditions, the measurement to establish the relation 

between the elasticity and bone mineral density used in this study may also be a contributor to the 

difference in CTXA and QCT derived stiffness. 
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(a)   (b) 

 

(c)   (d) 

Figure 5.2 Bland-Altman plot of CTXA- and QCT- derived stiffness. (a) Bending stiffness at FN; 

(b) Axial stiffness at FN; (c) Moment of inertia at FN; (d) Section modulus at FN 
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5.3.3 Establishment of Equivalence between QCT- and DXA- Based 

Cross-sectional Stiffness 

From the results shown in the above sections, it can be seen that there exist very strong correlations 

and great consistency between CTXA- and QCT- derived femur cross-section stiffness. Therefore, 

it can be reasonably concluded that CTXA-derived stiffness parameters are equivalent to those 

computed from QCT images. As know, CTXA is equivalent to DXA [77, 78]. This means CTXA 

is a bridge which connect DXA and QCT, as shown in Figure 5.3. Therefore, the stiffness derived 

from DXA image are equivalent to those derived from QCT image, which means two dimensional 

DXA derived cross-section stiffness can be used to replace three dimensional QCT derived cross-

section stiffness in evaluating bone quality. 

 

 

Figure 5.3 The relations among QCT, CTXA and DXA derived cross-sectional stiffness 
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5.4 Study on the Possible Effect of PPI on BMD 

Proton pump inhibitors (PPIs) are the most potent agents used for gastric acid suppression. PPIs 

are now one of the most prescribed medications in clinic [106, 107]. However, over the past decade, 

there have been an increasing number of studies indicating there is an association between the 

long-term use of PPIs and the development of hip fracture [108-115]. The strengths of the 

associations differ considerably from study to study. Some research supported that PPI use is 

associated with the development of low bone mineral density which can be diagnosed as 

osteoporosis or reason of fracture [116-121]. On the other hand, other research argued that PPI use 

does not have a significant effect on bone mineral loss [106, 108, 122-130]. Actually, the lack of 

a definitive physiologic mechanism through which PPI use would negatively affect bone mineral 

density strongly support this view. Based on Laura E. Targownik et al [106], further studies are 

required to demonstrate PPI-associated hip fracture risk.  

This section will conduct the analysis through SPSS software to examine if it is possible to 

discriminate PPI users from non-PPI users through the cross-sectional stiffness, BMD, and FRI 

based on the 2-D beam model, and give another support that PPI is associated with either the 

presence of osteoporosis or accelerated BMD loss. AUC, the area under the ROC (receiver 

operating characteristic) curve is employed to measure the accuracy of the methods to correctly 

classify the PPI users and non-PPI users. A rough guide for the accuracy level is defined as [131] 

0.9-1=excellent; 0.8-0.9=good; 0.7-0.8=fair; 0.6-0.7=poor; 0.5-0.6=fail. 
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5.4.1 Discrimination of PPI Use based on the cross-sectional stiffness 

Ninety-two cases were used to validate if PPI use is associated with decreased bone quality, 

including 47 controls and 45 PPI users. Table 5.5 shows the accuracy of cross-sectional stiffness 

in discriminating the PPI users and the non-PPI users. As shown in Table 5.5, the AUC are all 

around 0.5. Based on the guide for the accuracy level, the cross-sectional stiffness failed to 

correctly classify those with and without taking PPIs. This result tells us PPI does not affect bone 

quality.  

Table 5.5 AUC of stiffness in discriminating PPIs user from non-PPIs user 

Stiffness Cross-section AUC 

EI 

FN 0.553 

IT 0.531 

FS 0.517 

EA 

FN 0.518 

IT 0.528 

FS 0.553 

 

 

5.4.2 Discrimination of PPI Use based on BMD 

Table 5.6 shows the accuracy of bone mineral density (BMD) to determine the associations of PPI 

use with bone mineral density (BMD).  As we can see, the AUC is around 0.5, which means it is 

worthless to use BMD to discriminate PPI users from non-PPI users.  From these results, it can be 

conclude that PPI use does not affect the bone mineral density. 
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Table 5.6 AUC of BMD in discriminating PPIs user from non-PPIs user 

Bone density Cross-section AUC 

BMD 

FN 0.504 

IT 0.530 

FS 0.573 

 

5.4.3 Discrimination of PPI Use based on FRI 

Recent studies raised the concern that patients on PPIs are at increased risk of hip fractures. In this 

study, hip fracture risk index (FRI) was calculated by simulating two normal loading conditions: 

sideways fall and one-legged stance. AUC (area under the ROC curve) was calculated to examine 

the effects of PPI use on the development of osteoporosis-related fractures, and the results are 

shown in Table 5.7.  As shown in Table 5.7, the AUC (area under the ROC curve) of FRI at the 

three critical cross-sections based on the two loading conditions are all around 0.5. That suggests 

that FRI cannot discriminate PPI users from non-PPI users. Therefore, there is no association of 

PPI use with hip bone fractures.  

To sum up, the cross-sectional stiffness, BMD, and FRI cannot discriminate the PPI user 

from non-PPI user, which means there is no significant association between use of PPIs and the 

presence of osteoporosis or accelerated BMD loss. This supports the point of view that PPI does 

not lead to an increased occurrence of BMD loss or hip bone fractures. 
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Table 5.7 AUC of FRI in discriminating PPIs user from non-PPIs user 

FRI Cross-section AUC 

Sideways Fall 

FN 0.549 

IT 0.536 

FS 0.551 

Single Leg 

FN 0.555 

IT 0.531 

FS 0.556 
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Chapter 6  

Conclusion and Recommendation of 

Future Work 

Hip fracture is a serious public health problem and a major cause of suffering, disability, and death 

among elderly people, which has imposed significant burden on community healthcare systems. 

A fast, accurate and effective evaluation of hip fracture risk is essential for accurate health care 

planning and establishing proper treatments. Therefore, the applicability and the universal 

availability are required for a clinical assessment technique. In this study, the equivalence between 

CTXA- and QCT-derived femur cross-section stiffness was established, which can justify the use 

of DXA in replacement of QCT in assessing femur bone quality. After that, a subject specific 

CTXA-derived beam model, combing with CTXA-derived femur cross-section stiffness, was 

developed to assess hip fracture risk during the sideways fall and single-leg stance loading 

configurations, respectively. Finally, it is verified that if PPI use is associated with the presence of 

osteoporosis or accelerated BMD loss based on cross-sectional stiffness, BMD and FRI.  
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6.1 Conclusion and Contributions 

A total of 92 clinical cases were obtained from Winnipeg Health Science Centre for this study. It 

has been found that QCT-derived stiffness, namely, bending stiffness, axial stiffness, and shearing 

stiffness are highly correlated with CTXA-derived stiffness, which means the equivalence between 

3-D and 2-D image based cross-section stiffness can be built. CTXA could provide the same 

clinical utility as that afforded by DXA [77], therefore, the use of DXA in replacement of QCT in 

assessing femur bone quality could be partially justified. It has been demonstrated that the cross-

sectional stiffness, BMD, and FRI cannot discriminate the PPI users from non-PPI users, which 

gives the support that PPI use is not associated with the presence of osteoporosis or accelerated 

BMD loss. However, some procedures, such as the guideline of subject position in QCT scanning 

and the development of image techniques in improving image quality, should be implemented to 

improve the accuracy of the statistical analysis. 

The main contributions from the current study are summarized as follows: 

1. A novel method, known as cross-section stiffness, to evaluate bone quality is proposed. 

Bone material property and bone geometry are considered, which is more accuracy and 

reasonable in engineering point of view. 

2. The equivalence between CTXA and QCT derived femur cross-section stiffness is built, 

which helps to justify the use of DXA in replacement of QCT in assessing femur bone 

quality. 

3. A semi-automatic contour extraction of the proximal femur is created in this study. 

Individual information including bone property and bone geometry, and the loading 

conditions are consider into the beam model to simulate the real world situation. 
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4. A 2-D CTXA based beam model was constructed to calculate the hip fracture risk index 

(FRI) in cooperation with the CTXA-derived femur cross-section stiffness, which can 

be easily implemented into clinical practice. 

5. The test of discrimination between PPI users and non-PPI users based on cross-sectional 

stiffness, BMD and FRI is conducted, and gives the support that PPI use is not 

associated with the presence of osteoporosis or accelerated BMD loss. 

6.2 Future Work 

In the following list, some recommendations are suggested for the future works which may perfect 

this whole project. 

1.  The neutral axis of the femur bone cross-section needs to be located in the calculation 

of the cross-section stiffness in order to make the results more accuracy. 

2. The accuracy of the beam model will be studied in discriminating clinic fracture cases 

from controls, and in comparing  with those of other biomechanical models, for example, 

DXA-based FE model;  

3. The effect of material models on the correlations between CTXA and QCT derived 

cross-sectional stiffness will be investigated to obtain the most suitable models. 

4. An automatic and optimized contour extraction of the femur will be developed in order 

to decrease the errors. 

5. The techniques of image processing will be improved to eliminate as much as possible 

the errors caused by the image quality. 

6. A well-developed material model will be applied to the cortical bone and trabecular 

bone respectively in order to improve the accuracy of the cross-section stiffness.  
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