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ABSTRACT 

Bone fracture is one of the most common injuries during life, both during the early age of 

childhood and when we get old. The main cause of fractures usually differs with age. For very 

young children (e.g. infants), fracture of bone is sometimes associated with child abuse as 

they have limited mobilities (e.g. non-ambulant). On the other hand, fracture of bone in the 

elderly usually occurs as result of bone disease and degeneration, such as osteoporosis. Hip 

fracture is the most common fracture at this age, with the percentage increasing in line with 

the growing risk of falls as one gets older. Fractures for these two age groups are particularly 

problematic because of the implications on the quality of life.  

The discrimination of inflicted injury from accidental injury in children is very important to 

avoid the risk of further abuse, which could significantly affect the mental and physical 

development of the child. Computed tomography based finite element (CT/FE) models have 

been widely used to study the biomechanics of human bones. Although this technique has 

been extensively used in adults there are markedly fewer studies in children, mainly due to 

the lack of paediatric bone samples. Consequently, the current clinical method used to 

diagnose the cause of fractures in very young children is based on the clinical judgement and 

the description of the caretaker, with very little quantitative evidence. For example, until now, 

the injury tolerance (or bone strength) of a paediatric bone (within a certain age range) has 

been unclear. Consequently, there is a need for non-invasive tools in order to report on the 

paediatric bone strength under various loading conditions. 

Predicting the risk of hip fracture in the elderly has major implications for the prevention of 

permanent disability, and the associated substantially reduced quality of life (due to reduced 

or a complete loss of mobility). Experimental investigation has reported that CT/FE models 

can accurately predict the strength of adult long bone, but the use of these strength 

predictions to discriminate patients at risk of fracture still needs further investigation, 

especially in respect to comparing their performance against the clinical gold standard, the 

bone mineral density (BMD) measurement.  
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In order to enhance our understanding of bone mechanics related to clinical diagnosis, 

therefore, this thesis investigated bone strength in these two distinct age groups. The work 

consisted of three studies detailed below.  

Study I aimed to define the injury tolerance of very young children using a CT/FE model under 

bending and torsional loads. A range of femora strength of children aged from zero to three 

years old was reported under bending loads (0.25-27.9 Nm) and, for the first time, under 

torsional loads (1-31.4 Nm for external rotation and 1-30.7 Nm for internal rotation). These 

results were found to be in good agreement with the experimental data in the literature. 

Study II applied the paediatric modelling approach to investigate a special case of reported 

spontaneous humeral fracture, which is still under debate. Three personalized humerus 

models were created spanning an age range of four to six months. Simulation results showed 

that spontaneous humeral fracture is highly unlikely to occur when an infant rolls from a 

prone to supine position without any external loads. 

Study III aimed to improve the accuracy of the side fall CT/FE model in classifying fracture and 

non-fracture cases using a wide range of loading directions, and also attempts to achieve a 

more accurate prediction of fracture type, using three different boundary conditions: Linear, 

MPC and Contact model. The study showed that the Contact model achieved the biggest 

classification power improvement by an increase of 7% compared to BMD as a predictor. The 

MPC and Contact models were able to predict various hip fractures, including per-

trochanteric fracture, which is rarely reported in the literature. 

In conclusion, the CT/FE model is a valuable tool allowing the non-invasive investigation of 

bone strengths in a range of ages. In the paediatric application, this thesis reported, for the 

first time in the literature, a table of injury tolerance (under both bending and torsion) for 

very young children. It also successfully falsified the spontaneous humerus fracture 

hypothesis under the current assumptions. In the adult applications, a more refined boundary 

condition in the side fall FE model was proven to increase the classification accuracy and 

improve fracture type prediction. This places the FE method one step closer to more accurate 

predictions in fragile bone fractures. 
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1 INTRODUCTION 

Bone fracture (or failure of the bone) is a common injury that can occur throughout life. The 

causes and the risks of fracture are different at different age ranges, however. In general, 

bone failure occurs when the bone is abnormally weak (e.g. due to pathology) and/or is placed 

under excessive stress. In this thesis, two important categories of long bone fractures will be 

investigated: (1) infant femoral fracture and (2) osteoporotic fracture. During childhood, bone 

fractures commonly occur as a result of accidents. For very young children who have a limited 

mobility (e.g. infants), however, bone fractures are highly associated with child abuse. In the 

elderly, on the other hand, osteoporosis is usually the main reason behind the high 

percentage of bone fractures, with hip fracture being the most common bone injury. It is 

worth noting that bone fracture can be catastrophic at any age, and is frequently 

accompanied by limited mobility over the medium term. Some of these impacts with 

relevance to the two categories of long bone fractures studied in this thesis are detailed in 

the following section. 

In the USA, there are estimated to be more than 3,000 child abuse cases per year (Herman-

Giddens et al., 1999). In the UK, an estimated one in every 1000 children experienced inflicted 

injury in 2007 (Singleton, 2010). Clinically, it is believed that child abuse cases are under-

diagnosed (Barber and Sibert, 2000) due to a combination of reliance on the caretaker to 

describe the cause of the injury and because the detection of child abuse is faced by 

numerous challenges. One specific challenge is that very little information is known about 

how paediatric bones fracture under various loads, or their injury tolerance. This makes the 

process of distinguishing between accidental and inflicted injury very challenging in some 

cases, where clinicians have to rely mainly on their experience. Knowing the characterization 

of paediatric bone behaviour at the structural level is essential to understand its response to 

various loads. This, combined with a database of various fractures that are associated with 

common abuse incidents, could help to develop a tool that would identify or help to identify 

the cause of the injury. 

There is therefore a big need to investigate the behaviour of paediatric long bones under 

various external loadings, such as bending and torsional loads. Such information will critically 
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enhance our knowledge of the ƛƴƧǳǊȅ ǘƻƭŜǊŀƴŎŜ ƻŦ ŎƘƛƭŘǊŜƴΩǎ ƭƻƴƎ ōƻƴŜǎΦ ¢Ƙƛǎ ƛƴŦƻǊƳŀǘƛƻƴ Ŏŀƴ 

then be used during diagnosis in the future by comparing fracture tolerance with the force 

predicted to have resulted (derived from a dynamic model for example) from the physical 

events described by the parents/carer. 

Osteoporotic hip fracture, on the other hand, is often associated with a dramatic rise in 

patient morbidity and mortality. That is mainly because of the surgical operation and the 

recovery phase needed to treat a patient. According to the International Osteoporosis 

Foundation (IOF), among people who survive surgical interventions for an osteoporotic hip 

fracture, only one-third are restored to their former physical status. A recent study showed 

that, in the UK, hip fractures cost the NHS approximately £1.1 billion per year (Leal et al., 

2015). The lifetime risk of osteoporotic fracture is relatively high, at 40ς50% for women and 

13ς22% for men (Johnell and Kanis, 2005). This also shows that women are at much higher 

risk of hip fracture than men. The risk of fracture increases with age, with a reported high risk 

starting at around 50 years of age (Melton et al., 1992). This is of particular concern when 

taking into account the progressive increase of population median age (by 0.3 each year 

within the European Union, or EU) in the past decade (European Communities, 2018). This 

data means that the identification of patients under a high risk of fracture is important in 

order to provide them with the treatment necessary to prevent osteoporotic fractures and 

reduce subsequent treatment costs. 

Currently, osteoporosis is clinically diagnosed by measuring bone mineral density (BMD) using 

dual energy X-ray absorptiometry (DXA). The measured BMD value is then compared with the 

average value for healthy young females. According to the World Health Organization (WHO), 

osteoporosis is defined when the value of BMD is equal or beyond 2.5 standard deviations 

(SD). After an osteoporosis case is diagnosed, the risk of fracture is estimated according to 

the measured BMD and other epidemiological parameters using a sophisticated risk 

assessment instrument (e.g. FRAX1). Although this method is commonly used, it has been 

reported that BMD provides only a moderate fracture risk prediction. BMD alone is able  to 

predict fracture at a rate of 30-50% with a false positive rate of 15% (McCreadie and 

                                                      
1. https://patient.info/doctor/frax-fracture-risk-assessment-tool  

https://patient.info/doctor/frax-fracture-risk-assessment-tool
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Goldstein, 2000). This shows that there is a need to develop a more accurate tool to predict 

the risk of fracture in elderly patients (Geusens et al., 2010). 

In the last few decades, computed tomography based finite element models (CT/FE) have 

been widely used to investigate the biomechanical characteristics of adult human bones, but 

only rarely in children, mainly due to the difficulties of obtaining paediatric bone samples. In 

adult bone investigation, it has been reported that CT/FE models can predict bone strength 

with high accuracy (Pottecher et al., 2016), while in paediatric bone investigations, a recent 

study showed that a /¢κC9 ƳƻŘŜƭ ƻŦ ŎƘƛƭŘǊŜƴΩǎ ōƻƴŜǎ Ƙŀǎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǘƻ ǇǊŜŘƛŎǘ ǇŀŜŘƛŀǘǊƛŎ 

bone strength using a similar approach as that used to model adult bones (Li et al., 2015). 

CT/FE models of paediatric bone may therefore be an alternative tool to provide valuable 

information on paediatric bone biomechanics.  

The enormous literature on adult bones indicates that bone strength can be a better predictor 

of fracture risk than BMD. The hypothesis is that bone strength is a function of geometry, 

material properties and loading condition, while BMD only represents the mineral content. 

After several improvements in the FE models, it has been shown that they are capable of a 

more accurate prediction of bone strength than BMD (Cody et al., 1999). The ability of FE-

predicted bone strength to classify facture and non-fracture patients requires further 

investigation, however. A number of studies have reported that, compared to DXA, CT/FE 

models provided a comparable classification accuracy of fracture status (Keyak et al., 2013, 

2011; Kopperdahl et al., 2014; Nishiyama et al., 2014; Orwoll et al., 2009). Although the 

evidence is not yet strong enough for FE models to replace DXA in clinical practice (Van Den 

Munckhof and Zadpoor, 2014), the recent improvements in FE models continue to challenge 

the current clinical approach (Qasim et al., 2016; Viceconti et al., 2018). 

1.1 Aims 

The main objective of this thesis is therefore to develop subject-specific CT/FE modelling 

procedures further in order to predict bone strength or injury tolerance for two different age 

groups, young children and adults. Each of these two FE models has different purposes. The 

CT/FE model for paediatric long bones is developed to estimate the fracture tolerance of 

young children aged from new-born to three years old under various loading conditions, with 

an attention to provide quantitative data for the identification of inflicted injuries. The CT/FE 
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model of the adult proximal femur, meanwhile, is developed to more accurately classify 

fracture and non-fracture cases and predict various hip fracture types as observed in clinical 

practice. 

The specific aims of this thesis are listed below: 

1) To improve the preliminary CT/FE model developed in Li et al. (2015) and to develop 

a simulation of a new loading case (torsion) and conduct simulations on 30 cases of 

children aged from zero to three years old 

2) To use the CT/FE procedure developed in aim 1 to investigate a case of paediatric 

fracture that was previously reported as a debated accidental injury scenario (humeral 

fracture of infants while rolling from prone to supine).  

3) To improve the classification accuracy of the CT/FE model for adults under side fall 

configurations in term of fracture status using: 

A. Various boundary conditions (Linear, MPC and Contact Models).  

B. A wide range of loading conditions that cover all possible fall directions 

(various posterolateral and anterolateral falls). 

4) To investigate the ability of the adult FE model to predict various hip fracture types as 

reported clinically, including per-trochanteric fracture, which had very few reports in 

previous FE studies. 

1.2 Thesis organization  

To reach the aims reported above, this thesis was divided into three main studies: Studies I, 

II, and III, spread across nine chapters including the introduction. Each of these studies are 

reported in a separate chapter (Chapters 5, 6 and 7, respectively). Below is a description of 

the content of each chapter in this thesis: 

Chapter 2 describes the anatomy and development of the human long bone. The changes 

that a long bone experiences throughout various stages of life are also discussed. 
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Chapter 3 reviews the literature on the material and mechanical properties of both paediatric 

and adult bones. Fracture morphologies and the most common fracture types are described, 

with relevance to inflicted injuries in children as well as osteoporotic fractures in the elderly. 

A survey of various paediatric long bone and adult proximal femur FE models is presented. 

Chapter 4 details the methodological approach of the modelling technique that was followed 

to develop all the CT/FE models in this thesis. The details of the cohort used for each study 

are also described in this chapter. 

Chapter 5 presents Study I (strength of paediatric bone under bending and torsional loads). 

A description of the boundary and various loading (bending and torsion) conditions of the 

model is provided. The morphological parameters and the range of predicted femora strength 

are reported. The results of this study are also discussed in this chapter. 

Chapter 6 presents Study II (spontaneous humeral fractures in infants). The boundary and 

loading conditions of the model are described. The predicted strains are reported and 

compared to the elastic limit of human bone in order to investigate the likelihood of a fracture 

occurring. A discussion of the results of this study is also provided at the end of the chapter. 

Chapter 7 presents Study III (strength of proximal femur under side fall loading conditions). 

It starts with a description of the various boundary and loading conditions of the model 

(various side fall directions). The results of these models are presented in terms of bone 

strength prediction, classification accuracy and fracture type predictions. A discussion of the 

results is provided at the end of the chapter.  

Chapter 8 discusses the limitations of Studies I, II, and III with recommendations for future 

work. 

Chapter 9 is a summary of the work in this thesis and highlights its most important 

achievements. 
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2 ANATOMY AND PHYSIOLOGY OF LONG BONE 

2.1 Introduction 

Long bone is a term used for bones that have greater length than width. The best example of 

human long bone is the femur, which is the main bone of the thigh. It represents the longest 

and largest bone of the human skeleton (Tortora and Grabowski, 2003).  

In general, at the organ level, any typical long bone consists of three parts: (a) the diaphysis, 

which is a nearly cylindrical part that represents the shaft of the long bone, (b) the epiphyses, 

representing the proximal and distal parts of the long bone, and (c) the metaphyses, 

represented by the regions that connect the diaphysis with the epiphyses; these are the 

regions responsible for the growth of the long bone longitudinally (as described in detail later 

in this chapter).  

The long bone is not completely solid. At the tissue level, bone has small spaces and gaps that 

are irregular in both shape and size, and which serve to give the bone a matrix structure. Some 

spaces are channels that allow the blood vessels to pass through, whereas the bigger spaces 

are filled with bone marrow. Based on the size and distribution of these spaces, bone tissue 

can be categorized into two main types: compact (or cortical) bone, and spongy (or 

trabecular) bone.  

Bone is subject to various development stages during the life of the foetus and after birth. It 

is therefore in a continuous process of modelling (generating new bone) and remodelling 

(replacing the old bone). One important characteristic of bone is its ability to withstand 

various load conditions, or load bearing. These loads are limitedΣ ƘƻǿŜǾŜǊΣ ōȅ ǘƘŜ ōƻƴŜΩǎ 

mechanical strength (Bueno and Glowacki, 2011). It is known, however, that bone can alter 

its strength in order to respond to changes in the external forces.  

This chapter will describe the anatomy and physiology of long bones. In particular, the 

sections below will give a brief overview of bone formation during the life of the foetus, and 

its growth and remodelling from childhood to old age. 
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2.2 Structure of bone 

Bone is a complex organism with both mechanical and metabolic roles. Its main mechanical 

role is to bear weight and protect organs. Its metabolic role is to maintain the internal stability 

of minerals inside the body. 

Bone matrix consists of 25% collagen fibres, 25% water, and 50% crystalized inorganic salts. 

These mineral salts are mainly calcium carbonate and calcium phosphate with additional 

magnesium hydroxide, fluoride and sulphate. The crystallization of the mineral salts in 

combination with the collagen fibres give rise to the stiffness of the bone, while the flexibility 

of the bone is provided by the collagen fibres (Tortora and Grabowski, 2003).  Bone could 

therefore be considered as a composite material consisting of collagen fibres. These fibres 

are laid down alternately to form the lamellae, which in turn form the basic structure of 

cortical and trabecular bone (see Figure 2.1). 

 

Figure 2.1 Section through the diaphysis of a long bone showing the spongy and compact 
bone structures (reproduced from Tortora and Grabowski, 2003). 
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2.2.1 Cortical bone 

Cortical bone tissue usually forms the external layer of all bones. In long bones, it is allocated 

primarily in the diaphysis. Cortical bone accounts for 80% of the total body bone mass 

(Tortora and Grabowski, 2003), due to its dense structure, with only 5%-10% of porosity 

(Anderson, 1994). The cortical bone provides support and protection and is the primary 

structure to withstand body weight and external forces.  

Cortical bone is arranged by units known as osteons, as shown in Figure 2.1. These units 

(osteons) align along the line of action of stresses. For example, in the long bone, they align 

parallel to the longitudinal direction of the bone. Thus, long bones are able to withstand 

considerable bending forces applied on both ends of the bone. However, the lines of the 

stress change with the change of the physical activities, such as from crawling to walking. They 

can also change as result of fracture or physical defect. The arrangement of the osteons 

therefore changes over time according to the external cues (Tortora and Grabowski, 2003). 

In general, cortical bone thickness has been found to increase continuously with age until 

adulthood (Smith and Walker 1964). In contrast, a decrease in the cortical thickness is usually 

observed with subsequent aging, especially in women after the menopause. 

2.2.2 Trabecular bone  

Trabecular bone is mostly located at the ends of the long bones, represented by the 

metaphysis and the epiphysis, and in the cuboid bones (one of the tarsal bones located at the 

lateral side of the feet). It forms approximately 20% of the adult human skeleton (Tortora and 

Grabowski, 2003). Trabecular bone has a high porosity of about 50%-90% (Anderson, 1994), 

which means it has a large surface area and light weight relative to its volume.  

In contrast to cortical bone, trabecular bone does not contain osteons, but is made up of an 

irregular lattice of thin columns and rods known as trabecula (Figure 2.1). This gives trabecular 

bone the ability to withstand forces in different directions, as oppose to a preferential 

direction in the cortical bone. The degree of porosity of trabecular bone is not fixed; and it is 

directly affected by external loadings, bone diseases and aging. The trabecula starts to 

noticeably weaken and thin with aging (Boskey and Coleman, 2010), which is a normal process 

affecting both women and men at different rates (Jee, 2001). Such changes in bone structures 

and properties at different stages of life will be described in the next few sections. 
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2.3  Development and ageing of bone 

2.3.1 Foetal stage 

The actual process of bone formation, which is known as ossification, starts at six or seven 

weeks of the embryonic development stage (Tortora and Grabowski, 2003). Bone formation 

consist of two different pathways; intramembranous ossification and endochondral 

ossification. Both processes form the same structure of bone but through different methods.  

Intramembranous ossification is relatively straightforward (out of the two) and consists of 

four main stages, through which the rudimentary bone tissues are developed. The first stage 

is the formation of the centre of the ossification through clustering of the mesenchymal cells. 

In the next stage, the osteoblasts are secreted, and osteocytes are formed. The third stage is 

marked by the development of the trabecular matrix, while the last stage is the development 

of a thin layer of cortical bone superficial to the trabecular bone.  

The second process, which is known as the endochondral ossification, mainly concerns the 

formation of long bones (Scheuer et al., 2000), and is marked by the presence of cartilage 

(Tortora and Grabowski, 2003). This process consists of five stages, by the end of which the 

regions of the diaphysis and the epiphyses are formed (see Figure 2.2). The first step starts by 

the formation of the cartilage model. This happens with the gathering of mesenchymal cells 

at the location of bone formation. The cells then develop to chondroblasts, which in turn form 

the cartilage model. The next stage mainly involves an increase in the length and thickness of 

the cartilage model. The third stage marks a critical step where the cartilage is replaced with 

a primary ossification centre. The primary ossification centre grows to form the diaphysis of 

the long bone. Afterwards, a secondary ossification centre develops at both ends to from the 

epiphyses; this process usually occurs at the time of birth. The last stage involves the 

formation of the articular cartilage and epiphyseal plate. The former forms the outer surface 

of the epiphyses, while the later connects the epiphyses and the diaphysis. Epiphysial plates 

are responsible for the lengthening of the long bone after birth. 

During the life of the foetus, external force is an important contributing factor to ensure the 

development of a healthy bone during various stages of formation. One major force involved 

at this stage is the amount of muscle contraction, which has been reported to affect the size 

and shape of the bone (Rodríguez et al., 1988). 
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Figure 2.2 Five stages of endochondral ossification (Marieb et al., 2016); the replacement 
of cartilage by bone 

2.3.2 Childhood stage 

After birth, in addition to the increase in the length and size of the long bones, the bones 

change in shape and composition (Scheuer et al., 2000). As mentioned in the previous section, 

the diaphysis and either one or both proximal and distal ossification centres typically form 

during pregnancy and are present at birth. This varies among individuals and the type of long 

bone, however. For example, the proximal ossification centre of the humerus is usually 

present at birth (Menees and Holly, 1932), while the distal ossification centre may not appear 

until after birth, usually between six months and two years old. In contrast to the humerus, 

the distal ossification centre of the femur is usually present at birth while the proximal 

ossification may not appear until six months later (Scheuer et al., 2000). Other contributing 

factors include the weight and size of the baby at birth (Kuhns and Finnstorm, 1976).  

On average, at birth 79% of the total length of the long bone is mineralized (mainly in the 

shaft region), while 21% is still in cartilaginous form (located at either end of the long bone) 

(Gray and Gardner, 1969). From childhood to adolescence, the ossification centres and the 

cartilaginous regions are in a continual state of growth to form the mineralized proximal and 

distal ends of the long bone. These changes, and the age at which they occur, are described 
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in an illustrative diagram of the developing femur shown in Figure 2.3. In summary, the 

proximal (mainly the proximal head) and the distal epiphysis are formed from the proximal 

and distal ossification centres, respectively. These are the primary ossification centres. Other 

secondary ossification centres appear at different ages, which will develop into the greater 

and lesser trochanter. In parallel to the development of the regions of ossification, the 

proximal and distal epiphyses fuse to create the neck and the condyles, respectively, of the 

femur.  

 

Figure 2.3 Ossification centres and cartilaginous regions of the femur during different 
stages of life, as reported in (Scheuer et al., 2000). A; appearance, F; fusion of the 
ossification centres. All numbers are in years. Black areas represent the ossification centres, 
grey areas are the cartilaginous regions, and white areas are the ossified/mineralized bone. 

The growth plates are located between the proximal and distal epiphyses and the diaphysis, 

and are responsible for facilitating bone growth (elongation). The distal part is largest and 

fastest in growth compared with the proximal part. It has been reported that the distal 

epiphysis is responsible for about 70% of the total lengthening of the bone (Ogden, 1984), 

which mostly occurs between 16 and 19 years of age in males, and 14 and 18 years of age in 

females (Hansman, 1962).   

During growth, long bones not only increase in length, but also in width and cross-sectional 

area. Figure 2.4 illustrates the shape changes at different cross-sections of the femur during 

growth. The cross-section of the mid-shaft of the diaphysis develops from a sub-circular shape 
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in childhood to a more elongated shape in the anterior-posterior direction at adulthood 

(Cowgill et al., 2010; Gosman et al., 2013; Ryan and Krovitz, 2006). These changes in shape 

are combined with an increase in size (diameters of the cross-section). The most accelerated 

changes are found during early childhood and adolescent, and are related to the changes in 

the type and magnitude of loads applied to the limb. This increase in loads is largely due to 

the changes in mobility (e.g. from crawling to walking) during the early stages of life. During 

adolescence, hormonal changes, along with the increase in body mass, are the main reasons 

behind the changes in the size and shape of the bone (Gosman et al., 2013). 

 

Figure 2.4 Cross-sectional shape changes at different locations of the diaphysis of the femur 
for five different age (years) groups (reproduced from Gosman et al., 2013). The five groups 
are: Group 1 (0-1.9), Group 2 (2-4.9), Group 3 (5-8.9), Group 4 (9-13.9), and Group 5 (14-
17.9). A is the anterior, and M the medial side of the femur. 

2.3.3 Adulthood stage 

A fully developed femur consists of three parts: the diaphysis, proximal and distal epiphyses 

(see Figure 2.5). The proximal epiphysis consists of the femoral head, and the neck that 

connects the femoral head to the greater and lesser trochanters. The region between the 

greater trochanter and the neck is called the intertrochanteric region. The diaphysis is 

represented by the shaft of the femur, and has a tear-drop shaped cross-section (Cowgill et 
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al., 2010). The distal epiphysis contains the medial and lateral condyles, which are articulated 

with the condyles of the tibia. In between the two condyles, there is a depressed area called 

the intercondylar fossa. The femoral head is located at a concave region of the pelvis called 

the acetabulum. 

Even after skeletal maturation, the bone continues to renew itself in a process called 

remodelling. Remodelling involves the replacement of existing bone with new bone. This is 

carried out by osteoclasts resorbing the bone and osteoblasts laying down new bone. An 

estimated 5% of the compact bone and 25% of the trabecular bone are replaced over the 

course of a lifetime (Martin et al., 2015). This process helps to alter the architecture of the 

bone to meet the changes in mechanical needs as well as to repair microdamage in the bone 

matrix (Hadjidakis and Androulakis, 2006). With aging, however, the absorption of bone 

exceeds the rate of formation, leading to a decrease in bone mass. This bone loss is also 

known as osteoporosis, which is discussed in the next section. 

 

Figure 2.5 Anterior (left) and posterior (right) views of a fully developed femur (Tortora and 
Grabowski, 2003) 
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2.3.4 Elderly stage 

With aging, bone becomes more fragile and less effective in load bearing. This is primarily due 

to an imbalance in resorption and formation. Both cortical and trabecular bone become 

thinner and the local mineral content (bone mineral density, BMD) decreases. The bone as a 

whole therefore becomes weaker and is known as an osteoporotic bone (see Figure 2.6). This 

change affects more women than men, especially after the menopause. In women, bone loss 

starts in their thirties and accelerates after the age of 45, while the same process begins after 

the age of 60 in men. It has been reported that the average bone loss is about 8% in women 

and 3% in men for every ten years (Tortora and Grabowski, 2003). Moreover, with aging, bone 

tends to become more brittle due to the slower synthesis of collagen fibres. All of these 

factors make the ageing bone more susceptible to fracture, and accordingly the incidence of 

osteoporotic fractures are reported to increase exponentially with age in both men and 

women (Nieves et al., 2010). 

The World Health Organization (WHO) defines the level of osteoporosis in terms of BMD and 

previous fracture histories, using what is known as the T-score. This is a measurement of how 

much the bone density is higher or lower than that of a healthy 30 years old adult (Figure 2.7). 

An individual with a score higher than -1.0 is normal, whereas a score ranging between -1.0 

and -2.5 is diagnosed as osteopenia. A T-score of less than -2.5, on the other hand, is 

diagnosed as osteoporosis, and the patient is treated. Approximately half of the patients who 

have a bone mineral density that is higher than the accepted intervention threshold (T-score 

> -2.5) will experience a hip fracture (World Health Organization, 1994).  

Hip fracture is one of the most devastating consequences associated with osteoporosis. It has 

been estimated that the lifetime risk of any osteoporotic fracture is within the range of 40ς

50% for women and 13ς22% for men (Johnell and Kanis, 2005). A recent study showed that 

the total yearly hospital costs associated with hip fracture are approximately £1.1 billion in 

the UK (Leal et al., 2015). Hip fractures are therefore one of the major public health problems 

that could lead to permanent disability among the elderly (Moyad, 2003).  
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Figure 2.6 Trabecular bone tissue of: (A) a healthy young adult; and (B) an adult with 
osteoporosis (Tortora and Grabowski, 2003). 

 

 

Figure 2.7 The definition of osteoporosis by the World Health Organization (WHO). BMC is 
the bone mineral content (World Health Organization, 1994).  
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3 LITERATURE REVIEW 

The serious consequences of bone fractures mean that it is important to enhance our 

understanding of the fracture mechanisms and to develop effective techniques to better 

predict and prevent these incidents. This chapter provides a detailed review of the literature 

on previous studies of long bone for both young children and adults; with specific highlights 

on mechanical properties, the risk of fracture and the types of fractures of the bone. 

3.1 Mechanical properties of long bone 

The mechanical characteristics of bone are a description of the response of the bone to stress. 

Generally, this is described in terms of the amount of deformation occurring under an applied 

load, the mechanism and rate at which damage accumulates in the bone, and the maximum 

loads that the bone can tolerate before failure. The behaviour of the bone is usually governed 

by two variables: material (mechanical properties) and structural (geometry). 

One of the most important properties of bone is its density, which is related to its material 

properties. Three types of bone density are usually measured in order to describe the 

mechanical properties of the bone. These are real density, apparent density and ash density. 

Real density is the wet weight divided by the real volume (which is the actual volume of bone 

tissue). Apparent density is the wet weight divided by the total volume of the sample (bone 

plus the pore spaces). Ash density, meanwhile, is the ash weight divided by the real volume.  

Bone is considered to be a brittle material (Wendlova, 2008). This means that the relationship 

between the deformation of the bone and the applied load is characterized by the elastic 

constants, which can be determined from the mechanical testing of a bone sample (e.g. under 

tension or compression). Figure 3.1 represents a typical load-deformation curve for bone. The 

elastic deformation region is represented by the linear part of the curve. The slope of that 

region represents the stiffness. The plastic deformation, meanwhile, occurs after the yield 

point (point a in Figure 3.1); this is when the bone starts to behave nonlinearly until fracture. 

Fracture occurs when the bone exceeds its ultimate load (point b in Figure 3.1). The area 

under the curve represents the work needed to cause the failure (Jee, 2001). 
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(A) 

 

(B) 

 

Figure 3.1 Load-displacement curve of (A) tension and (B) compression tests of bone. 

 The following sections discuss in detail the mechanical properties of the bone at the two 

different age groups investigated in this thesis: paediatric and adult.  

3.1.1 Mechanical properties of paediatric bone  

The mechanical properties of paediatric bone have been found to be different from adult 

bone, and this is noticeable in the mode of fracture of the bone. In contrast to adult bone, 

paediatric bone behaves like a green stick, tending to absorb more energy before fracture, 

with a considerable plastic deformation (Currey, 1979; Spencer, 1974). This is primarily due 

to the difference in mineral content (Scheuer et al., 2000), which has been found to increase 

with age (Ott, 1990). This leads to a reduction in the energy absorption by about a factor of 

three from the age of three until the age of ninety (Currey, 1979). Bone with a high 

mineralization (e.g. adult bone compared to childrenΩǎ) is stiffer and stronger (with a higher 

modulus of elasticity) with less toughness or ability to absorb energy (with less plastic 

deformation). 

Only a few studies have investigated the mechanical properties of paediatric bone tissues, the 

majority of which were conducted decades ago. The lack of recent studies in this area is 

mainly due to the difficulties in obtaining paediatric bone samples (Currey et al., 1996; Currey 

and Butler, 1975; Mueller et al., 1966; Öhman et al., 2011).  

In 1966, Mueller and his colleagues investigated changes in density and mineral composition 

of bone with age (Mueller et al., 1966). They used specimens of trabecular bone taken from 
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vertebral bodies, with an age range from new-born to 85 years old. They reported that the 

water content decreases with increasing age, whereas the ash density increases. 

Interestingly, the organic fraction remains constant with age. The increased ash density 

through life was also later confirmed by Currey and Butler (1975). They studied cortical bone 

samples taken from femora with an age range of two to 84 years old, finding that paediatric 

samples had a lower modulus of elasticity, bending strength and ash density than adult bone 

samples. On the other hand, the paediatric bones both deflected and absorbed more energy 

before failure. In addition, the study found a fair correlation between ash density and both 

the bending elastic modulus and strength (R2=0.40 and R2=0.61, respectively). In 1996, the 

same authors continued to investigate the correlation between the mechanical properties of 

bone and both ash density and age (Currey et al., 1996). This later study was conducted on 

cortical bone samples of femora between the age of four and 82 years old. The study 

concluded that around 60% of the variance in the mechanical properties (work of fracture 

and impact energy) could be explained by the age and ash density. Consequently, weak 

correlations were reported for ash content with work of fracture (R2=0.53) and impact energy 

(R2=0.52). This study was the first to provide initial evidence that the material properties are 

somehow correlated with the ash density for both paediatric and adult bones.  

In 2011, Öhman et al. investigated childrenΩs bone tissues with a hypothesis that they can be 

considered in the same way as adult bone tissue, albeit with a reduced density and material 

properties. The authors conducted a compressive test on cortical bone samples taken from 

the tibiae and femora of donors aged between four and 61 years old. The paediatric samples 

were taken from patients undergoing surgical removal of primary bone tumour. These 

samples were cut from a distance of at least 10 mm from the lesion. The adult bone samples 

were taken from healthy donors. The study found a strong correlation between the ash 

ŘŜƴǎƛǘȅ ŀƴŘ ǘƘŜ ŎƻƳǇǊŜǎǎƛǾŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ǎǘǊŜƴƎǘƘ όw2 ranged between 0.86ς0.91), 

in contrast to the weak correlation reported in previous studies. Öhman et al. (2011) related 

the improvement in their correlation to two factors: (a) the higher sample size used; only 

three out of nine subjects were under 20 years old in Currey et al. (1996), compared to 12 out 

of 24 subjects in Öhman et al. (2011); and (b) the uses of different loading conditions that 

took into account the orientations of the fibre, which was neglected in CurreȅΩǎ ǎǘǳŘȅΦ ¢ƘŜ 

orientation of fibre has been reported to be an important factor while studying the material 
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properties of the bone during mechanical test (Martin and Ishida, 1989). Öhman et al. (2011) 

therefore applied different loading conditions in the experimental setups on the tissue 

(bending and impact tests compared to bending only in CurreȅΩǎ ǎǘǳŘȅύΣ ǘƘŜȅ showed that the 

good correlations reported in adult human bone can be extended to describe childǊŜƴΩǎ bone 

tissues.  

These studies indicate that paediatric bone tissue has lower compressive stiffness and 

strength compared to adult bone. In addition, paediatric bone undergoes larger deformation 

and absorbs more energy before fracture, thus exhibiting typical green stick fracture 

behaviour. Although limited, existing evidence therefore shows that the mechanical 

properties of child bone tissues are indeed correlated with ash density.  

3.1.2 Mechanical properties of adult bone   

In contrast to paediatric bone tissue, the mechanical properties of adult bone have been 

widely investigated by many researchers.  

Bone is often considered as a composite material. The trabecular bone is anisotropic and 

nonhomogeneous, while the cortical bone is linear elastic, isotropic in the transverse 

direction, and relativity homogeneous. Mechanical testing showed that the fracture load of 

bone in compression is higher than in tension, and that the material properties are generally 

higher in cortical bone than in trabecular bone (e.g. elastic modulus and yield stress) 

(Bayraktar et al., 2004; Kaneko et al., 2003; Turner et al., 1999; Zysset et al., 1999). Table 3.1 

shows different mechanical properties of cortical and trabecular bones measured 

experimentally using specimens of femora (note that the femur is the most typical long bone 

used to investigate the properties of human bone). The cortical bone is stiffer than trabecular 

bone, but it can sustain less strain and more stress before failing. In vivo, trabecular bone is 

able to sustain 75% strain before failure, while cortical bone fails when the strain exceeds 2%. 

This is largely due to trabecular bone having a greater porosity than cortical bone, so that it 

can store more energy (Pal, 2014).  

External loads also affect the structure of the bone and vice versa. Bone is subjected to daily 

loads, and it adapts its mechanical strength accordingly. For example, in the proximal part of 

the femur, the shape of the cross-section of the femoral neck is more rounded at the femoral 
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head where high compressive stresses are located, whereas it is more elliptical at the neck-

shaft connection where high bending stresses are located (Zebaze et al., 2005). 

Table 3.1 Mechanical properties of cortical and trabecular bone (mean ± SD) as measured 
experimentally in the literature  

 

Reference Specimen site Specimen E (GPa) ʎ  (MPa) ʎ  (MPa) 

(Bayraktar et al., 2004) Diaphysis Cortical 19.9±1.8 (n=74) 107.9±12.3 (n=6) N/A 

Neck Trabecular 18.0±2.8 (n=12) 84.9±11.2 (n=6) 135.3±34.3(n=6) 

(Kaneko et al., 2003) - Cortical - - - 

Diaphysis Trabecular 22.7±1.7 (n=16) 83.9±8.8 (n=7) 153.0±16.5 (n=7) 
(Turner et al., 1999) Diaphysis Cortical 20.0±0.3 (n=60) N/A N/A 

Distal end Trabecular 18.1±1.7 (n=30) N/A N/A 

(Zysset et al., 1999) Diaphysis Cortical 19.1±5.4 (n=8) N/A N/A 

 Neck Trabecular 11.4±5.6 (n=8) N/A N/A 

9 ȅƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 
ʎ  Yield stress in tension 

ʎ  Yield stress in compression 

n number of samples 
N/A not applicable 
 

Verhulp et al. (2008) showed that during a fall the highest strain occurs in the cortex of the 

femoral neck, with the highest compressive strains observed in the superior region and tensile 

strains observed in the superior region, as shown in Figure 3.2. This is reflected by having 

thinner cortical bone at the inferior aspect of the femoral neck than in the inferior region. 

With ageing, however, cortical bone in the superior region of the femoral neck becomes even 

thinner (Boyce & Bloebaum 1993; Mayhew et al. 2005). 

Ageing is the single dominant factor leading to changes in the material and mechanical 

properties of the bone, as described in Section 2.3.4. It has been reported that the strength, 

modulus of elasticity and density of bone in younger adults is substantially higher than in older 

ones (Evans, 1976). Verhulp et al. (2008) reported that when applying loads to osteoporotic 

bone, a 61% less force was required to reach similar strains compared with healthy bones. 

Lotz et al. (1995), meanwhile, reported that for osteoporotic femurs, a similar stress 

distribution to a healthy femur can only be found with a significant change in the magnitude 

of the stress. 
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(A) 

 

(B) 

 

Figure 3.2 Distribution of the principal strains (e1 and e3) in (A) healthy, and (B) 
osteoporotic adult proximal femur. Reproduced from Verhulp et al. (2008). 

3.2 Risk of fracture  

3.2.1 Risk in children  

The incidence of bone fractures in children increases with age (Rennie et al., 2007), peaking 

in the toddler age group. Falling is the major cause of injury (Loder et al., 2006; Thomas et al., 

1991). It has been estimated that bone fractures account for 25% of all paediatric injuries 

(Cooper et al. 2004).  In infants and toddlers, fractures can occur because of accidental or 

non-accidental (abusive) trauma. In infants, between 25% and 50% of all bone fractures are 

caused by inflicted injuries (Pierce et al., 2004). Fractures of the long bones are seen as the 

most common orthopaedic incidents in infants and very young children. 

Among all bone fractures, fractures of the extremities account for 31-76% of all inflicted 

fractures (Caffey, 1946; King et al., 1988; Loder et al., 2006; Worlock et al., 1986). Femoral 

shaft fractures alone accounts for 28-45% of all long bone fractures in children (King et al., 

1988; Loder and Bookout, 1991). Some studies believe that humeral fractures are highly 

associated with child abuse at an incidence of 46-78% (Merten et al., 1983; Thomas et al., 

1991; Worlock et al., 1986).  

Child abuse is a major social issue with serious consequences for the affected children and 

their families (Jayakumar et al. 2010). Children younger than two years old cannot 

communicate effectively, which makes them particularly vulnerable to abusive behaviours 
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(Carty 1997; Loder et al. 2006). The consequence of misdiagnosed child abuse case can be 

devastating, sometimes leading to subsequent abuse and the death of a child. The long term 

effects of children living in an abusive environment include inhibited physical growth, and 

intellectual and emotional development (Jayakumar et al., 2010). On the other hand, a 

wrongful claim of child abuse made against innocent families may lead to the unjust 

separation of the child from his/her own family (Kowal-Vern et al., 1992; Pierce and Bertocci, 

2008). The diagnosis of inflicted injury is not always straightforward and relies heavily on the 

clinical experience and judgement. Abusive injuries make up 49% of all injury admissions of 

children younger than one year old (Leventhal, 1999), yet despite improvements in the clinical 

identification of inflicted injuries, the identification of such injuries using current technology 

remains challenging.  

3.2.2 Risk in Adult 

Hip fractures are one of the most common injuries in elderly people, mostly associated with 

osteoporosis combined with minor trauma. According to the International Osteoporosis 

Foundation (IOF), among people who survive surgical interventions for an osteoporotic hip 

fracture, only one-third are restored to their former physical status Within the UK, around 

75,000 people suffer from hip fracture and by 2050 this number is expected to double (Parker 

and Johansen, 2006). 

In the elderly, the lifetime risk of osteoporotic hip fracture is potentially high. IOF suggests 

that one-third of people over 65 have a fall each year. One of the serious complications of a 

fall is hip fracture. It has been reported that 90% of hip fractures result from falls (Hayes et 

al., 1993), and women are at higher risk than men. The risk of hip fracture is reported to be 

within the range of 40ς50% in women, compared to 13ς22% for men (Johnell and Kanis, 

2005). The majority of hip fractures in elderly patients are associated with low impact energy.  

3.3 Classification of bone fractures  

In children, fracture of the shaft (of the long bone) is commonly seen in inflicted injuries. In 

elderly patients, fracture of the proximal part of the femur (hip fracture) is the most common 

osteoporosis-linked fracture associated with falls. The next two sections will therefore focus 

on describing the classification of these particular fractures.  
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3.3.1 Classification of long bone fractures in children 

CǊŀŎǘǳǊŜǎ ƛƴ ŎƘƛƭŘǊŜƴΩǎ ƭƻƴƎ ōƻƴŜs can be classified in several ways according to the 

anatomical location of the fracture, the pattern of the fracture, and the complexity of the 

fracture. Usually, fractures of the shaft are classified according to the patterns of the fracture. 

The common types of long bone fractures are spiral, oblique, buckle and transverse fractures 

(see Figure 3.3). Sometimes, a more complex pattern can be present, however, such as a 

combination of some or all of these fractures. Among these fracture types, spiral fracture is 

the most common in young children (King et al., 1988; Rex and Kay, 2000), although the rest 

are also frequently presented in children (King et al., 1988; Loder et al., 2006; Worlock et al., 

1986). 

(A) Spiral fracture (B) Buckle fracture (C)Transverse fracture (D)Oblique fracture (E)metaphyseal fracture 

     

Figure 3.3 Various fracture patterns of long bone in children. Reproduced from Pierce et al. 

(2004).  

The pattern of fracture is highly associated with the applied load. Spiral fracture is typically 

observed at the mid shaft. This type of fracture usually occurs under a torsional load applied 

along the longitudinal direction of the long bone, where one side of the bone is subjected to 

compressive stresses while the other side undergoes tensile stresses (Pierce and Bertocci, 

2008; Turner and Burr, 1993). This has been confirmed experimentally using human cadaveric 

long bones (Kress et al., 1995). A study conducted by Pierce et al. (2000) on femurs of piglets, 

however, failed to generate consistent spiral fractures under torsion. The authors suggested 

that the reasons of this might be the absence of the periosteum during the experiment, or 

the difficulty in generating this type of fracture in a short bone such as that of a piglet femur.  

However, this brings some doubts to the suggested mechanism for spiral bones.  

Buckle fractures occur under a compressive load transmitted axially to the long bone. This 

type of fracture normally occurs at the proximal or distal third of the bone, and close to or at 

the metaphyseal regions (Pierce et al., 2004). In transverse fracture, the fracture appears 






















































































































































































































































