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Abstract 

In this thesis, a 2D finite element model was developed from patient’s DXA image to 

evaluate the osteoporotic fracture risk. The loading configuration was designed to simu-

late a fall onto the greater trochanter. Bone inhomogeneous mechanical properties 

(Young’s modulus) assigned to the FE model were correlated to bone mineral density 

captured in DXA image using empirical functions. The in-house developed MATLAB 

codes were implemented and used to investigate the effect of different factors like bone 

mineral density, femoral neck length, neck diameter, neck angle and patient’s body 

weight. The 2D FE model constructed from DXA image was able to determine the fac-

tors which affect fracture risk to a greater extent based on the location of femur. The 

model developed here can be considered as a first attempt for investigating the effects of 

different parameter on FRI using patient specific 2D FE method.   
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Chapter 1 

Introduction 

Hip fractures are the most serious consequences of osteoporosis [1, 2] and a major cause 

of suffering, disability and death in older women and men. The morbidity and mortality 

attributable to osteoporosis in elderly people is mainly caused by hip fractures [3, 4, 5]. 

On one hand, it increases the mortality and morbidity in older men and women; on the 

other hand, it is a substantial source of health care expenditure. In the United States 

alone, over 2 million osteoporotic fractures occurred in 2005 at a cost of $17 billion, and 

72% of this total cost are accounted for hip fracture which is only 14% of the total inci-

dent fractures [6]. To recognize osteoporosis as health priority, October 20th was desig-

nated as “World Osteoporosis Day”, with a call for health officials and researchers 

around the world.  

Current available methods for in-vivo osteoporosis risk assessment are mainly based on 

statistical models and bone mineral density (BMD) measured by medical imaging modal-

ities [7]. Femur DXA is primarily used for the evaluation of fracture risk as it is designat-

ed as a reference standard by the World Health Organization (WHO). Statistical models 

based on BMD derived from DXAs are effective in studying trends in osteoporosis and 
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correlations with fracture in large populations [8]. In these statistical analyses, T-score 

and Z-score are generally calculated where T-score shows the amount of bone of a patient 

has, compared to a young adult at peak bone mass and Z-score reflects the amount of 

bone that a person has, compared to other people in the person’s age group and of the 

same ethnicity and gender [9].  

One of the most important deficiencies of the statistical approach is that- it is only suit-

able on averaging over a group of people rather than individual analysis. DXA can 

merely provide the indication of relative risk but unable to predict the fracture risk. 

Moreover the measurement can be affected by the size of the patients or other factors ex-

traneous to bone. In addition, the clinical consequences of osteoporosis are fragility frac-

tures, the causation of which are multifactorial and include factors related to falls as well 

as additional skeletal components not captured by BMD (i.e. the micro architecture of 

bone). To date, it has become an urgent need for a more accurate method for the assess-

ment of osteoporotic fracture risk. 

At the same time, the accuracy in predicting individual fractures using only BMD is lim-

ited; most osteoporotic fractures occur with BMD measurements that are above the con-

ventional osteoporotic threshold [8, 10, 11]. Bone tissue stress and strength contribute to 

fracture risk [12]. Furthermore, the material properties, mass and the spatial distribution 

of that mass (architecture and geometry) and the deforming force determine the mechani-

cal effectiveness of any solid body [13, 14, 15]. Again the distribution of load throughout 

the bone is strongly influenced by the bone geometry [16]. 

The limitations of current statistical methods makes image-based finite element modeling 

attractive as one of the potential tools for investigating the factors affecting osteoporotic 
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fracture and treatment effectiveness. The information extracted from DXA can be imple-

mented efficiently as measurements have already successfully validated in cadaveric test-

ing. Medical image based finite element modeling is also considered as a very propitious 

technique for assessment of in- vivo bone strength. However, its usefulness in discrimi-

nating fracture risk has not yet been established due to a number of unresolved issues [17, 

18]. Currently available DXA-based FE tools are developed using over-simplified engi-

neering structural models [12, 19, 20]. A more advanced finite element modeling proce-

dure is proposed and validated in this thesis which aims to assess osteoporotic fracture 

risk in individual patients. 

The aim and objective of this thesis is to develop a two dimensional finite element model 

and investigate the influence of bone mechanical properties as well as structural proper-

ties on osteoporotic fracture risk based on a DXA image. Investigating fracture risk at 

three pre-defined clinically critical locations-i.e. at the femoral neck, the intertrochanter 

and the subtrochanter, is another important objective of this current research. Though the 

developed model has limitations, it may be considered as a first attempt for investigating 

the effects of different parameters on FRI using patient specific finite element method.  

The thesis is organized as follows. In Chapter 2, bone structure and a brief introduction of 

osteoporosis will be presented. The macroscopic and microscopic structure of bone, the 

formation of bone tissue and different types of bone cells will also be introduced. In this 

chapter, the functions of bone cells and bone adaptation processes will be discussed. In 

the next chapter (Chapter 3), osteoporosis and the factors related to osteoporotic fracture, 

demographic features, and available methods for evaluating the osteoporotic fracture risk 

in research will be reviewed. The epidemiology and etiology of osteoporosis will be de-
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scribed in this section. In addition, the different types of hip fractures according to their 

anatomical position will be briefly discussed there. The finite element method used in the 

previous research will also be reviewed in Chapter 3. 

 In Chapter 4, the construction of the finite element model, load application procedure, 

boundary conditions and material properties assignment will be discussed subsequently. 

The geometric parameter assessment for finding the correlation with the FE results will 

also be discussed in this chapter. At the end of this chapter, the methodology for calculat-

ing fracture risk indices (FRI) at the critical sections will be demonstrated.  

In Chapter 5 and 6, the results from finite element modeling will be discussed thoroughly. 

In the beginning of Chapter 5, the validation of the code will be presented followed by 

the results for the test cases. The mesh convergence test and the region width sensitivity 

test will also be presented there. In this chapter, the factors affecting the accuracy of fi-

nite element results will be discussed. The influence of different parameters like body 

weight, bone density or length of femur etc. on FE results will also be discussed. 

In Chapter 6, important outcomes and the limitations of the study will be discussed. Rec-

ommendations for improving the finite element model by minimizing the related errors 

will also be discussed in this chapter. The minimization of errors and the implementation 

of this process in monitoring the osteoporotic fracture can be considered as possible fu-

ture works. 
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Chapter 2 

Bone Structure and its Physiology 

Bone is the rigid organs that constitute part of skeleton of vertebrates which provides the 

internal support of the body and protects the vital organs. Bones move and support vari-

ous organs of the body. Bones come in a variety of shapes and have a complex internal 

and external structure. The femur is the most proximal bone of the leg in biped verte-

brates and is established for walking or jumping. It is the longest as well as the largest 

bone of the human body. It has been found that, on average a male femur is 48 cm long 

with a 2.84 cm mid shaft diameter. 

In this chapter, a brief description of bone as a biological tissue with shapes and me-

chanical behaviour will be presented. After describing the shapes and structure of bone 

especially the femur, a short description of bone adaptation process will be introduced. In 

the last section of this chapter, osteoporosis, the metabolic disorder of bone due to de-

crease of bone density and strength, will be discussed. 
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2.1 Bone Tissue 

 

Bone belongs to the interstitial tissues (supportive tissues) but differs from other tissues 

by its high content of inorganic salts giving a comparatively high strength. It is also a dy-

namic tissue that continuously undergoes remodeling which is a replacement process of 

old bone by new bone with little change in shape. Bone, the rigid part of the body, has 

two types of tissue macroscopically. These two main categories are: Trabecular or 

Spongy bone and Cortical or Compact bone. Trabecular bone is composed of a network 

of trabeculae located at the inner parts of flat bones and at the ends of long bones.  Its 

high porosity usually varies between from 0.75% to 0.95% [21]. The spaces between the 

bone trabeculae contain bone marrow. Trabecular bone attains its maturity during a proc-

ess called modeling. It has a larger surface area and undergoes greater remodeling, and is 

therefore more responsive to changes in mineral metabolism than cortical bone. Cortical 

bone is the dense tissue which contributes about 80% of the weight of the human skeleton 

with a very low porosity of 0.05% to 0.10% [21]. It facilitates bone’s main functions 

which are primarily found in the shaft of long bones. The canals and passageways riddled 

with the cortical bones are served as channels for nerves, blood vessels and lymphatic 

vessels microscopically [22]. Figure 2-1 shows the cortical and trabecular bone present in 

the proximal femur in the coronal section.   
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Figure 2-1: A coronal section through the proximal femur showing trabecular bone enclosed by cor-

tical bone [23] 

Bone Cells:  

Bone cells are the smallest part of bone mass (i.e. only 5% of total bone mass) with dis-

tinct functional features. These include osteoclasts, osteoblasts and osteocytes; each of 

them plays a central role in the regulation of bone remodeling.  

Osteoclasts are large bone cells formed in the marrow of the bone. These cells are made 

from fused cells and have multiple nuclei with a similarity in structure to white blood 

cells. They are responsible for breaking down bone tissue; these bone cells perform an 

important role in bone growth and healing. On the other hand, osteoblasts are the bone 

cells responsible for the creation of new bone. Working collectively, osteoblasts produce 

unmineralized bone matrix called osteoid from collagen and other organic moieties. Cal-

cium and mineral deposits on the osteoid giving the bone its rigid structure. Osteocytes 

are responsible for proper development and maintenance of the skeleton, as well as regu-

lating levels of minerals present in the bloodstream and throughout the body. Osteocytes 

constitute approximately 90% of bone cells in the adult skeleton. They act as a mech-

anosensors in bone, sensing physical strains and micro damage, and initiating the appro-

priate modeling and /or remodeling response [24]. In brief, osteoclasts resorb bone, os-
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teoblasts form new bone material, and osteocytes are assumed to play an important role 

in calcium regulation [25]. These three types of bone cells are presented in Figure 2-2. 

Lining cells and osteogenic cells, though both derived from osteoblasts, also have their 

own key functions for proper bone health.  

 

Figure 2-2: Different types of bone cells [26]     

2.2 Bone Adaptation: Modeling and Remodeling 

 

The structure of bone is designed to support loads produced by daily activities and loco-

motion. Bone has the ability to change its external geometry and internal architecture 

gradually. It is a remarkable material which undergoes a process to increase its strength 

and resists daily by adapting its mineral and geometry, called bone remodeling. The prin-

ciple of this functional adaptation is described by “Wolff’s law” (Wolff, 1892), named af-

ter the medic Julius Wolff (1836-1902).  According to this law, “every change in the 

form or function of a bone is followed by adaptive changes in its internal architecture and 

external shape”. The adaptive process consists of both internal and external remodeling. 
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Internal remodeling is a change of density and structure of bone whereas external remod-

eling specifies an evolution of the bone shape by redefining the external geometry [27]. 

But physiological external remodeling is hard to prove clinically as in most cases it is due 

to pathological circumstances. Generally, external modeling develops more slowly than 

internal modeling, especially for adults [28].  

The modeling and remodeling processes are not very different at the cellular level. They 

are based on the separate actions of osteoclasts and osteoblasts, respectively. Bone mod-

eling is the process of attaining mature morphology of bone during growth whereas re-

modeling is the continuous renewal of mature bone tissue by local bone resorption and 

subsequent formation. Bone remodeling or bone metabolism is a dynamic and life long 

process and helps to maintain bone strength and mineral homeostasis. This remodeling is 

necessary to allow the skeleton to increase in size during growth, respond to the physical 

stresses placed on it, and repair structural damage caused by fatigue or fracture. It con-

sists of the removal of bone by the osteoclasts, followed by the synthesis and mineraliza-

tion of new bone matrix by the osteoblasts within the cavity created. The remodeling cy-

cles usually starts when injury or mechanical stress occurs in bone [29]. Under normal 

circumstances the sequence is always that of resorption followed by formation, and the 

amounts of bone resorbed and formed within individual remodeling units are closely bal-

anced [30]. It is stated in the literature that a coupled mechanism must exist between bone 

formation and resorption [29].   

In the case of bone modeling, the formation and resorption are not balanced, which 

causes changes in micro-architecture. However, the cellular activities of osteoclasts and 
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osteoblasts in modeling are basically similar to those in remodeling. Beyond this, the ac-

tivities of osteoclasts and osteoblasts may also be entirely uncoupled in some cases. 

There are several control mechanisms working simultaneously on bone remodeling like 

stress/strain distribution [31].  Mechanical forces also have a major influence on the bone 

modeling and remodeling processes in both cortical and trabecular bone. Ruimerman et 

al. [32] developed a theory which describes the coupling between the formation and re-

sorption as an effect of mechanical stress transfer. They established a computational 

model for strain-related trabecular bone remodeling and adaptation. They concluded that 

SED (strain-energy density) is the triggering variable in predicting trabecular morpholo-

gies. 

2.3 Osteoporosis and Its Pathogenesis 

 

Osteoporosis is a skeletal disorder of decrease in bone mass and deterioration of bone tis-

sue with a consequential increase in bone fragility and susceptibility of fracture. It has 

been operationally defined on the basis of bone mineral density (BMD) assessment. A 

person who suffers from osteoporosis has a normal bone composition, but it is thinner 

than in normal individuals. As osteoporosis progresses, bone is gradually lost, leading to 

a reduction in the number, thickness, and connectivity of trabeculae. According to the 

WHO criteria, osteoporosis is defined as a BMD that lies 2.5 standard deviations or more 

below the average value for young healthy women (a T-score of ≤ 2.5 SD) [33]. The 

structure of normal healthy bone and osteoporotic bone is presented in Figure 2-3. 
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Figure 2-3: Healthy bone and osteoporotic bone [34] 

The pathogenesis of osteoporosis involves a complex and multi-factorial process. Though 

the pathophysiology of osteoporosis is not well understood by researchers, but is obvi-

ously caused by disturbed modeling and remodeling. Disruption in bone remodeling is 

common in osteoporosis [35]. Skeletal development is partly responsible for the risk of 

osteoporosis, specifically attainment of peak bone mass and a greater amount of bone lost 

in later life. Normally adult bone is continuously going through bone formation and re-

sorption processes. The mass of bone may be deficient either because resorption is too 

great or because formation is too little, or both. Thus, net bone loss occurs only when the 

rate of bone resorption (destruction) exceeds the rate of bone formation (production). 

Proper understanding of the morphological degeneration in osteoporosis requires 

knowledge of the modeling or remodeling processes. These processes are conducted by 

specialized bone-resorbing cells (osteoclasts) and bone-forming cells (osteoblasts). The 
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bone adaptation processes i.e. modeling and remodeling are discussed briefly in the pre-

vious section (Section 2.2). 

Osteoporosis can be subdivided into three groups, primary osteoporosis (Type I), age re-

lated osteoporosis (Type II) and rare form of the disease (Type III). Primary or Type I or 

postmenopausal osteoporosis affects the women within 15 to 20 years of menopause, and 

approximately 5% to 20% of old women are affected [36], with a peak incidence in the 

60s and early 70s. The occurrence of osteoporosis in women is up to eight times higher 

than that in men [37].  Type I osteoporosis is characterized by increased bone resorption 

due to osteoclastic activity and is generally believed to be related to estrogen deficiency. 

Age-related osteoporosis, also known as senile or type II osteoporosis, occurs when there 

is excessive bone loss manifested after age 70 years in both women and men.  Age-

related bone loss begins at age 35 to 40 years when the balance shifts to favor resorption 

and the skeleton begins to lose bone mass [38]. In type II osteoporosis, cortical and trabe-

cular bone is lost, primarily leading to increased risk of hip, long bone, and vertebral frac-

tures.   

Type III or secondary osteoporosis occurs equally in men and women and at any age. In 

men, most cases are due to disease or drug therapy. The most common causes of secon-

dary osteoporosis include: exposure to glucocorticoid medications, hypogonadism (low 

levels of testosterone), alcohol abuse, smoking, gastrointestinal disease, hypercalciuria 

(high levels of calcium in the urine), immobilization, etc. 
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Chapter 3 

Epidemiology of Osteoporotic Fractures 

3.1 Overview 

 

Osteoporosis and related fractures represent a major and growing public health concern 

for the United States and worldwide. It is estimated that about 200 million women are af-

fected by osteoporosis worldwide, - approximately one-tenth of women aged 60, one-

fifth of women aged 70, two-fifths of women aged 80 and two-thirds of women aged 90 

[39]. It has been indicated in the literature that females fracture more than the males, and 

the occurrence of these fractures increases exponentially with age [40]. Clinically, a frac-

ture is classified as osteoporotic if it occurs as a result of minimal trauma, such as a fall 

from standing height or less. 

Since osteoporosis to a large extant is an age related disease [41], aging of the population 

has major public health implications in industrialized countries. In Canada, the preva-

lence of osteoporosis reported to be 21.3-27.1% in women and 5.5-6.4% in men over age 
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50 [3, 42]. It has been estimated that approximately 1 in 3 women and 1 in 5 men in Can-

ada suffered an osteoporotic fracture during their lifetime [38]. A recent study shows that 

falls are more common in elderly people [2] and responsible for most of the hip fractures 

arising from osteoporosis.   

The most common osteoporotic fracture sites include the proximal femur, distal forearm, 

and vertebrae [43]. An osteoporotic fracture often causes pain and disability. More im-

portantly, it increases the mortality in older men and women. Vertebral fractures cause 

back pain, loss of height, and depression. Wrist and other fractures have considerable 

morbidity. Beyond this, osteoporosis and osteoporotic fracture impose social and eco-

nomic burdens. The total costs of osteoporosis are difficult to assess and are based on 

many assumptions. There are 1.5 million fractures annually in the United States [44] at-

tributed to osteoporosis with attendant costs exceeding $10 billion dollars per annum 

[45]. In the year 2008, the cost was $23.3 billion [46]. Over 30,000 hip fractures occur 

each year in Canada. By the year 2041, the number of hip fractures in Canada is expected 

to quadruple due to population aging, and the annual cost of hip fracture is expected to 

increase to $2.4 billion [3].  Therefore falls are regarded as an expensive problem among 

the older people all over the world [46]. 

3.2 Classification of Hip Fractures 

 

Researchers have often evaluated risk factors for hip fractures as a homogeneous group 

[1, 2, 46, 47]. The risk of hip fractures is not same for all locations and varies signifi-
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cantly varies among subtypes [48]. In general, hip fractures are classified by anatomic lo-

cation and by fracture type. The general categories include intracapsular (femoral neck 

and head) and extracapsular (intertrochanteric and subtrochanteric) fractures. Hip frac-

tures occur at three different locations of the femur, femoral neck (or cervical) fractures, 

intertrochanteric fractures and subtrochanteric fractures. Femoral neck fractures occur in 

the narrowed section of the upper femur between the rounded femur head and bony pro-

jections called trochanters, whereas intertrochanteric fractures occur in the area between 

the greater and lesser trochanters. Subtrochanteric fractures occur below the level of 

lesser trochanter.  

Femoral neck fractures are common in adults over 60 years of age and occur most fre-

quently in women. Most femoral neck fractures occur within the capsule that surrounds 

the hip joint and are therefore termed as intracapsular. The blood supply to the femoral 

head is entirely dependent upon a series of arteries that pass through the femoral neck re-

gion. Therefore, fractures of the femoral neck can entirely disrupt the blood supply to the 

femoral head. Femoral neck fractures are further grouped into non-displaced and dis-

placed fractures by the alignment of the fractured segments in relation to the original 

anatomic position of the femur. The treatment of this type of fracture is complicated be-

cause of poor blood supply. If the displacement is minimum and blood supply is adequate 

hip pinning and a plate is used to fix this problem. In case of severe displacement and 

poor blood supply, the femoral head is surgically removed and replaced by an endopros-

thesis. 

Intertrochanteric fracture is a type of extracapsular fracture, and the blood supply is usu-

ally not affected by this type of fracture. These fractures occur in the area between the 
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greater and lesser trochanters. This is usually caused by direct trauma or force and most 

common in women. However, these fractures are complicated by the pull of the hip mus-

cles on the bony muscle attachments, which can exert competing forces against fractured 

bone segments and pull them out of alignment. Intertrochanteric fractures may be further 

grouped into stable and unstable fractures, depending on the location, number, and size of 

the bony fragments. Subtrochanteric fractures usually are the result of direct trauma of a 

fall. Isolated subtrochanteric fractures occur in the area between the upper borders of the 

lesser trochanter to 5 cm below it. The blood supply to the bone of the subtrochanteric 

region is not as good as the blood supply to the bone of the intertrochanteric region and 

thus heals more slowly. Subtrochanteric fractures are also subject to competing forces 

exerted by muscular attachments on the femur that tend to pull the fractured fragments 

out of alignment. Locations of femoral neck fracture, intertrochanteric fracture and sub-

trochanteric fracture are illustrated in Figure 3-1. 

 

Figure 3-1: Different types of hip fracture (femoral neck fracture, intertrochanteric fracture and 

subtrochanteric fracture) [49] 

Patterns and trends among different types of hip fractures vary. For example, the rate of 

femoral neck fracture of elderly women is higher in the UK and is similar for the popula-

tion of Australia. Both in Japan [50] and USA [48, 51, 52], intertrochanteric fractures oc-
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cur more frequently than femoral neck fracture in elderly people. In addition, the rate of 

subtrochanteric fracture is less than other two types of fracture. From the study of 

Michelson et al. [53], it is found that in USA, 49% of hip fractures are intertrochanteric, 

whereas 37% are femoral neck and 14% are subtrochanteric fracture. These data are con-

sistent with those of Margaret et al. [51] and Hinton et al. [48, 52] with a small difference 

(3%) in the subtrochanteric fracture. By definition, these are the only possible fracture 

sites. 

3.3 Demographic Feature of Hip Fracture 

 

The main demographic risk factors for osteoporosis and osteoporotic fractures include in-

creased age, female gender and white race. Low energy trauma is mainly responsible for 

most fractures in middle aged and old people [1]. 

There is significant racial difference in osteoporosis and in the incident of osteoporotic 

fracture. In USA, post menopausal osteoporosis has repeatedly been noted to be more 

common in non-Hispanic white women and in Asian women than it is in African-

American women [5, 54]. This may be explained by the higher peak bone mass achieved 

before the menopause in African-American women. Asian women have lower bone mass 

than white women, but, interestingly, the rate of hip fractures is not proportionally higher, 

sometimes it is lower (40-50%) than white women [55]. Areal BMD measured from 

DXA is lower in the Asian women than from Black or Caucasians which is mostly re-

lated to their body size [56]. Asian women are shorter than Caucasians or African Ameri-
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cans and have lower aBMD as it is influenced by bone size.  The lower rate of fracture in 

Asian women is paradoxical and a shorter hip axis length might be a major factor ac-

counting for Asian women’s lower risk of hip fracture [57]. 

Stress fractures are completely different [58]. There is a sharp increase in the number of 

femoral neck fractures with age, and more in women than in men in UK, found by Gal-

lannaugh et al. [59]. In women aged 60 to 64 years, the incidence was 1.08 per 1000 

population and rose to 32.76 at 90 to 94 years of age.  It was 20.00 per 1000 in men by 

the age of 95 years and over.  Fisher et al. [60] studied the site specific epidemiology of 

hip fracture in the Australian capital territory and found of all hip fractures, 55% were 

cervical, 41% closed trochanteric and 4% closed subtrochanteric. The overall ratio of 

cervical to trochanteric fracture was 1.3 [60]. The cervical to trochanteric hip fracture ra-

tio in Ecuador [61] is also similar to that of Australia (2.5 for women and 1.5 for men) 

but an opposite trend was observed in the Japanese population [62] by a survey for 10 

years (femoral neck fractures less common than trochanteric fracture). Lofman et al. [50] 

studied the influence of age, gender and fracture types on hip fractures in Sweden and re-

ported that age is higher for cervical fractures compared to trochanteric fractures amongst 

men. In contrast, in women, the influence of age is higher for trochanteric fractures than 

cervical fractures [50]. Tanner et al. [63] studied in Ontario, Canada and observed that 

over 5 years the proportion of intertrochanteric fracture increased from 41.5% to 50% for 

all patients, rising significantly for women with age but decreasing for men. 
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3.4 Methods of Evaluating Hip Fracture Risk 

3.4.1 DXA Imaging, Areal BMD and T-score 

 

The WHO (World Health Organization) describes DXA (Dual Energy X-ray Absorpti-

ometry) as the most highly developed technique and the most thorough approach for di-

agnosing osteoporosis. It is therefore regarded as the “gold standard”, due to a better per-

formance than other available techniques. Currently, the measurement of areal bone min-

eral density (aBMD) by DXA is the most commonly used non–invasive measurement for 

the diagnosis of osteoporosis. It is a sensitive technique which uses density measurements 

of the spine or hip and can sometimes detect changes in bone density only 6 to 12 months 

after a previous measurement is obtained [64, 65].  

DXA requires remarkably lower radiation doses. Using manufacturers’ data, the effective 

dose for lumbar spine and whole-body DXA is reported to be 1−5 μSv [66]. This is less 

than the dose of a standard PA (posteroanterior) chest radiograph. Scanning times are 

now less than 2 min for the spine, hip or forearm, and less than 3 min for the total body 

[67]. It is currently the most frequently used technique for diagnosing osteoporosis and 

estimating fracture risk [68, 69]. BMD is a major determinant of bone strength and BMD 

values obtained at the proximal femur and lumbar spine are used to diagnose osteoporosis 

by applying the criteria established by WHO.  

As in all radiologic studies, DXA relies on the differential absorption of X-rays to differ-

entiate tissues of different radiographic density. In addition, DXA can quantify (in grams) 
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the bone mineral content (BMC) at various body sites. By selecting regions of interest 

(ROI), a bone area (BA) is selected with units of square centimeters. BMC is calculated 

for each pixel in the region of interest (ROI) by comparing the X-ray attenuation of that 

pixel to a reference standard in grams. This value is divided by the pixel’s area to derive 

the BMD of that pixel with units of grams/cm². The areas of all the pixels in the ROI are 

summed to give BA and thus, BMD = BMC/BA. 

A typical DXA scanner is shown in Figure 3-2: 

 

 

Figure 3-2 : A typical DXA scanner (Courtesy: Capital Imaging Associates) [70] 

DXA has been demonstrated to measure bone density and body fat composition and has 

been used to evaluate the effects of pharmaceutical therapy. DXA scanners are widely 

available in clinics. 

T-score: 

The T-score is a statistical way to standardize BMD results. It is the number of standard 

deviations above or below what is normally expected in a healthy young person (age 20-

30 years). The T-score is defined as the difference between a measured bone density and 

the expected young normal value divided by the population standard deviation (SD) at 

the corresponding anatomical sites. T-score is a unitless value, as it is a ratio of two num-
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bers with the same units. At different sites of femur, the precision limitations of T-score 

vary as shown in Figure 3-3: 

 

Figure 3-3: Average T-score accuracy errors (95% CIs) [71] 

According to the World Health Organization, osteoporosis is defined based on the fol-

lowing bone density levels:  

 A T-score no more than 1 SD or greater below of the young adult mean indicates 
normal bone density. 

 A T-score of 1 to 2.5 SD below the young adult mean (-1 to - 2.5 SD) indicates 
low bone mass. 

 A T-score of 2.5 SD or more below the young adult mean (≥ 2.5 SD) indicates the 
presence of osteoporosis. 

 

The choice of this 2.5 standard deviation cut-off by the WHO was based on epidemiolog-

ical data and it was based on comparable life time fracture risk. 
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3.4.2 Computed Tomography and Volumetric BMD 

 

Computed Tomography (CT) is a powerful non-destructive evaluation technique for pro-

ducing three-dimensional (3D) cross-sectional images of an object. It is presently the ac-

cepted method for the measurement of volumetric Bone Mineral Density (vBMD), ex-

pressed in units of mg/ cm3. Contrary to the planar method used in DXA examinations, 

CT uses X-rays from multiple angles to generate and reconstruct 3D-image datasets of 

the scanned object, based on its X-ray absorption. Volumetric quantitative CT (vQCT) 

provides 3D information of bone. Materials with large atomic numbers and higher mate-

rial densities have higher X-ray attenuation. The level of X-ray attenuation is expressed 

as CT numbers, measured in Hounsfield units (HU). After being calibrated with scan 

phantoms, HU is used to calculate the bone mineral density. Information of the internal 

structure of an object such as dimensions, shape, internal defects, and density are readily 

available from CT images. DXA remains the predominant screening tool for evaluating 

fracture risk because of its lower radiation dose and cost, but the use of quantitative CT 

has increased in recent years due to its ability to separate cortical and trabecular bone and 

ablity to provide true volumetric density [72]. Though areal bone mineral density meas-

ured from DXA has a strong correlation with hip fracture risk [73, 74], it is not able to 

provide detailed anatomic information of the pathophysiology of hip fracture [57]. On the 

other hand, quantitative CT (QCT) provides information on bone size such as tissue vol-

ume and cross sectional thickness along with the trabecular cortical volumetric BMD [75, 

76]. Trabecular bone has a higher turnover rate than cortical bone due to its greater sur-
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face area and this makes QCT a very useful technique to monitor bone turnover and the 

efficacy of the treatment. Nowadays, vQCT has become an increasingly important clini-

cal research tool in analyzing hip fracture risk. With QCT, a finite element (FE) model 

can be constructed by assigning 3-dimensional density measures and mechanical proper-

ties. The models can be constructed from CT data with high accuracy. QCT is a computa-

tionally expensive method for capturing 3D data which limits its usefulness for a large 

number of patients by increasing the computational times. Radiation dose in QCT is also 

significantly higher than that in DXA. Moreover, most CT based models have focused on 

fracture loads rather than fracture types [19, 77]. QCT may provide a more accurate 

BMD measurement than DXA as it avoids the effect of degenerative disease and extrane-

ous calcification.  In addition to measuring the cortex, vQCT is a sophisticated tool to de-

termine geometrical parameters of mechanical relevance. 

3.4.3 Hip Structure Analysis (HSA) 

 

Hip Structure Analysis (HSA) has been used for strength information in a large number 

of studies using conventional DXA [12]. HSA programs are now commercially available 

and can be used to assess the geometric and structural variables of femur automatically. 

The structural geometry of the proximal femur can be measured in vivo using the special-

ized Hip Structure Analysis (HSA) software. The effect of changes of BMD due to 

changes in mineralization cannot be distinguished with the conventional measurement of 

BMD. Currently, tissue composition analysis is conducted mostly by invasive means. 
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The HSA program measures not only the BMD of the hip bone but also the structural ge-

ometry of DXA cross-sections traversing the proximal femur at specific locations [12]. It 

is possible to extract the X-ray absorption data from the output image data file and then 

calculate the amount and distribution of bone using HSA [78, 79]. The method employs 

the principle that a line of pixel values across the bone axis corresponds to a cut plane 

traversing the bone at that location and contain some of the information about the cross-

section. HSA software can also be used to derive variables from the DXA scans at the 

narrow neck (NN), intertrochanter (IT), and shaft (S) regions. It can employ any lin-

earized, frontal projection, X-ray or gamma-ray image of the hip. The age trends, racial 

and sex differences, and effect of treatment have been investigated with HSA [12, 80, 81, 

82, 83].  

The main limitation of this method is the use of DXA images. DXA scanners have excel-

lent precision when used as designed for measuring BMD, but they were not designed to 

measure geometry [84]. Small changes in femur rotation have a large effect on the pro-

jected dimensions from which the geometry is measured. Though HSA provides some 

critical insights into fragility mechanisms, it is not superior to BMD in hip fracture pre-

diction [85]. The reproducibility of HSA not good as that for conventional DXA analysis 

and the results are more operator-dependant [78]. Precision in measuring structural pa-

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

imprecision [86]. Difficulty in precisely locating the edge margin from blurred and noisy 

DXA images is another important limitation of HSA [84]. In addition, this method as-

sumes average tissue mineralization which sometimes underestimate or overestimate of 

geometry. 
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3.4.4 FRAX® 

 

FRAX® is the tool developed by World Health Organization (WHO) used to evaluate the 

10-year probability of bone fracture based on multiple cohort studies. It has become a 

standard for fracture prediction and integrates clinical risk factors and bone mineral den-

sity at the femoral neck to estimate the 10-year probability of fracture in patients [87]. 

Based on age, gender, personal and parental history of fractures, medical history, and 

lifestyle factors, FRAX® produces a 10-year probability score of major osteoporotic frac-

tures and hip fractures [88]. The FRAX® model has been developed from population-

based cohorts from Europe, North America, Asia and Australia. FRAX® models were in-

ternally and externally validated [89, 90]. When a model is validated from a stratum of 

the same population, then it is called internal validation. The external validity concerns 

the extent to which the results are true for new cases, for example different populations. 

FRAX® does not take into account falls and fall related injuries, even though falls are 

critically important for hip fracture [91, 92].  Falls may one day be included in FRAX®, 

but data need to be collected in a systematic way and must be validated for optimal per-

formances. 

3.4.5 Finite Element Analysis (FEA) 

 

Finite element analysis (FEA) is widely applied in validation of new designs. FEA has 

long been used by mechanical engineers in the design of bridges, buildings, and other 
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structures. For modelling mechanical loading of various engineering structures provided 

with prediction of displacement and induced stress distribution due to applied load, FEA 

is effective and widely used computer based simulation technique. In the design or mod-

eling of a physical phenomenon, FEA has become an indispensable tool. It relies on the 

decomposition of the domain into a finite number of sub-domains (elements) for which 

the systematic approximate solution is constructed by applying variational or weighted 

residual methods [93]. For a complete description of the mechanical behavior of a struc-

ture, a finite element analysis requires knowledge of the geometry, the material proper-

ties, and the loads acting on the object. Model geometry is usually obtained directly from 

the object, whereas loading conditions are measured or estimated according to the in-

tended use of the structure. The object is described as a connected set of simple-shaped 

elements that attributes the related mechanical properties. The mechanical properties are 

derived from mechanical tests of the materials making up the structure under appropriate 

loading conditions. 

The finite element method was introduced to biomechanics in 1972 to evaluate stresses in 

human bones [94]. Since then, this method, along with newly invented digital imaging 

techniques, has been actively used to investigate bone strength and to screen osteoporo-

sis. FE model also facilitates investigation of the effect of changes in bone geometry and 

properties with an additional dimension of studying a range of loading conditions. The fi-

nite element models used in evaluating osteoporotic fracture risk are discussed in the next 

section. 
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3.4.6 Previous Finite Element Models for Assessing Osteo-

porotic Fracture Risk   

 

From the literature review, it is found that 2D and 3D models have been constructed from 

either DXA or CT images for estimating fracture load or femur strength. Three dimen-

sional FEA from 2D BMD images has the potential to significantly increase the accuracy 

of fracture load assessment [95], though sensitivity of 2D and 3D finite element analysis 

are statistically equal, but significantly higher than currently available method like aBMD 

[96]. For the FE simulations, different commercially available software like ANSYS, 

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

are usually used. The material properties over the entire bone are inhomogeneous and the 

distribution of this inhomogeneous material property is one of the key issues for creating 

a subject-specific FE model. In this section the relevant research and findings in the area 

of osteoporotic fracture risk at the proximal femur using finite element analysis will be 

discussed. 

Buijs et al. [97] used a two dimensional finite element model derived by the projection of 

quantitative computed tomography (CT) scans of human cadaveric femora. The proper-

ties of the femur were calculated from the projection of images by MATLAB codes. A 

finite element analysis of the 2D model was then developed using the commercial soft-

ware ANSYS. Femoral fracture testing was carried out in some of the cadaveric femora 

to validate the results. By using digital image correlation, the strain distributions were 
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calculated from recorded high speed video of the fracture procedure and were validated 

against the finite element results. 

Keyak et al. [19] developed a model which can predict fracture in the cervical and sub-

capital regions and which was validated by experimental results. The construction of their 

model was similar to Buijs et al. [97] (using CT images of cadavers) with the exception 

that the model was three-dimensional. Elastic modulus, density and ultimate strength 

were calculated from ash density using calibrated CT scan data. After that, finite element 

analysis was completed with ABAQUS using distortion energy failure theory. 

Thevenot et al. [98] used a semi-automatic algorithm in MATLAB and applied it to seg-

ment trabecular and cortical bone from the radiographs of cadaver femora. They gener-

ated two different models for the analysis. One of the models had only two different 

Young’s moduli, one for the trabecular bone and another for cortical bone. Another 

model had one Young’s modulus for cortical bone and four different moduli for trabecu-

lar bone. Using von Mises stress distributions, cervical and trochanteric fractures were 

determined with a satisfactory accuracy (comparing with experimental results).    

Cody et al. [99] used quantitative computed tomography (QCT), dual energy X-ray ab-

sorptiometry (DXA) and finite element analysis (non-invasively) to predict fractures. A 

group of femora was used to predict femoral strength ex-vivo, whereas another group was 

used to authenticate the models from the in-vivo results. Their results include a three im-

portant statistics as: cross validation correlation, shrinkage on cross section and assess-

ment of the reliability of the models. 

Viceconti et al. [100] proposed a method to predict risk of bone fracture based on BMD 

(from CT image) and 3D finite element analysis. In their study, all the processes for FE 
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mode including mesh generation, material model and simulation were performed using 

the MATLAB programming environment. A loading condition onto the greater tro-

chanter from the standing height was employed to simulate a fall. The result showed a 

peak strain at the femoral neck region which agrees with the available experimental re-

sults. 

Testi et al. [101] also developed a two dimensional finite element model from DXA im-

age and their work is quite similar to this current research. The important outcome of 

their work was validation of their FE results in-vitro. In addition, the results were also 

compared with a three-dimensional finite element model and a good agreement was 

found. They simulated a side fall onto the greater trochanter which was similar to the cur-

rent study though the procedure of loading was different. Instead of using a fixed force, 

in the current research patient body weight was used and the dynamic effect due to falling 

was also considered. Their study was also limited to prediction of fracture risk at the 

femoral neck. More importantly, a linear correlation between the density and mechanical 

properties (Young’s modulus, yield stress) was chosen in their study, which is not consis-

tent with the experimental results [102, 103]. Different fracture risk indices were also de-

fined in this current study. 
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Chapter 4 

Image Based Finite Element Analysis 

4.1 DXA Based Finite Element Modeling  

 

Based on the available literature, an improved DXA-based finite element modeling pro-

cedure is introduced in this chapter. The design of the model was initiated with the selec-

tion of the subjects. In-house MATLAB codes were used to construct the contour of the 

proximal femur by extracting necessary information from the DXA images of the corre-

sponding subjects, generate a 2D mesh from the contour, assign material property and 

apply loading and constraint conditions for simulating a fall on the greater trochanter. Fi-

nally, fracture risk at the femoral neck, the intertrochanter and the subtrochanter was cal-

culated from the finite element results. The total process is described in detail in the fol-

lowing sections. 
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4.2 Selection of Subjects  

 

In total, 180 cases were analyzed in this study where all subjects were white females. The 

DXA images were collected from the St. Boniface Hospital, Winnipeg, MB using ‘Lunar 

Prodigy’.  The cases were randomly selected from the Manitoba Bone Mineral Density 

data base program. To assess the relationship between finite element results with the 

geometrical parameters and density of the bone, all cases were considered as a single 

group. Body weights, total hip BMD values, BMD values at femoral neck and trochanter, 

and neck angles were also obtained from the image files. Body weight was considered as 

the applied loading in the analysis. Instead of directly using the available BMD values, 

neck angle or length documented with the images, these were calculated during the finite 

element analysis assuming a non linear relationship between the DXA images and the 

converted JPEG format. The characteristics of subjects are given in Table 1. The subjects 

were all white females, ages 26 to 79 years, with a weight from 72 to 219 pounds. Only 

the weight and BMD values (calculated from images) were used in this study. The body 

weights of the patients were applied as the loading condition of the finite element analy-

sis, whereas BMD values were used as mechanical properties to calculate the fracture risk 

of the patients. The ages and heights were not used in this study, though they are used for 

predicting fracture risk in other techniques (e.g., FRAX®).  
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Table 1: Characteristics of subjects (180 cases): Mean and standard deviation of age, weight, height 

and BMD of the test cases 

Parameters Mean Value (Standard deviation) 
Age (years) 65.93 (8.65) 

Weight (kg) 61.65 (13.77) 

Height (cm) 159.5 (5.6) 

BMD (g/cm2) 

  Femoral Neck 

Intertrochanter 

 Total Hip 

 

0.7336 (0.1343) 

0.5803 (0.1512) 

0.7436 (0.1585) 

 

4.3 Data Extraction from DXA Images 

 

All data required for constructing a finite element model were extracted from DXA im-

ages which were obtained in JPEG format. The process consists of the extraction of geo-

metric data (finding the contour) and material property data. The contour extraction in-

cludes edge detection, femur head isolation from the pelvis, and obtaining the boundary 

coordinates. The methodology for these tasks was developed by previous research con-

ducted in our group [104]. The codes were expanded to accommodate more functionality. 

For example, the previous code for extracting the edge was mainly for the image of left 

femur, whereas in this study the images provided by the hospital also included DXA im-

ages from the right femur. In order to use the codes, first the images of right femurs were 
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identified, and then a MATLAB function “fliplr” was used to flip the images vertically. 

The codes were then able to detect the boundary points and other parameters.  

The data extraction process is briefly discussed here.  The source (JPEG format of DXA 

image) image was imported into the MATLAB at first with a function named “imread”.  

The true color image was converted to a grey-scale image (which carries the image inten-

sity information) and used for calculating the density. The information from the image 

was stored in an array. The image was detected after performing several operations like 

edge dilation the boundary. As femur overlaps with the pelvis in the DXA image, it is 

necessary to isolate the projected femur head from the image. The isolation process is op-

erator-dependant which prevents the process from total automation and may act as a 

source for error in the finite element results. Therefore, an error analysis was also per-

formed before analyzing the test cases and is discussed in Chapter 5. After selecting the 

points for isolating the femur head, the user identified another four points. Two of these 

points were at the femoral neck region which was used to find the narrowest neck region. 

The procedure for identifying the narrowest neck will be described in Section 4.9. The 

other two points were selected at the lesser trochanter and greater trochanter which were 

used for detecting the intertrochanteric and subtrochanteric regions. Figure 4-1 shows the 

original DXA image and the proximal boundary points after edge detection and femur 

head isolation. The pixel value of each node after meshing was used as a density of that 

node. A linear correlation was assumed between pixel value and density [101, 105]. As 

part of the data extraction, Young’s modulus and yield stress were correlated to the den-

sity using an exponential correlation. 
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Figure 4-1: Contour extraction from DXA image 

 

4.4 Construction of Finite Element Model 

 

A 2D finite element model was constructed in this study as the DXA image is two dimen-

sional. The model has a uniform thickness but inhomogeneous material properties that is 

projected from the 3D bone. The problem was assumed to be a plane stress problem and a 

three-node triangular element (Figure 4-2) was used for building the corresponding finite 

element model.  

For a plane stress problem, the motion of material particles are described by two dis-

placements, 
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The displacements are approximately expressed by shape functions (N(e)) and element 

nodal displacements (U(e)) 
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Figure 4-2: A 3-noded triangular element 

 

For a linear triangle element, N(e) and U(e) are defined as[93], 
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The shape functions expressed by physical coordinates are 
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Where, nmmnnmmn yyyxxx  ,  

The general expression of B-matrix for a 3-node triangle element is 
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The previous equations load to the following specific expression, 
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The element stiffness matrix can be obtained by using the following equation, 


)(

)()()(

eV

eTee dVDBBk  

As all entries in the B-matrix are constants, the stifness matrix can be written as, 

)()()()( eeTee VDBBk   

In this stiffness matrix, D is the material property matrix. The procedure for finding D is 

described in Section 4.5. 

 

Figure 4-3: Finite element mesh of a proximal femur 

Depending on femur size, the total number of nodes and elements were varied among the 

finite element models to achieve the same mesh density. For a larger femur, the number 

of nodes was about 5000; whereas the number was around 1500 for a smaller femur. 

After calculating the stiffness matrix of an element, the element level force-displacement 

relation is expressed as follows: 
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Once the element level force-displacement relation was formed, then the equations were 

assembled to form the global system of equations. The global system equations can be 

represented in matrix form as: 

FKU  , 

 where 



n

elem

ekK
1

)(  and 



n

elem

efF
1

)(  

Here, n is the total number of elements present in the finite element model. After forming 

the global system equations of the finite element model, subsequent boundary conditions 

and loading were applied to the model. Then the global system equations were solved and 

important parameters such as von Mises stresses or strains were calculated.   

4.5 Assigning Material Property 

 

As bone has inhomogeneous material property, an isotropic inhomogeneous plane stress 

material was considered. 

The material matrix, D, for plane stress problems is 
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Where, E is Young’s modulus and υ is Poisson’s ratio. Poisson’s ratio was kept constant 

(0.3) throughout the study [101, 106]. The values of Young’s modulus were extracted 

from DXA images and then incorporated into the finite element model. 

Bone elasticity modulus was calculated from the areal bone density (ρ, in g/cm²) in the 

DXA image. The following empirical equation was used for calculating E (MPa) which is 

constructed from experimental data [102]: 

MPa2838E 051 .  

The bone density calculated from the image is a function of the pixel values in that image 

where a linear relationship was assumed between pixel value and bone density. After 

generating the finite element mesh, the nodal coordinates were used to find the pixel 

value at each node from DXA image. The density and Young’s modulus at the corre-

sponding nodes were assigned simultaneously and thus the stiffness matrix was con-

structed. A sample distribution of Young’s modulus is shown in the Figure 4-4. 

   

                    

                         (a) DXA image                            (b) Distribution of Young’s modulus 

Figure 4-4: Assigning material property from DXA image to finite element model 
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4.6 Apply Load and Boundary Conditions 

 

It is known from the literature that falling is responsible for the majority of the hip frac-

tures in osteoporotic patients. Moreover, fall from less than standing height with a lateral 

orientation contributes to most fractures [107]. The loading configuration was designed to 

simulate a lateral fall in the patients. It was assumed that the weight of the patients is 

evenly distributed on the femur head as a pressure load. The femur head is the attached 

part of the femur with pelvis and it was selected during the edge detection. In a lateral 

fall, the greater trochanter contacts the ground with an impact. To simulate the dynamic 

effect of the fall, three times body weight of that person was considered as the loading 

condition on the greater trochanter [104]. It was also treated as a distributed pressure load 

on the greater trochanter like the loading on the femur head. For applying the load, body 

weight of the patient was required during the edge detection. As the provided body 

weights with the image files were in pounds (lb), a unit conversation had been performed 

before applying the load which converted weight from lb to kg. This body weight was 

stored in a different file in the same folder where the boundary points, femoral neck 

points and intertrochanteric points were stored. The boundary conditions applied to repre-

sent a fall onto the greater trochanter, were based on previously reported research [108, 

98] and they are commonly accepted during mechanical tests. All distal nodes of the fi-

nite element model were made fixed both in x and y- directions. The applied boundary 

conditions and loading conditions are shown in the Figure 4-5.  
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Figure 4-5: Distribution of load and boundary conditions applied on a femur 

4.7 Ascertain Femoral Neck, Intertrochanter 

and Subtrochanter Regions for Calculating FRI 

 

Like the femur head isolation from the hip, detecting the femoral neck and intertrochanter 

regions requires user participation. The user needs to detect two points at the neck region 

and two points at the intertrochanter during the edge detection procedure. The first step of 

selecting the neck region was to find the narrowest neck diameter. The two points at the 

neck selected by the user were used as base points for this purpose. The extreme points of 

the narrowest neck diameter were then identified and used further to find the femoral 

neck region. Selection of the intertrochanteric region was entirely user dependent. For the 

intertrochanteric section, user had to select one point at the middle of the lesser trochanter 
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and another at the top of the greater trochanter. The line joining these points was used for 

determining the intertrochanteric region. The subtrochanteric line was selected 1.0 to 1.5 

cm distal from the point at lesser trochanter parallel to the horizontal axis. These three 

characteristic lines at the narrowest neck diameter, the intertrochanter and the subtro-

chanter are shown in Figure 4-6.  

 

 

Figure 4-6: The characteristic lines at three critical sections to detect the critical regions for calculat-

ing FE results 

These three lines at the critical sections are used later to select the regions at the femoral 

neck, intertrochanter and subtrochanter and to identify the elements inside those regions 

for calculating the fracture risk. The region width was finalized after performing a region 

sensitivity test which will be discussed in Chapter 5. 
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4.8 Fracture Risk Index (FRI) at Three Sections  

 

Point-wise fracture risk index (FRI) was defined as the ratio of von Mises stress and yield 

stress at a node or at Gaussian point. For evaluating the nodal stresses or nodal strains, 

the displacement of the nodes needs to be determined. The displacement at the nodes was 

derived by solving the finite element equations. Since the problem was considered as a 

plane stress problem, all strains related to the z-axis were considered as zero and all the 

rest strains were considered independent of z-coordinate. For a 3-node triangular element 

the expression for strain-displacement relation is given below: 

}]{[}{ )(ei UB  

Where,
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 }{  and the expressions for [B] and {U(e)} were already described in the 

earlier section (Section 4.4). 

The expression for calculating nodal stresses is given below as a stress-stress relation: 

}]{][[}]{[}{ )(ei UBDD    

Where, 
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And [D] is the matrix for material property, which was also described in the earlier sec-

tion (Section 4.5). From the nodal stresses at the x-axis, y-axis and xy-plane, the von 

Mises stress was calculated. The von Mises criterion is a formula for calculating whether 
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the stress combination at a given point will cause failure. Von Mises found that, even 

though none of the principal stresses exceeds the yield stress of the material, it is possible 

for yielding to result from the combination of stresses. The von Mises criterion is a for-

mula for combining these three stresses into an equivalent stress, which is then compared 

to the yield stress of the material. The formula for finding von Mises stress is [109, 110]: 

}6)({
2

1 2222
xyyxyxvon    

The distribution of von Mises stress obtained by finite element analysis for a sample case 

is given below in Figure 4-7: 

 

Figure 4-7: Von Mises stress distribution for a sample case 

A specific region was generally considered as part of the initial step for finding the FRI at 

three different sections. FRI varied considerably with the width of the region, so a region 

sensitivity testing (convergence test of region width) was performed for solving that is-

sue. The results from this test are presented and discussed in Chapter 5. Initially the ele-

ment inside the defined region was detected by using the MATLAB function “inpoly-
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gon”. If the center of the element was inside the region then the element was considered 

to be eligible for calculating FRI. For an element inside the region, von Mises stresses 

and yield stresses at the Gaussian points were computed. The ratio FRIe is then defined as 

follows: 

intpothatatstressYield
stressMisesVonFRIe   

Yield stresses (σY, in MPa) are also correlated to bone density (ρ, in g/cm²), by modified 

empirical functions that are constructed from experimental data [102]. 

 39.14.37 Y  

After calculating FRI of an element, total FRI for a section was calculated by using the 

following equations: 

A
QFRI   

Where,  
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Here, n is the total number of the elements in the regions. Figure 4-8 shows the selected 

regions at the femoral neck, intertrochanter and subtrochanter which were used for calcu-

lating fracture risk index.   
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Figure 4-8: Regions selected at the femur for calculating FRI 

4.9 Assessing the Geometric Parameters 

 

The total length of the femur was measured as the distance from the top most point of the 

femur to the bottom most point from the finite element mesh. Since length was measured 

from DXA image, it was not the actual length of the femur and depends on imaging tech-

nique. The actual length of the femur is required for evaluating the effect of error in the 

length measurement and dynamic modeling of femur strength and will need to be consid-

ered in future work.  

The neck length (NL) of the femur was measured as the distance from the right most 

point to the left most point on the femur. Some researchers define this as hip axis length 

(HAL), which is measured as the distance along the femoral neck axis, extending from 

the bone edge at the base of the trochanter to the bone edge at the inner pelvic brim. 
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Figure 4-9: Geometric parameters measured from image 

For measuring the narrowest neck diameter, a region was selected at the neck and the cor-

responding data points were classified into two groups based on the two sides of that re-

gion. The shortest distance between two groups was measured and defined as narrowest 

neck diameter. The coordinates at the end points of the narrowest neck diameter defined 

the slope which was considered as the neck angle. 

All geometric parameters were measured before the finite element mesh, and the values 

were in units of pixels. It is necessary to convert length from pixels to mm to make the 

unit consistent throughout the study. The following relationship was used for this conver-

sion: 

1 pixel = 0.2645833 mm 
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Chapter 5 

Numerical Results and Discussion 

5.1 Code Verification 

 

Verification of the code has been performed as the finite element codes were developed 

in-house using MATLAB. A simple cantilever beam (10mm×2mm) with a point load at 

the top right corner (9.375 kN) and with homogeneous material property (E = 1000 MPa, 

υ = 0.25) was used for this verification purpose (Figure 5-1). The reason behind this veri-

fication is that if the code is able to produce finite element results similar to those calcu-

lated from other finite element software, then it can be said that the implementation of fi-

nite element method is able to produce correct finite element results. The results obtained 

by using MATLAB codes were compared with the results from ANSYS (commercial fi-

nite element software). For this comparison, stresses at the mid section of the beam were 

computed. A convergence test for the cantilever beam was also performed as part of the 

verification. 
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Figure 5-1: A cantilever beam with concentrated load at the top right point 
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Figure 5-2: Results of convergence test (displacement at the right end centre point of the beam versus 

number of nodes) 
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Figure 5-3: Code verification (stress distribution at the mid plane of beam from MATLAB code and 

from ANSYS) 

Figure 5-2 shows the results of the convergence test of the cantilever beam using the 

MATLAB code. As the number of nodes increases, the displacement at the right end cen-

tre point of the beam converged to a steady value. The mid section of the beam (perpen-

dicular to the horizontal axis) was chosen to compare the finite element results (stresses) 

derived from MATLAB and from ANSYS. The distributions of stresses (σx, σy, and τxy) 

from the MATLAB code were plotted in Figure 5-3. In the same figure, the distributions 

of the stresses computed from ANSYS were also plotted. It was found that the stress dis-

tribution from the MATLAB code and from ANSYS showed a negligible difference in σx 

(due to the difference in the mesh size in these two techniques).   

After completing the validation of the code for a simple cantilever beam, the mesh con-

vergence test for the femur model was performed, as the stress distribution is highly de-

pendent on the characteristics of the mesh used in the analysis [111]. It was tested for one 
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sample case that included all three critical sections where FRI was calculated. Figure 5-4 

plots the fracture risk index versus the number of nodes in the model. Slight oscillation in 

the convergence was present because of inhomogeneity in the material property.  Eventu-

ally, the results converged at all sections with the increase of nodes (degrees of freedom).   
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Figure 5-4: Convergence test at three sections (a) femoral neck, (b) intertrochanter and (c) 

subtrochanter of the femur 
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Figure 5-5: Mesh size (coarse mesh to fine mesh, here nd is the total number of nodes) 

After the mesh size convergence test, a sensitivity test of region thickness was conducted. 

According to the definition of fracture risk index, the thickness of the region is an impor-

tant issue. For the optimum mesh size (~5000 nodes), a region sensitivity test for some 

sample cases at the femoral neck region was performed. For all cases, FRI calculated 

from the image seems to be closely related to the fracture risk index for small region. Re-

sult for one sample case is presented here (Figure 5-6). It has been also observed that the 

value of fracture risk index declined slightly with a decrease in region thickness. The FRI 

varied due to the change of the area, as it is the ratio of the average value of FRI and 

yield stress. 

 

    nd = 750     nd = 900     nd = 1590     nd = 2081     nd = 5000 
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Figure 5-6: Convergence test of fracture risk index with the region thickness (at femoral neck) 

5.2 Precision Study 

5.2.1 Short-term Precision 

 

Precision error is used to characterize the reproducibility of a technique. Short term preci-

sion is defined as the standard deviation (SD) of repeated measurement in a subject [112]. 

In this study, the FRI for two sample cases were repeatedly measured at the three specific 

sections- i.e. the femoral neck, the intertrochanter and the subtrochanter. The study was 

performed for two sample cases by selecting 3 specific points to separate the femur head 

followed by calculation of the FE results (referred as test 1). Then the points were re-

selected and FE results were re-calculated (referred as test 2). After meshing and apply-

ing loading and boundary conditions, the model was analysed and then FRI was calcu-

lated at the three critical sections. The procedure was performed ten times and then an er-
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ror analysis for the derived results was conducted. The percentage error between two 

consecutive results (error between test 1 and test 2, or between test 2 and test 3 etc.) was 

calculated. The percentages of error for all three sections varied from 0.01% to 6%. For 

the femoral neck section the range was 0.21% to 5.7%. The range was from 0.15% to 

5.6% for intertrochanter and 0.03% to 4.6% for subtrochanter section. The variation in 

the finite element results (FRI) for two consecutive studies is presented in the following 

table: 

Table 2: Effect of femur head isolation (selection of three points on femur head) on FRI 

 Percentage error between two consecutive test 

 Sample case 1 Sample case 2 

 Neck Intertro-
chanter 

Subtro-
chanter 

Neck Intertro-
chanter 

Subtro-
chanter 

test 1~test 2 1.8099 4.02166 2.22659 2.394527 0.33746 0.30487

test 2~test 3 4.9462 0.691244 0.03275 4.571429 1.88784 2.88109 

test 3~test 4 3.6876 0.61586 1.051248 1.180638 1.64586 0.02737

test 4~test 5 1.4957 0.306984 0.06566 5.49582 0.27917 0.82147 

test 5~test 6 1.5184 3.766617 4.603821 0.679502 0.278396 0.32591 

test 6~test 7 2.1505 0.15106 1.586274 5.70125 0.89336 0.51435 

test 7~test 8 0.2145 1.99852 1.749364 3.8835 4.37189 1.48128 

test 8~test 9 0.6396 1.888163 0.158781 3.322949 4.082715 1.64543

test 9~test 10 1.9565 5.6792 3.2459 4.940924 1.271421 0.1619 

 

The mean FRI (mean absolute difference) and SD at these three sections for both cases 

were calculated using the repeated results of FRI. Here, the results of +/- 2 SD (for sam-

ple case 1, SD = 0.001092 and for sample case 2, SD = 0.001187) are plotted only 

(Figure 5-7). 
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Figure 5-7: Short-term precision error of individual for two sample cases with +/-2SD  

In this Figure 5-7, mean value of FRI was plotted for both cases at all three sections. It 

has been found that the trends for FRI at all the sections are similar. For both cases, inter-

trochanteric mean FRI is higher than femoral neck mean FRI. Subtrochanteric fracture 

shows the highest value of mean FRI which may occur due to the selection of 

subtrochanteric region. The subtrochanteric region was very close to the distal end where 

the boundary conditions were applied.  

5.2.2 Short-term Precision of Technique 

 

Measurements of precision from a single subject may not be representative of the overall 

performance of the technique. A larger representative group of subjects needs to be in-

cluded in the precision study. In this study a group of 28 cases was analyzed. Two DXA 

images for each case were analyzed using FEM. These paired images from the same per-

son were taken within a very short time. The finite element analysis was performed for all 
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scans and the derived fracture risk indices for the paired images were compared. As the 

paired images were from the same person, their fracture load was identical as body 

weight was considered as the load and material and geometric property should be the 

same. Differences were found between the two paired images and as a consequence, 

variation in the finite element results appeared. To minimize error, the lengths of the 

paired images were forced to be the same by subtracting boundary points from the distal 

ends of the larger one and then the model was constructed. The relative change in FRI 

and relative change of density are plotted in a scatter plot (Figure 5-8). A strong negative 

correlation (r = -0.7528, p<0.005) between these two values was found. The relative 

change between the initial and follow up conditions was calculated by using the follow-

ing relation: 

Relative change = (Initial value – Follow up value)/Initial value ×100% 
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Figure 5-8: Relative change of density versus relative change of FRI for the total femur 
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Figure 5-9: Total FRI for initial and follow up cases for precision study (     : FRI for initial cases;       

: for follow up cases) 

From Figure 5-8, it can be said that if the geometric parameters, applied load and bound-

ary conditions remain same, the fracture risk index is very dependent on density (or 

BMD) of the femur. The fracture risk index increases with a decrease in density and vice 

versa. In the precision study, among the geometric parameters only the total length of the 

initial and follow up images were constrained to be same, while other parameters like 

neck length or neck diameter could be different.   

Since the paired images were taken from the same person with a short time interval, FRI 

should be equal for each pair. From Figure 5-9, it is seen that there are apparent differ-

ences between initial and follow up FRI. This can happen due to the difference in the 

DXA images. Although the total length of each paired image was made equal, large dif-

ferences in density between the paired images were found (maximum difference between 

pairs 14.65%, and absolute mean difference between density measurement 4.59%). The 

values of BMD (obtained with the image files from hospital) are also different for the ini-
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tial images and follow up images which support the findings of density difference. A 

small difference in neck length (maximum difference 3.5%) and neck diameter (maxi-

mum difference between initial and follow up images 4.09%) was also observed in the 

paired images. 

5.3 Parametric Study of Clinical Cohorts 

 

After the completion of mesh convergence and region sensitivity tests, all cases were ana-

lyzed using the finite element code. The fracture risk index was computed for total 180 

cases at the three sections. In this current study, grey-scale value at each pixel was as-

sumed to be equivalent to BMD value at that point. The correlation between the FRI and 

other factors such as density and body weight were investigated.  
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Figure 5-10: Finite element-computed FRI for fall on greater trochanter versus BMD calculated 

from images at three critical sections (a) femoral neck (b) intertrochanter and (c) subtrochanter 

The FRI versus BMD at the three critical sections are plotted in a scatter plot in Figure 

5-10.  
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Figure 5-11: Finite element-computed FRI for fall on greater trochanter versus body weight of the 

patients at three critical sections (a) femoral neck (b) intertrochanter and (c) subtrochanter 

The scatter plots of FRI versus body weight all three sections are shown in Figure 5-11. 

The effects of various geometric parameters were also investigated to show how they im-

pact on the finite element results. The parameters used for this investigation were total 

length of the femur, neck length, neck diameter and neck angle. The scatter plots for frac-

ture risk index (FRI) with these parameters at femoral neck, intertrochanter and subtro-

chanter sections are given in the following figures (Figure 5-12 to Figure 5-16). 
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Figure 5-12: Finite element-computed FRI for fall on greater trochanter versus total length of the 

femur (calculated from images) at three critical sections (a) femoral neck (b) intertrochanter and (c) 

subtrochanter 

From Figure 5-12, it is seen that FRI increases in the increase of total length of the femur 

at all three sections. This can be interpreted as that taller people being at higher risk of 

fracture as they have larger femoral length. 
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Figure 5-13: Finite element-computed FRI for fall on greater trochanter versus neck length of the 

femur (calculated from images) at three critical sections (a) femoral neck (b) intertrochanter and (c) 

subtrochanter 

From Figure 5-13, it is seen that fracture risk also has a positive correlation with neck 

length at all sections. A larger neck length will produce higher moment at the sections 

when people fall and will increase fracture risk.      
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Figure 5-14: Finite element-computed FRI for fall on greater trochanter versus neck diameter of the 

femur (calculated from images) at three critical sections (a) femoral neck (b) intertrochanter and (c) 

subtrochanter 

Like the total length and neck length, neck diameter shows a positive correlation with 

FRI (Figure 5-14). From the mechanical point of view, larger diameter of any structure 

should increase strength and fracture risk should decrease. But the neck diameter is not 

an independent variable and strongly depends on neck length. The following figure 

(Figure 5-15) shows the relationship between the neck length and neck diameter.   
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Figure 5-15: Relationship between neck diameter and neck length 

As is seen from the figure, neck diameter is strongly related to neck length (correlation 

coefficient, r = 0.8714, p<0.005), and this likely determines the effect of neck diameter 

on fracture risk and discussed in more detail in this chapter at Section5.7. 
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Figure 5-16: Finite element-computed FRI for fall on greater trochanter versus neck angle of the fe-

mur at three critical sections (a) femoral neck (b) intertrochanter and (c) subtrochanter 

The correlation coefficients between weight and geometric factors with FRI were calcu-

lated using MATLAB “corrcoef” function. The calculated results are given in the follow-

ing table: 
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Table 3: Correlation coefficients at three sections 

 

 

 

Sections 

Correlation coefficients (r) with Fracture risk index and different factors 

(p-value) 

Density Applied 
load 
(Body 
weight) 

Total 
Length 

Neck 
length 

Neck         
Diameter 

Neck  
Angle 

Femoral 
Neck 

-0.3274 

(>0.001) 

0.5164 

(>0.001) 

0.1330 

(0.1062) 

0.1077 

(0.1175) 

0.1618 

(0.0267) 

0.0866 

(0.2637) 

Intertro-
chanter 

-0.6715 
(>0.001) 

0.1797 
(0.017) 

0.1967 
(0.01) 

0.2027 
(0.009) 

0.3346 
(>0.001) 

0.00316 
(0.9676) 

Subtro-
chanter 

-0.4323 
(>0.001) 

0.5654 
(>0.001) 

0.2871 
(0.0009) 

0.3192 
(>0.001) 

0.2825 
(0.0002) 

0.0316 
(0.6759) 

 

5.4 Factors Affecting Finite Element Accuracy 

 

The factors mainly affecting the finite element results are geometry, material property 

and applied boundary conditions. Mesh size may also be considered as an important fac-

tor affecting the geometry. The finite element results vary in a response to mesh size. A 

mesh convergence test was performed to show the effect of the mesh sizes, and it was 

found that the FRI converges to a steady value for a fine mesh (Figure 5-4). The bound-

ary conditions and load application procedure remained constant for all the cases, with 

the only change being in the magnitude of loading. Since a subject-specific finite element 

model was generated, individuals’ body weight was used as the load for each case. Simi-

lar to the mesh size, the width of the region used for the computation of fracture risk in-
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dex is also affected by the geometry as well as material property. In order to demonstrate 

these affects, a convergence test for the region width was also carried out (Figure 5-6) 

and FRI declined slightly with the decrease of width. 

In this study, the femur head was separated from the hip by selecting three points on the 

femur head. Though process required manual interactions the error in FRI is insignificant.  

5.5 Influence of BMD on FRI 

 

A strong negative correlation between finite element results (FRI) and density can be ob-

served from Figure 5-10 (a, b, c). It can be seen that fracture risk is strongly related to 

bone density at the intertrochanteric section (r = -0.6715, p<0.001) than at the femoral 

neck (r = -0.3274, p<0.001) or subtrochanteric region (r = -0.4323, p<0.001). These re-

sults are in good agreement with Lang et al. [75] and Cheng et al. [108]. Lang et al. [75] 

found that femur strength is strongly dependent (R² = 87%) on trochanteric BMD which 

indicates that trochanteric density is mostly responsible for trochanteric fracture. In addi-

tion, higher BMD leads to increased femur strength with a decrease in fracture risk and 

vice versa.  

5.6 Influence of Patient’s Body Weight on FRI 

 

Fracture risk is strongly correlated with body weight but the magnitude of correlation 

varies from location to location. A weak positive correlation between fracture risk and 
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body weight (r = 0.1797, p=0.017) was observed at the intertrochanteric section (Figure 

5-11 (b)). On the other hand, femoral neck FRI (r = 0.5164, p<0.001) and subtrochanteric 

FRI (r = 0.5654, p<0.001) more dependent on body weight than density (Figure 5-11). 

Since body weight was considered as the applied load on the femur, and since the distri-

bution of actual stress depends on the load, an increment in body weight increases the ac-

tual stress. As a result, fracture risk increased with greater weight according to the defini-

tion of FRI despite higher BMD. 

5.7 Influence of Hip Geometric Parameters on 

FRI 

 

The effects of geometric parameters on FRI were also investigated in this study along 

with density and fracture load. If the geometry of the hip affects fracture risk, geometric 

measurements might be used together with densitometric measurements for assessing 

fracture risk. A better assessment of hip fracture risk might then be obtained from a com-

bined approach rather than from density measurement alone. The total length of the fe-

mur, neck length, neck diameter and neck angle are the main geometric parameters inves-

tigated in the current study. All these factors were calculated from the source images. The 

fracture risk index was compared individually for these geometric parameters with the 

FRI.    

Total length of the femur is defined as the distance between the top most point of the fe-

mur to the bottom most point of image finite element mesh. The correlations between 
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FRI and total length at the sections were calculated and scatter plots shown in Figure 

5-12. A weak positive correlation was found between these two factors. The results are in 

good agreement with a population based cohort study indicating that taller people are at 

higher risk of fracture than shorter people [113] (as taller people have longer femur 

length). Among the three sections studied here, the correlation is strongest for subtro-

chanteric section (r = 0.2871, p=0.0009) than neck (r = 0.1330, p=0.1062) followed by 

intertrochanter (r = 0.1939, p=0.01).    

Neck length (NL) (defined in Chapter 4) is sometimes referred as HAL (Hip Axis length) 

and is a weaker predictor of fracture than hip BMD. This factor has an effect on fracture 

risk but the magnitude varies from weak to strong. It has been stated that, the impact 

stress of the proximal femur caused by a fall is positively correlated with longer femoral 

neck length [114]. In contrast, some researchers find that femoral neck length does not 

necessarily affect fracture risk [115, 116]. In this study, a weak positive correlation was 

observed between FRI and neck length at the three sections. Like the total length, neck 

length correlates with FRI at the subtrochanteric section slightly more (r = 0.3192, 

p<0.001) than the other sections (neck, r = 0.1054, p=0.1175 and intertrochanter, r = 

0.1942, p=0.009). It is still unknown how the NL influenced the fracture at subtrochanter 

in a larger scale. Several possible explanations have been proposed, including the concept 

of NL coinciding with the femoral moment arm [114, 117] and may also be a measure of 

the degree to which the femur extends beyond the pelvis, increasing risk for impact [118]. 

Because of the lack of definitive evidence regarding HAL or NL, it is not recommended 

for clinical use alone; rather, should only be used in conjunction with BMD and consid-

ered as an auxiliary risk factor. 
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FRI is positively correlated with neck diameter at the femoral neck (r = 0.1618, 

p<0.0267), the intertrochanter (r = 0.3346, p<0.001) and the subtrochanter (r = 0.2825, 

p=0.0002). This behavior is not consistent with beam theory. In general, greater diame-

ters should improve fracture resistance and thus reduce fracture risk. An unexpected ob-

servation borne out in several other studies is that hip fracture cases had wider femoral 

neck [119, 120, 121]. One possible explanation is that as diameter is increased, locally 

thin sections of cortex are prone to becoming unstable under compressive loading [85]. 

Alternatively, femoral neck diameter is strongly dependent on femoral neck length (r = 

0.8714, p<0.001) and a larger neck length generally increases the fracture risk.   

Neck angle does not show any observable correlation with FRI at the sections except for 

femoral neck (see Figure 5-16). At the femoral neck, a positive (r = 0.0866, p=0.2637) 

but very weak correlation was found. At the intertrochanter and subtrochanteric section 

no correlation between FRI and neck angle was observed which is similar to the study of 

Faulkner et al. [122]. They found no significant correlation between neck-shaft angle and 

hip fracture risk.  

As the geometrical parameters of femur are internally related to each other, a single pa-

rameter is inadequate to evaluate the exact relation with fracture risk. The combination of 

geometric parameters can better explain the relationship with the FRI.    
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5.8 Multivariable Regression Analysis 

Osteoporotic fracture risk depends not only on BMD but may also be affected by other 

factors like body weight, femoral neck length, narrowest neck diameter, neck angle or to-

tal length. The combined effects of all of these parameters may more accurately deter-

mine the fracture risk index. A multiple linear regression analysis was performed for all 

180 cases. In this analysis, body weight, bone density, total femur length, neck length, 

neck diameter and neck angle were used as independent variables and FE computed FRI 

was considered as the dependent variable. The calculation was performed at three sec-

tions (i.e. at femoral neck, intertrochanter and subtrochanter).   

Table 4: Results for multiple regression at femoral neck 

Regression Statistics 
Multiple R 0.594174294 
R Square 0.353043092 
Adjusted R Square 0.328782208 
Standard Error 0.00012261 
Observations 180 

 

Coefficients Standard Error t Stat P-value 
Intercept 0.000455847 0.000167658 2.718913 0.007272792 

BMD -1.27705E-06 3.48124E-07 -3.66838 0.000331952 
Body weight 2.60624E-06 3.27014E-07 7.969805 2.82182E-13 
Total length 3.14456E-06 1.54017E-06 2.041698 0.042823879 
Neck Length -6.6816E-06 2.87008E-06 -2.32802 0.021163095 

Neck diameter 7.15801E-06 6.8281E-06 1.048318 0.296073172 
Neck Angle 3.77705E-06 2.07456E-06 1.82065 0.070528535 
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Table 5: Results for multiple regression at intertrochanter 

Regression Statistics 
Multiple R 0.80903615 
R Square 0.654539492 
Adjusted R Square 0.642201616 
Standard Error 0.000373248 
Observations 180 

 

Coefficients Standard Error t Stat P-value 
Intercept 0.004144428 0.000480051 8.633306 4.40911E-15 

BMD -1.30611E-05 8.45824E-07 -15.4419 4.69797E-34 
Body weight 9.64867E-06 1.05063E-06 9.183703 1.5162E-16 
Total length 2.32248E-06 4.5999E-06 0.504898 0.614291802 
Neck length 6.15481E-06 8.76747E-06 0.702006 0.483647143 

Neck diameter -1.92981E-05 2.18518E-05 -0.88313 0.378425606 
Neck Angle 8.75344E-06 5.98938E-06 1.461493 0.145748201 

 

Table 6: Results for multiple regression at subtrochanter 

Regression Statistics 
Multiple R 0.681516693 
R Square 0.464465003 
Adjusted R 
Square 0.445338753 
Standard Error 0.000692835 
Observations 180 

 

Coefficients Standard Error t Stat P-value 
Intercept 0.003651517 0.001004898 3.633719653 0.000370937 

BMD -6.93894E-06 1.19752E-06 -5.794411782 3.3048E-08 
Body weight 1.9348E-05 1.88769E-06 10.24957768 1.8758E-19 
Total length 6.5629E-06 8.54841E-06 0.767733227 0.443723398 
Neck length 1.217E-05 1.56987E-05 0.775223144 0.439297623 

Neck diameter -4.07315E-05 3.63927E-05 -1.119223302 0.264642547 
Neck angle -8.02391E-07 1.10933E-05 -0.072330916 0.942424602 
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The multiple R between predicted FRI and FE computed FRI were 59.42%, 80.9% and 

68.15% at femoral neck, intertrochanter and subtrochanter respectively. FRI is affected 

significantly by both BMD and body weight at all the three sections.  It is also evident 

from the results presented in Table 4, 5 and 6 that neck angle has negligible effect on the 

FRI. The results obtained using multiple regression generally agree with the results if the 

effects of the factors are considered individually. 
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Chapter 6 

Conclusions and Future Work 

 

In the research conducted, a framework for 2D finite element analysis of proximal femur 

from DXA images was developed. The construction begins with data extraction from 

DXA images followed by manual intervention for separating the femur from the pelvis, 

grouping the DXA images, selecting specific points for identifying the femoral neck, the 

intertrochanter and the subtrochanteric regions. Finally, the developed code was validated 

and used to generate the FEMs for the 180 cases.  

Contributions of the current research: 

The major conclusions of the current study can be stated as follows: 

 The current FE model used the grey-scale values from the DXA images to map 

the inhomogeneous material properties of bone. As a result, this FE model was 

capable of representing the heterogeneous distribution of the material properties 

of specific femur. Moreover, patient body weight was also incorporated in the 

model to inform the loading condition instead of using a constant value.  
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 It was found that osteoporotic fracture risk is not only a function of BMD, but 

also other factors like body weight and geometric parameters such as femur 

length, neck length, neck diameter, etc. The effect of these factors varies with the 

location of the femur. Density has a larger effect on the fracture risk index at the 

intertrochanteric section. In contrast, body weight exerts greater effect on osteo-

porotic fracture risk at the femoral neck and subtrochanteric sections. The geo-

metric parameters are made a larger contribution to fracture risk at these two sec-

tions than at the intertrochanteric section.  

 Although CT (Computed Tomography) based 3D analysis can give reliable anat-

omic information on the complex proximal femur, a 2D finite element model 

from X-ray images may be sufficient for clinical purposes [96]. DXA scanners are 

widely available, and play a primary role in clinical practice. A 2D FE model is 

capable of integrating the structural behaviour of the proximal femur with the 

mineral density information available from the DXA scan. Though it was a drastic 

simplification, a 2D model of the proximal femur in previous studies produced 

reasonably accurate results under certain loading configurations [123, 124].  

 Two dimensional FEM from DXA images have already been used to determine 

the fracture risk and to predict vertebral fractures [125]. A 2D finite element 

analysis of fall-related hip fracture is acceptable as falling results in stress and 

strain lying predominantly in the frontal plane. Results from 2D finite element 

analyses have been previously validated with those obtained with a 3D finite ele-

ment analysis of CT data. Testi et al. [101] found good agreement between the re-
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sults of a 2D finite element model with a DXA image to 3D finite element model, 

and also validated the results in-vitro. Comparing with the aBMD, significance 

level of 2D finite element analysis from X-ray image is higher than 3D FE analy-

sis [96].  

Limitations of the current study: 

Even if a relatively good correlation between fracture risk and the various factors has 

been found from this 2D-DXA based FE model and in agreement with previous research, 

some limitations of the current study have been identified. In the next paragraphs the 

limitations of this study and the way to minimize these limitations are discussed. 

 It is well-known that the accuracy of any simulation depends on proper modeling 

of the problem. The risk of femoral fracture not only depends on bone ‘quality’, 

but also on a patient’s risk for falling, weight, height, proprioception and coordi-

nation, skeletal anatomy and anthropometry. Low bone mass as measured by 

DXA is a major risk factor, but other factors can provide information on fracture 

risk that is independent of BMD. These include age, low body mass index, previ-

ous fracture, family history of hip fracture, glucocorticoid therapy, alcohol abuse, 

tobacco use and rheumatoid arthritis. Although patient weight and skeletal anat-

omy were considered along with the bone density in this research, the addition of 

these other factors may increase the accuracy of the finite element results.  

 A limitation of this study is that the femur head separation method was not auto-

mated. The process of separating the femur head required manual intervention, 

which contributed a small amount of error in the FRI calculation. 
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 The code for extracting the boundary or edge detection from the image was only 

developed for the left femur, and therefore, it was necessary to invert images of 

the right femur. The separation procedure was not automated and the user had to 

manually identify before perform the step edge detection. This was feasible for a 

smaller number of samples, but would be difficult and time consuming for a large 

number of samples.  

 In this study a uniform distribution of loading on the femur head and greater tro-

chanter was considered. Future work should consider alternative load distribu-

tions. Moreover, the direction of fall and the energy absorbed during impact are 

important issues that deserve further consideration. In the reported research, the 

direction of loading was not investigated though it may affect the fracture risk in-

dex. Due to the limitations of 2D data, the rotational angle had to be ignored. It 

has been shown in a previous study [126] that a slight variation in loading angle 

can affect the fracture load due to differences in structural capacity of the femur 

depending on the fall orientation.  

 In the present study, a linear correlation was assumed between pixel value and 

density. Unfortunately, the density calculated from the image and the BMD val-

ues obtained with the images did not show very strong correlation. This might 

happen due to the nonlinearity in converting the DXA images to JPEG format.  

Future Work: 

Osteoporosis is the most important condition causing hip fractures. Patients with osteopo-

rosis are at greater risk for developing a hip fracture from accidents such as fall because 
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of thinner and weaker bones. The risk of hip fracture in older individuals is increasing at 

the similar rate with the life expectancy. So, there is an urgent need for a more accurate 

tool in the assessment of osteoporotic fracture risk. An advanced finite element study was 

proposed here to assess osteoporotic fracture risk and investigate the factors affecting the 

risk. The minimization of these limitations discussed in the previous section can be con-

sidered in possible future work. 

 The manual femur head separation process contributed a small amount of error in 

the FRI and an automated, consistent method for femur head isolation could be 

beneficial.  

 Although FE results were not affected by the inversion operation for analysing the 

images of right femur, process could be simplified by incorporating a technique 

for automatic recognition of left femur or right femur.    

 The direction and distribution of body weight would be an area of further investi-

gation in future study.  

 Finding out the proper relationship between the grey-scale intensity of the DXA 

image and the JPEG image is an important area of future work to ensure consis-

tency between the FE and clinical results. 

 It is evident from the results that BMD alone is not enough for assessing osteo-

porotic fracture risk. Geometric parameters and body weight need to be consid-

ered. The combined effect of all these parameters needs to be clinically tested for 

the prospective assessment of osteoporotic fractures.   
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 The processes used in this research might also be useful for longitudinal monitor-

ing of osteoporotic fracture risk. Follow up images may include alterations in in 

positioning or other technical factors, such as rotation. In addition, the total length 

of the image may change from the base line images. A method should be intro-

duced to minimize these technical differences between the base line image and 

follow up image before analysis. 

There is a growing awareness that treatment of osteoporosis should be targeted on the ba-

sis of fracture risk rather than solely on the information provided by a BMD test. This 

study focused on fracture risk using BMD information and also geometric information 

from DXA images in osteoporotic patients. In this study, falling was considered for the 

evaluation of osteoporotic fracture risk as this is the strongest single risk factor for frac-

tures in elderly people. The sensitivity of the study can be increased for further and future 

studies by addressing the limitations of this present study. In conclusion, this finite ele-

ment study using DXA images provides a well-organized, less time consuming tool for 

fracture type prediction applicable at lower cost and with a smaller radiation dose com-

pare to CT based finite element model.     
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