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Chapter 1 
General introduction 

1.1 Introduction 

T!1~ sod,ety which-scorns e:xcelienGe:in,plumbing PeC,~,lJse plumbing is 
. a humble activity and allows shoddiness in philosophy because jtis an 

exalted activity. will have neither good plumbing nor good 
philosophy. Nei.ther its pipesnor its theories will hold water 

To Ambroise Pare (1510-1590), the famous French surgeon, credit is given for 
first recognizing a fracture of the femoral neck I,'. A second step into 
understanding the pathology of the broken hip was taken by Sir Astley 
Paston Cooper (1768-1841), as he was the first to underline the importance of 
the vascularization of the femoral head, describing what is now known as 
avascular necrosis 3, 

Until the 1930's, methods of treatment for hip fractures were mainly 
conservative. This changed when Smith-Peterson of Boston developed a 
special nail that could be inserted surgically, thus keeping fracture fragments 
together '. Surgical results improved mainly by the brilliant work of Jolm 
Charnley (1911-1982) in England '. His work was followed by the 
development of numerous devices up to the point where the total joint, 
including the socket, could be replaced 1M'. 

The earliest reported case of an osteoporotic hip fracture, is that of a XII" 
dynasty (1990 BC) Egyptian female IS. Using the Hamann-Todd collection, a 
collection of 936 skeletons collected between 1910 and 1940, it was possible to 
calculate the annual hip fracture incidence per 100.000 subjects 16. The 
fracture incidence (583 hip fractures per 100,000) of Caucasian female 
skeletons showed remarkable similarities with an equivalent modern day 
population (531 hip fractures per 100.000) as reported by Farmer et al. ". 
This dissertation focusses on those fractures which are located at the 
proximal femur. In every day practice these fractures are called 'hip 
fractures'. Therefore this nomenclature will be used in this dissertation. The 
risk of hip fracture is related to gender; females being more susceptible to hip 
fractures than man, race, Caucasians being more susceptible than Negroids 
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but less then Asians, and age as bone mineral density (BMD), a predictor for 
hip fracture, decreases steadily with ageing 1~3'. In 1994, osteoporosis was 
defined by the World Health Organization (WHO) as 'a disease characterised 
by low bone mass and micro-architectural deterioration of bone tissue, 
leading to enhanced bone fragility and a consequent increase in fracture risk' 
"', In combination with an increased risk in elderly people for falling, the risk 
£01' a hip fracture increases with age 29,35,36, Research has shown that a 
Caucasian female, 50 years of age, has a lifetime risk of sustaining a hip 
fracture of about 17 % and that over 90% of all hip fractures occur in 
Caucasian women aged 70 years and over 26,29,37-46, In 1990 there were an 
estimated 1,66 million osteoporosis related hip fractures worldwide, over 
50% of these occurring in Western Europe and North America ", With the 
increasing number of elderly in Asia, Latin America and the Middle East, 
70% of the expected 6,26 million hip fractures in the year 2050 al'e estimated 
to occur in those regions 29, 

Although, the therapy of the broken hip has improved dramatically in recent 
years it still carries a high degree of morbidity and mortality in an elderly 
population, Research has shown the mortality to be around 25 - 27% and the 
morbidity to be about 30%, the latter being higher in northern regions of the 
western hemisphere 20,.34,4-1,47-53, The major concomitant causes of death in 
patients with hip fractures are bronchopneumonia (46%), cardiac failure/ 
myocardial infarction (23%) and pulmonary embolism (14%) >t, Eiskjrer et al. 
calculated that the expected potential loss of life years amounted to 9,2 years, 
a low estimate, since only 5-20% of all deaths after hip fracture are classified 
as caused by hip fractures ", 

Osteoporosis related hip fractures are a severe economic burden to society 56-

5'. Melton III estimated the cost of osteoporotic hip fractures at $8 billion per 
year in the early 90's in the Unites States ", In 1993 the total cost for hip 
fractures in the Netherlands amounted to 362 million Dutch guilders 60, 

Randell et al. reported the total cost for each hip fracture to be approximately 
16,000 Australian dollars ", These costs arise, among others, from hospitali­
sation and the increased dependency of the elderly after hip fracture 21,53,62, 

Radiology plays an important role in the early detection of osteoporosis 39,63-

", However, a radiologist will detect osteoporosis only if the loss in BMD is 
at least 30% 68,,,, Therefore, in the last decades, special techniques for early 
detection of osteoporosis have been developed, The most important of these 
techniques are: radiogranunetry, quantitative radiography, dual-energy x­
ray absorptiometry (see chapter 4), quantitative computed tomography (see 
chapter 5) and quantitative ultrasound 7().ss, 

Although considerable time and effort has been devoted to studies aimed at 
detection, prevention and treatment of hip fractures, relatively little is known 
about the biomechanical aspects of hip fractures, Many studies assume that a 
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fall from standing height is a minor trauma compared to high velocity 
traumas such as motoring accidents and falls from great heights 89. Until 
now, only a few stndies correlate the kinetic energy available during a fall 
with the relevant radiological parameters and the type, i.e. localization and 
appearance of the fractnre. 

1.2 Anatomy of bone 

This paragraph gives a brief description of the function and anatomy of bone. 
For further details the reader is referred to Kaplan's 'Osteoporosis' and 
Junqueira's 'Basic histology' 90.91. 

Bone does not only provide strength and rigidity to the skeleton but it also 
functions as a major reservoir of amongst others, calcium and phosphor. It is 
a highly vascularized and mineralized connective tissue composed of organic 
(30%), e.g. collagen and mucopolysacharids, and inorganic components 
(70%), e.g. hydroxyapatite "'. 

Mature bone can be classified into two groups, viz. cortical or compact and 
trabecular or cancellous bone (figure 1.1) 91.92. Cortical bone, about 80% of the 
total amount of bone, is found on the periphery of bones surrounding 
trabecular bone and marrow. It is capable of withstanding considerable 
amounts of bending moment and torque. Cortical bone is composed of 
Haversian systems, cylindrical units, running parallel to the outer surface of 
the bone. The centre of each Haversian system contains a neurovascular 
bundle. This bundle is surrounded by concentric layers of bony tissue. The 
Haversian systems are intercoIUlected by means of the Volkmann canals or 
canaliculi. Trabecular bone, a sponge-like structure, is located in the cenh'e of 
bones, especially in the vertebrae, pelvis, flat bones and at the ends of long 

bones. Trabecular bone compared to cortical 
bone has a high surface area to volume ratio 
and is metabolically more active. 

Three important types of bone cells can be 
distinguished: osteoblasts, osteoclasts and 
osteocytes 91. Osteoblasts, are found at the site 

Figure 1.1 - Schematic representation of the 
anatomy of bone 

1. Cortical bone 
2. Trabecular bone 
3. Outer circumferential lamellae 
4. Inner circumferential lamellae 
5. Haversian canal 
6. Interstitial lamellae 
7. Volkmans's canal 
8. Trabeculae 
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Figure 1.2 - Schematic representation of bone remodelling 

A. 

B. 

c. 
D. 

Quiescent bone surface. E. Differentiation of osteoblasts within 
Activation of bone resorption by the the resorption cavity. 
attraction of osteoclasts. F. Onset of matrix synthesis. 
Creation of a resorption cavity. G. Completion of matrix synthesis. 
Smoothing of the cavity. H. Completion of bone remodelling. 

of bone remodelling and/ or bone formation. They are capable of secreting 
type-i-collagen, glycoproteins, and minor amounts of proteoglycans thus 
forming bone. Just underneath this layer of cells new, non-calcified, bone 
'osteoid' can be observed. Osteodasts are responsible for the resorption of 
bone and cartilage. They can be found in shallow excavations, known as 
Howship's lacunae, where bone resorption occurs. Finally, osteocytes are 
cells derived from osteoblasts, 'they result from osteoblasts "self-entombing" 
themselves by their own bone matrix secreting activity' (Stevenson, J., An 
atlas of osteoporosis)". 

Remodelling of bone consists of six stages (figure 1.2) OJ. The first visible 
stage is the attraction of osteodasts to the bone surface, this stage is called 
activation. This phase is followed by the resorption phase, during this phase 
the osteoclasts excavate an erosion of approximately 40-60 m in about 4-12 
days. Thereafter, the multi-nucleated osteoclasts are replaced by 
mononuclear cells which are capable of smoothing the cavity. in the next 7-10 
days a layer of cement, rich in proteoglycans, glycoproteins and acid 
phosphatase, is deposited. This phase, the time interval between osteoclastic 
and osteoblastic activity, is known as reversal. The next step is called the 
coupling phase, in which osteoblasts are ath'acted to the eroded surface. The 
osteoblasts form a sheet of cells within the resorption cavity and synthesize 
layers of osteoid matrix containing non-mineralized bone matrix. This phase 
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is known as formation. After a few days the newly deposited mah'ix 
undergoes mineralization. When this phase is completed the osteoblast 
become inactive completing the remodelling sequence. This sequence of 
activation, resorption, reversal, coupling, formation and mineralization 
occurs, at anyone time, only at approximately 10% of the bone surface. 

1.3 Anatomy of the hip joint 

In this paragraph, a brief description of the skeletal anatomy of the hip is 
given 94.". The hip joint is a typical example of a ball-and-socket joint, the 
acetabulum forming the socket and the caput femoris the ball (figure 1.3a 
and 1.3b)". This type of joint combines stability, in all normal positions, with 
a good range of movement. 

Figure 1.3a, 1.3b - Plastinated slice of the pelvic region (a) and corresponding drawing (b). 
Explanation of the numbers in figure 1.3b. 

I.Vertebra lumbalis V 
2.Vertebra sacralis I 
3.0s ilium 
4.Acetabular lip 
5.Crista iliaca 
6.Fossa acetabuli 
7.0s ischium 
8.Caput femoris 
9.Collum femoris 

IO.Trochanter major 
II.Trochanter minor 
12.Corpus femoris 
13.0iscus intervertebralis 
14.M. psoas major 
15.M. iliacus 
16.M. obliquus internus abdominis 
17.M. glutaeus minimus 
18.M. glutaeus medius 
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19.M. obturatorius internus 
20.M. rectus femoris 
21.M. obturatorius externus 
22.M. adductor longus 
23.Zona orbicularis 
24.Uterus 
25.A. iliaca communis 
26.A. iliaca interna 
27.Skin 
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figure 1.4 - Internal architecture of the proximal femur 

I.Principal compressive group 
2.Secondary compressive group 
3.Principal tensile group 
4.Trochanter major group 
5.Ward's triangle 

The acetabulum, named after a Roman 
vinegar (acetic acid) cup, is formed by the 
as ilium, as ischium and as pubis. It is 
positioned on the anterior-inferior lateral 
side of the pelvis. 

The hmer aspect of the acetabulum is 
partially covered by a horse-shoe shaped 
hyaline cartilage articular surface, the 
facies lunata. The non-articular area is 
known as fossa acetabulum. Due to this construction, the femoral head only 
makes contact with a relatively small area of the acetabulum. The 
acetabulum protrudes slightly from the pelvis, forming a rim. The aperture, 
on the anterior inferior side of this rim, is called the acetabular notch. 
The femur is the longest bone in the human body, varying from one-fourth to 
one-third of the total body length. It can be divided into three parts; the 
proximal femur, the femoral shaft and the distal femur. 

The proximal femur consists of the head, the neck and two h·ochanters. The 
head is covered with hyaline cartilage and forms a halve sphere. In the centre 
of the head lies the fovea, to which the ligamentum capitis femoris is 
attached. Embedded in this ligament runs the obturator artery which 
provides the blood supply for a part of the femoral head. 

Looking at the proximal femur it is noted that the neck of the femur deviates 
anteriorly from the coronal plane. This is called anteversion (about 15° in the 
adult but it can be larger in childhood). Furthermore, the axes of the neck 
and of the shaft form an angle of inclination, of about 125°. When this angle 
is diminished «125°) one speaks of' coxa vara', if on the other hand the angle 
is increased (>125°) one speaks of 'coxa valga' 1,9.1,95,97-99. 

The internal architecture of the proximal femur is characterized by a distinct 
trabecular pattern (figure 1.4). This pattern consists of columnar groups of 
trabecular bone. It is commonly accepted that these columns act like struts 
and give the proximal femur its strength 100-102. 
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1.4 Aim of the study 

In light of the rapidly increasing global problem of osteoporotic fractures, as 
mentioned in paragraph 1.1, the selection of persons at high risk for hip 
fracture is becoming more and more inlportant. Early detection of increased 
fracture risk enables the medical society to intervene at an emly stage} either 
by medical intervention or by defining a set of rules to live by in order to 
reduce the risk of falling. In 1994 a WHO study group stated that 'The risk of 
fracture worldwide may be only partly explained by differences in bone 
density between communities. Data describing the relationship betvveen 
fracture risk in specific sites and the distribution of BMD are required to 
clarify this' ". 

One may postulate that in order to predict a hip fracture the basic mechanics 
of fracture must at least be understood. In order to gain more knowledge of 
the mechanlcs of fracture and the relation with radiological parameters a 
cadaver based study is undertaken. The aim of this study is to find the 
answers to the following questions: 
1. What are the mechanics of a hip fracture? 
2. Can we design a model that simulates falls leading to fractures of the 

hip? 
3. Can we assess the strength of the proximal femur with radiographic 

and densitonleh'lc procedures? 

1.5 Outline of the study 

After the introduction, tlus dissertation is divided into two main sections: a 
radiological and a biomechanical section. The radiological section consists of 
four chapters: 

In chapter two we discuss the diagnosis and classification of proximal 
felnur fractures. 
Chapter three describes conventional and direct magnification (DIMA) 
radiography and the measurements obtained with these techniques. 
Chapter four describes dual-energy X-ray absorptiometry (DXA) and 
all subsequent measurements made with this technique. 
Chapter five discusses the basics of quantitative computed tomography 
(QCT) and the measurements resulting from this technique. 

The biomechanical section consists of four chapters: 

Chapter six discusses the basic biomechanical tenus and formulas, 
focussing on biomechanics of the hip. 
In chapter seven we present a device, designed to produce fractures in a 
realistic way. Furthermore, the theory behind this design is discussed. 
Chapter eight presents the correlation between geometrical, 
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densitometric and biomechanical data obtained, the latter with the new 
device. 
Chapter nine presents the correlation between geometrical, 
densitometric and biomechanical data obtained, now obtained by a 
previously published semi-static method. 

This dissertation will be concluded by a chapter in which the presented data 
will be analysed and conclusions will be drawn (chapter 10). 
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Chapter 2 
Classification of hip fractures 

We come ;ntotheworl~ under thet)(ill).ol the pelY;s 
and go out by then"ok 6f the ·femui. 

2.1 Introduction 

Radiology plays an important role in today's medical care. It has become an 
indispensable tool in assessing the extent of trauma and/ or disease. For the 
systematic description and comparison of nature and the type of hip 
fractures a number of classifications} most of them based on radiography, are 
used I-II, 

The need for classification is twofold. First of all, clinicians want to use it as a 
tool to determine the best therapy for any given fracture and to predict the 
outcome of this therapy. Secondly, researchers need a classification to 
describe fractures in order to compare them with fractures previously 
described in the literature 10,12.16, 

For a classification system to be acceptable for clinicians it should be fairly 
easy to use in every day practice. On the other hand, a classification system 
for researchers must be comprehensive and unambiguous. For clinical 
research a match of both would be perfect. 

Since nearly all osteoporosis related hip fractures are those of the femoral 
neck (~ 48%, d' 46%) and the trochanteric area (~ 44%, d' 47%), only the 
classification of these groups of fractures will be discussed 17. 

2.2 Classification of hip fractures: a review 

Historically fractures of the hip were described according to their anatomical 
position i.e. subcapital, transcervical, basal nec~ trochanteric, and 
subtrochanteric or according to their relation with the joint capsule i.e. intra­
and extracapsular n I5,18-20, Because of the improved surgical procedures and 
the ability to treat complicated fractures, more elaborate descriptions of 
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fractures me needed. Descriptions should not only comprise the anatomical 
position of the fracture, as described above, but also include specific 
denominators, such as the angle or the degree of comminution. This makes a 
more specific classification of hip fractures possible. There are numerous 
ways to describe hip fractures, most of them are based on (a) the anatomical 
position of the fracture, (b) the angle of the fracture, and (c) the displacement 
of fracture fragments 7.21. The classifications will be described in two sections: 
felnora! neck and trochanteric fractures. This differentiation is made since 
these two fracture locations require specific treahnent and occur in different 
age groups. Research has shown that mTIong Caucasian women below the 
age of 70 years, femoral neck fractures were more common, whereas in older 
WOlnen trochanteric fractures predominated. This difference was not found 
in a group of Caucasian nlen :u.23. 

2.2.1 Femoral neck fractures 

The oldest form of classification of fractures of the femoral neck is based on 
anatomical location i.e. s~bcapital and transcervical 21,24, The first more 
elaborate method of classification used for femoral neck fractures was that of 
Pauwels. He proposed to describe the fractures according to the inclination 
angle between the fracture line and the horizontal, as measured on an 
anterior posterior (AP) radiograph '.1'21,25-27. Pauwels claimed that the angle of 
inclination coincided with the percentage of non-union. He discerned three 
types of femoral neck fractures. The rate of non-union increases from less 
then 10% in type I to 90% in type III (figures 1-3, appendix 2-A): 

I. An angle of inclination of 30°. 
II. An angle of inclination of 50°. 
III. An angle of inclination of 70°. 

In the classification according to Pauwels, a fracture is described in two 
dimensions even though a fracture is three-dimensional. Therefore, Kahl 
proposed an additional lateral radiograph in combination with the AP 
radiograph, in order to obtain a three-dimensional representation of the 
fracture ". In this modification each Pauwels type is subdivided into three 
separate groups depending on the lateral aspect of the fracture (figures 4-12, 
appendix A): KI transverse fracture line, KII oblique fracture line and KIll 
conuninuted fracture. In combination with the classification according to 
Pauwels tltis results in 9 fracture types: PIKI, PIKII, PIKIII, PIIKI, etcetera 
(figures 4-12, appendix 2-A). 

Garden proposed a different classification based on the degree of 
displacement '. This resulted in four fracture types (figures 13-16, appendix 
2-A): 
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I. Incomplete impacted fracture. 
II. Complete fractures without displacement. 
III. Complete fractures partially displaced, the two fragments retaining 

contact with each other. 
IV. Complete fractures with complete displacement. 

The most recent classification is developed by the Swiss' Arbeitsgemeinschaft 
fUr Osteosynthesefragen' (AO). This classification can be used to describe 
fractures of all long bones 7,12,14,16,28, Basically the AO classification codes each 
bone with a number and is then subdivided into, usually three, numbered 
segments. The first two digits represent the affected segment of a long bone .. 
The segments are each divided into three sub-segments, which are each sub­
classified into three groups, and then again into three subgroups. The AO 
classification is capable of classifying 783 different types of fractures, of 
which 39 are related to the proximal femur. 

In the AO classification, the femur is given the number 3, the proximal part 
of the femur number 1, resulting in 31 for the proximal femur. The neck is 
given the digit B resulting in 31.B for the femoral neck. A further division is 
then made: 1. subcapital with slight displacement, 2. transcervical, and 3. 
subcapital with marked displacement. Finally the classification is completed 
by dividing these groups into three subgroups each (figures 17-25, appendix 
2-A): 

31.B1 . 1 
. 2 
.3 

31.B2 . 1 
. 2 
. 3 

31.B3 . 1 
.2 

.3 

Impacted in valgus 15° . 
Impacted in valgus < 15 0 • 

Non-impacted . 
Basicervical. 
Midcervical adduction . 
Midcervical shear . 
Moderate displacement in varus and external rotanon . 
Moderate displacement with vertical translation and external 
rotation. 
Marked displacement. 

If a femoral neck fracture cmmot be assigned to any of the above mentioned 
groups, it must be coded as 31.01 (unclassifiable) and described in full. 

2.2.2 Trochanteric fractures 

Historically trochanteric fractures are divided into two classes: stable and 
unstable fractures 21.". In 1949 Boyd and Griffin published a classification for 
intertrochanteric fractures, based on the relative ease Of difficulty in securing 
and maintaining reduction. Four types were defined 1,21,30 (figures 26-29, 
appendix 2-A): 
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I. Fractures showing a more 01' less linear break extending along the 
general direction of the intertrochanteric line from major to minor 
trochanter. The reduction usually is simple and maintained with 
minimal difficulty. 

II. Fractures that are comminuted, with the main line of fracture along the 
intertrochanteric line! but with multiple cracks occurring in the cortex. 
Reduction is more difficult than in type I. 

III. Fractures that are essentially subtrochanteric, with at least one fracture 
line passing across the upper end of the shaft just below 01' in the region 
of the trochanter minor. Various degrees of comminution can be 
present with this type. Gaining and maintaining reduction generally is 
much more complicated. 

IV. Comminuted fractures that extend through the trochanteric region and 
usually into the femoral shaft, with fracture lines in at least two planes. 
These fractures require two plane fixation. 

Tronzo and coworkers modified this classification in 1973. They divided type 
III into two separate types thereby creating five fracture types 6.'"': 

IlIa. Comminuted fractures involving the upper end of the femoral shaft 
with a large fragment of the trochanter minor. 

II1b. Like type IlIa, but the h'ochanter major also shows a comminuted 
fracture. 

Kyle and coworkers modified Boyd's classification again in 1979 ". In their 
classification there are four fracture types (figures 30-33, appendix 2-A): 

I. Stable undisplaced fractures along the interh'ochanteric line. 
II. Stable varus displaced fractures along the intertrochanteric line with a 

fracture of the trochanter minor. 
III. Unstable varus displaced fractures with posterior medial conuninution 

and involvement of the trochanter major. 
IV. Unstable displaced posterior medial comminuted inter- subh'ochanteric 

fractures with a fracture of the h'ochanter major. 

Evans proposed a more simple classification, based on the stability of the 
fracture 3.21,33;>1. His classification consisted of five types of fractures (figures 
34-38, appendix 2-A): 

I. Non-displaced two fragmentary fracture. 
II. Displaced fragmentary fracture. 
III. Three fragmentary fracture without posterolateral support due to 

dislocation of a trochanter major fragment. 
IV. Three fragmentary fracture without medial support due to dislocation 

of the lesser trochanter. 
V. Four fragmentary fracture without medial and posterolateral support. 

This is in fact a combination of type III and IV. 
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These fractures may also be classified using the AO classification '"'. The 
trochanteric area, delimited cranially by the intertrochanteric line and lower 
edge of the lesser h'ochanter caudally, is coded 31.A. A further division into 
tlU'ee groups is than made: 1. pertrochanteric simple, 2. pertrochanteric multi 
fragmentary, and 3. intertrochanteric. The classification is completed by 
dividing each group into three subgroups (figures 39-47, appendix 2-A): 

31.A1 .1 Along the intertrochanteric line. 
.2 Through the trochanter major . 
. 3 Below the lesser trochanter . 

31.A2 . 1 With one intermediate fragment. 
.2 With several intermediate fragments . 
. 3 Extending more than one cm. below the lesser trochanter . 

31.A3 . 1 Simple, oblique. 
.2 Simple, transverse . 
. 3 Multi fragmentary. 

2.3 Discussion 

Clinicians and researchers have different needs with regard to the 
classification of femoral neck fractures. One of the major problelns with most 
classifications is that they are designed only to describe a small proportion of 
all fractures possible. For clinicians, a relatively simple classification will 
suffice, since they are mainly interested in individual cases. Researchers on 
the other hand have a need to compare different studies. This requires 
classification of large groups of different fractures, preferably along the lines 
of a comprehensive classification system. 
In this study it we choose to classify all fractures according to the AO 
classification '. The rationale for this decision is twofold. In the first place the 
AO presents a systematic classification, coded with five digits/letters, with in 
theory less foom for inter-observer variability. Second, it is the most 
complete classification system at the moment. However, we recognize that 
the AO classification is not widely accepted by clinicians, mainly because of 
the complexity of this system. 
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Appendix 2A 
Fractures illustrated 

Pauwels classification'll 

Figure 1: Type 1 Figure 2: Type 2 

Pauwel's - Kahl classification 26 
,---------, 

Figure 4: Type PIK1 Figure 5: Type PIK2 

Figure 7: Type P2K1 Figure 8: Type P2K2 

Figure 3: Type 3 

Figure 6: Type PIK3 

Figure 9: Type P2K3 
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Figure 10: Type P3Kl Figure 11: Type P3K2 Figure 12: Type P3K3 

Garden's classification 5 

Figure 13: Type 1 Figure 14: Type 2 Figure 15: Type 3 

Figure 16: Type 4 
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AO classification 7 

Figure 17: Type 31B11 Figure 18: Type 31B12 Figure 19: Type 31B13 

Figure 20: Type 31B21 Figure 21: Type 31B22 Figure 22: Type 31B23 

Figure 23: Type 31B31 Figure 24: Type 31B32 Figure 25: Type 31B33 
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Boyd's classification 1 

Figure 26: Type 1 Figure 27: Type 2 Figure 28: Type 3 

Figure 29: Type 4 

Kyle's classification 32 

Figure 30: Type 1 Figure 31: Type 2 Figure 32: Type 3 
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Figure 33: Type 4 

Evans's classification, modified by Jensen M 

Figure 34: Type 1 Figure 35: Type 2 Figure 36: Type 3 

Figure 37: Type 4 Figure 38: Type 5 

Nf.RADIOLOGICAl STRENGTH ASSESSMENT OF THE PROXIMAL FEMUR. 



AO classification 7 

Figure 39: Type 31All Figure 40: Type 31A12 Figure 41: Type 31A13 

Figure 42: Type 31A21 Figure 43: Type 31A22 Figure 44: Type 31A23 

Figure 45: Type 31A31 Figure 46: Type 31A32 Figure 47: Type 31A33 
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Chapter 3 
Measurement of femoral geometry: Conventional 
versus direct magnification radiography 

3.1 Introduction 

Und'Hans Castorp sah, was zu sehen er hatte,etwarten,mUssen, was 
abeT eigentlich dem Menschen zu sehen nicht be,stimmt _ist und wovon 
auch er niemals gedacht hatte, dal3lhm pe,stimmt.sein konne, es zu 

sehen: ar sah in sein eigenes,Grab. 

Since its discovery by Wilhelm Conrad Rontgen on November 8th 1895, the 
use of X-rays has become widespread in medicine 1~. X-rays are 
electromagnetic waves, of a certain wavelength range (1.. ~ 0.01-5.10.10 m), 
generated by electrons sh'iking a solid target, thereby forming photons '.If 
such an X-ray beam impinges on an object, part of the photons will be 
scattered on the surface, and will therefore not be visualized. The part 
penetrating, will be subject to scatter and absorption, the degree of both 
being characteristic for the medimn. After leaving the object, the remaining 
photons can be visualized using either a fluorescent screen, a X-ray film or 
other photon detectors. The thus created image is the result of the 
attenuation and scatter of photons and is called a photon attenuation map. 
Photon interactions can be described using two relatively simple parameters: 
scatter and absorption. Both processes decrease the intensity of the radiation. 
At high voltages scatter is the prime interaction where at lower voltages 
absorption is the main interaction. 

The attenuation of photons depends on the composition and thickness of the 
material under consideration. For a homogeneous material this can be 
described using equation 3.1 6.'. 

eq 3.1 

Wbere It equals the transmitted intensity (flSV), Io equals the incident 
intensity (f'SV), equals the linear attenuation coefficient (m·I ), and d equals 
the thickness of the object (m). 
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Figure 3.1 • Penumbra (geometric unsharpness) 

FOD = focus object distance 
FFD = focus film distance 
OB = object size 
1M = image size 

Since an X-ray beam is a divergent 
beam each iInage is Inagnified to a 
certain extend (figure 3.1). The 
amount of magnification can be 
easily calculated using 
equation 3.2 8,9, 

eq 3.2 IM=FFD.OB 
FOD 

) 
NON·POINT SOURCE 

fOD 

I 

1 
fPD 

Where IM=image, FFD=focus film distance, OB=object size and FOD=focus 
object distance. 

Magnification introduces some distortion and a relative unsharpness of the 
image. Distortion is inherent to the tluee-diInensional sh'ucture of objects, 
since the pa.rts close to the focal point will be magnified more than those 
further away from it. The image unsharpness is caused by foul' principal 
sources: 

1. Unsharpness due to the shape of the object. This is caused by the partial 
attenuation at the edges of an object. This unsharpness is inherent to 
imaging and can only be limited by increasing the focus object distance. 

2. Motion artifacts, either movements of the patient or the imaging 
system. Due to the use of short exposure times motion artifacts are, in 
day to day conventional radiography, a minor problem. 

3. Screen unsharpness, caused by the image receptor itself and dependent 
on the properties of the film/ detectors. 

4. Unsharpness or penumbra, caused by the size of the focal spot (figure 
3.1). As a result of the angle of the anode, the penumbra is larger on the 
cathode side of an image. 

Figure 3.2 • Schematic diagram of a direct 
magnification (OIMA) X-ray tube 

A. Target 
B. Electromagnet 
C. Electromagnetic coil 
D. Vacuum pump 
E. Isolator 
F. Filament (cathode) 
G. Anode 
H. X·ray beam 
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Figure 3.3 • Singh's index for osteoporosis ranging from 
grade 1 (severe osteoporosis) to grade 6 (normal) 

In radiography penumbra is in general the Inain source of unsharpness. To 
alleviate this problem direct magnification (DIMA), was introduced 1~1'. The 
principle of DIMA will be explained with the use of figure 3.2. The electrons 
emitted from the cathode are focussed by a pinhole opening in the anode 
(3.2.G). To ensure that all electrons traverse the electromagnetic field in a 
symmetric pathway, the ray is centred using an electromagnetic coil (3.2.C). 
Subsequently the X-rays h'ansverse the electromagnetic field in which it is 
further focussed up to the smallest focal point (3.2.B). This results in a focal 
spot size of 0.03-0.2 mOl', which is significantly smaller then the focal spot 
size used in conventional bucky radiography (0.3-1.3 mOl') 10.12-14. This in turn 
allows for magnifications of up to 9 times, although in day to day practice a 
magnification of four times appears adequate. Up to a magnification of four 
times, the exposure equals that of conventional radiography 15. 

As a result of the magnification, in theory a higher precision in 
measurements made using DIMA radiography could be expected. Research 
has shown that this technique could have benefits in several medical 
specialties: e.g. rheumatology, orthopaedics and oncology 11,16-21, 

Because of its widespread availability and relative low costs of operation 
conventional radiography could be a useful tool in predicting osteoporotic 
hip fractures. Using conventional radiography, anterior-posterior (AP) 
projection, Singh et al. described the apparent trabecular morphology of the 
proximal femur 23.". They designed a classification, known as the Singh 
index, ranging from 1 (severe osteoporosis) to 6 (normal) (figure 3.3). 
However, scoring the Singh index is a teclulique with a poor precision 
caused by inter-observer variability 25-28, 
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More recently researchers have focussed on the geometry of the hip with 
regard to hip fracture risk 29.36. Epidemiological studies show that the hip' axis 
length (HAL) is an important predictor of hip fracture risk "'. The HAL is 
measured from the inner brim of the pelvis to the lateral aspect of the femur 
along the femoral axis. In this study, using cadaver femora, we measured the 
proximal femoral axis length (PFAL). The PFAL is measured along the axis of 
the femoral neck from the lateral aspect of the femur to outer brim of the 
caput femoris. 

The aim of this chapter is to a) gather geometric data on our cadaver 
specimen, and b) to compru'e the precision of conventional versus direct 
magnification radiography. 

3.2 Materials and methods 

Femora 
To compare conventional versus DIMA geometric measurements of the 
proximal femur 34 embalmed cadaver femora (mean age of 78.6 years, 54.3-
98.7 years) were used. Of a second set of 42 femora (mean age 82.2 years, 
67.3-96.8 years), only conventional radiographs were obtained. The bodies 
from which the femora originated, were embalmed by vascular perfusion 
between 48 to 60 hours after death. This was done using a medium 
containing: 50 g Phenol 99%, 20g MgSO" 20 g NaSO" 10 g NaC!, 60 ml 
formaldehyde 37%, 60 ml glycerine, H20 ad 1000 ml". All femora were ex­
ruticulated in the hip and excised, about two hand-widths above the knee. 
Aiter removal of surrounding soft tissue the femora were kept in a phenolf 
formaldehyde solution. 

Radiography 
To position the femora in a horizontal plane a special holder was constructed 
(figure 3.4). We placed a lead indicator (1.5xl.0 cm) at the level of the centre 
of the corpus femoris, to allow for the calculation of the magnification factor. 
All femora of the first set were imaged twice, once by conventional and once 

by DIMA radiography. 
Conventional radiography was 
performed with a Pandoros 
Optimatic X-ray tube and generator 
(Siemens, Germany), using 1.10 m 
focus-film distance (46 kV, 8 mAs) 

Figure 3.4 . Setup used for conventional 
and direct magnification radiography. 

1. Phantom femur 
2. Plexiglas holder 
3. lead strip 
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Figure 3.5 - Direct magnification radiograph with the 
template in place. 

and Dupont Ultra-vision™ film/ 
intensifier screens. DIMA radiography 
was performed using a Feinfocus DIMA 
tec-013 (Feinfocus Medizintechnik 
GmbH, Garbsen, Germany), 1.10 m 
focus-film distance (60 kV, automatic 
mAs (range 0.14-0.91 mAs) and 
exposure time (range 0.08-0.38 sec) 
selection). This was done in 
combination with Digital Luminescence 
Radiography (DLR). DLR was 
performed using a storage phosphor 
unit (Model FCR-7000; Fuji, Tokyo, Japan), cassette size 35x43 cm with a 
pixel size of 200 m (matrix size: 1.760X2.140). Two prints were obtained from 
each exposure (AC-I; Fuji, Tokyo, Japan): a normal DLR print and an edge­
enhanced DLR print. The latter acquired using pre-installed unsharp-mask 
filtering software. 

Measurements were made on conventional and edge-enhanced DIMA 
radiographs, using a positioning template and a ruler (division of scale: 0.5 
mm) (figure 3.5). 111e following geomeh'ic dimensions were measured 
(figure 3.6) 30.3<.": 

1. Proximal femoral axis length (PFAL), adapted from the hip axis length 
(HAL) 29,30 

2. Head width, measured 
perpendicular to the neck axis 
through the centre of the femoral 
head (HW). 

3. Neck width, measured 
perpendicular to the neck axis at 
the smallest width of the femoral 
neck (NW). 

Figure 3.6 - Schematic diagram of the geometric 
measurements 

l. Proximal femur axis length (PFAL) 
2. Head width (HW) 
3. Neck width (NW) 
4. Shaft width (SW) 
5. Neck shaft angle (NSA) 
6. Offset 
7. Internal femur axis length (IFAL) 
8. Caudal cortical thickness 

CHAPTER 3 . MEASUREMENT OF FEMORALGEOMETRY 

8 



4. Shaft width, measured perpendicular to the axis of the corpus femoris 
above the trochanter minor (SW). 

5. Neck-shaft angle (NSA). 
6. Offset, distance from the center of the femoral head perpendicular to 

the axis of the femoral body. 
7. Length of the internal femoral axis length, measured from the center of 

the femoral head to the line of intersection of the axis of the femoral 
neck and body (IFAL). 

8. Caudal cortical thickness at the smallest width of the femoral neck 
(ccr). Division of this measurement with the NW yields the cortical 
index of the femoral neck 39, 

In addition to the above mentioned the Singh index was assessed 
(conventional versus non-edge-enhanced DIMA radiographs) ". We opted 
for the use of non-edge-enhanced DIMA radiographs as the representation of 
trabeculae is comparable to that in conventional radiography. 

Statistical analysis 
For the assessment of intra- and inter-observer variability Me investigators 
measured six femora, from the first set, twice in a blinded fashion. Statistical 
analysis was done according to the equations recommended in the 'Draft 
Guidance for review of Bone densitometers' by the FDA ". An independent 
paired Student's t- test was performed to test for differences between the 
measurements obtained by conventional and DIMA. radiography. 

3.3 Results 

Of the first set all 34 radiographs were available for evaluation. Table 3.1 lists 
the inh'a- and inter-observer variability of the measurements made with both 
techniques, conventional vs. DIMA radiography. Table 3.2 presents the 
values of measurements (mean ±SD) and their correlation, as assessed by one 
observer only. The Singh index and NSA differed significantly between both 
techniques (p<O.OOl). The other measurements did not differ significantly 
and showed a good correlation, 0.719<r<0.956. Of the second set all 42 
radiographs were available for evaluation. The results for the whole study 
(76 femora) are presented in table 3.3. 
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Table 3.1 - Intra- and inter-observer variability (CV%) for geometry measurements (n=6). 

Conventional radiology 

Measurement Investigator 1 Investigator 2 Inter·observer 

Singh 
PFAL 
HW 
NW 
SW 
IFAL 
NSA 
Offset 

17.29 
2.77 
0.87 
1.01 
3.32 
1.78 
1.43 
2.15 

Direct magnification radiology 

o 
0.65 
0.29 
0.59 
1.48 
1.15 
0.73 
1.02 

11.68 
2.02 
0.65 
0.82 
2.55 
1.49 
1.13 
1.69 

Measurement Investigator 1 Investigator 2 Inter· observer 

Singh 
PFAL 
HW 
NW 
SW 
IFAL 
NSA 
Offset 

11.13 
1.74 
0.43 
3.03 
0.89 
3.86 
1.59 
5.46 

12.83 
0.23 
0.25 
0.84 
1.07 
1.71 
1.88 
2.26 

12.24 
1.24 
0.35 
2.21 
0.98 
3.04 
1.74 
4.33 

Table 3.2 • Singh index and femoral geometry of our cadaver study after correction for 
magnification (n=34) 

Measurement (units) Mean (±SD) 

Singh index (grade) 
PFAL (mm) 
HW (mm) 
NW (mm) 
SW (mm) 
IFAL (mm) 
NSAn 
OFFSET (mm) 

Conventional DIMA 

4.6 (±1.0) 
102.3 (± 11.0) 
48.2 (±3.4) 
32.7 (±2.8) 
43.0 (±3.4) 
55.7 (±4.9) 
122.9 (±4.9) 
47.0 (±5.0) 

3.9 (±1.1)' 
103.0 (±7.5)' 
47.9 (±3.5)' 
32.5 (±2.7) , 
40.6 (±3.5) , 
56.5 (±3.0) , 
125.4 (±4.6)· 
46.3 (±5.5) , 

PFAL = proximal femoral axis length, HW = head width 
NW = neck width, SW = shaft width, IFAL = internal femoral 
axis length, NSA = neck· shaft angle. 
a;;;; Measurements between both methods differ srgnificantly 
(p<O.OOI). 
b;;;; Measurements between both methods do not differ 
significantly (p>0.05). 

CHAPTER3 . MEASUREMENT Of FEMORAL GEOMETRY 



Table 3.3 . Singh index and femoral geometry of our cadaver study after correction for 
magnification measured on conventional radiographs (SO between brackets). 

Measurement (Unit) All femora (n~76) Female femora (n~40) Male femora (n~36) 

Age (years) BO.7 (9.8) 83.0 (9.5) 7B.1 (9.6)''' 
PFAL (mm) 100.3 (±7.2) 100.4 (6.3) 107.3 (7.1)"' 
HW(mm) 4B.0 (±3.4) 47.1 (2.B) 52.3 (2.0r 
NW(mm) 32.5 (±3.0) 32.0 (2.9) 35.4 (2.0)"' 
SW (mm) 43.3 (±3.9) 43.4 (4.0) 46.0 (3.7)" 
FAL (mm) 55.B (±4.7) 56.5 (4.5) 58.9 (5.2)" 
NSAC) 122.5 (±4.6) 122.3 (4.7) 122.6 (4.6)"' 
Offset (mm) 47.2 (±5.2) 48.0 (4.9) 49.B (5.6)" 
Singh index (grade) 4.7 (±l.0) 4.7 (0.9) 4.B (1.1)" 
Femoral neck index 0.059 (0.03) 0.068 (0.03) 0.050 (0.02)" 

. p<O.05, "p<O.OOl, NS No significant difference compared to women. 
PFAL ~ proximal femoral axis length, HW ~ head width, NW ~ neck width, SW ~ shaft width, 
IFAL ~ internal femoral axis length, NSA ~ neck· shaft angle. 

3.4 Discussion 

As stated in the introduction one of the aims of this chapter was to assess the 
difference in precision of geometry measurements made on conventional 
radiographs compared to DIMA radiographs. The proximal femoral axis 
length can be equally well measured using both teclmiques. DIMA 
radiography seems to have no additional value for measuring this, from a 
epidemiological point of view, important geometrical parameter 29,.3{1,41-B. 

Scoring the Singh index has a lower inter- and intra-observer variance on 
conventional radiographs compared to DIMA radiographs. The low intra­
observer variability for the second observer may be ath'ibuted to the fact that 
this observer performed the measurements in a relative short time span. The 
higher precision on conventional radiographs could be expected as Singh et 
al. originally developed this classification on conventional radiographs ". 
Magnification seems to lead to under classification, i.e. conventional 4.6 (SD 
1.0) versus non-edge-enhanced DIMA 3.9 (SD 1.1), p<O.OOl. 

The higher intra-observer variability of the NSA on DIMA radiographs 
might be explained by the fact that only the part of the femoral body above 
the trochanter minor can be seen on DIMA radiographs, interfering with 
accurate placement of our template along the axis of the femoral body. 
Comparison of our geometrical data with previous studies is difficult since 
they represent data collected in vivo, with unknown magnification factors 
29,30,44-46 
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Chapter 4 
Dual-energy X-ray absorptiometry 

4.1 Introduction 

Felson's Law: To steal fdeas"from 'one pers?n is plagiarism; 
to steal from many is research 

As explained in chapter 3, photon attenuation depends on the medium 
through which it passes. Although human tissue and bone are not 
homogenous, this principle can be used to lueasure bone density 1,2. 
Absorptiomehy scanners scan along a scan line (x-coordinate) across the 
measured object (y-coordinate). Each pixel therefore has a x- and a y­
coordinate, allowing for the calculation of a region of interest (ROI) and bone 
mineral content (BMC), expressed in grams (g). Dividing the BMC by the 
area under consideration yields the bone mineral density (BMD), expressed 
in grams per square centimetre (gcnr2). Although the term BMD is not a 
proper mass density unit, it is accepted in luedicalliterature and will 
therefore be used in this dissertation 3,4, 

In 1963 Cameron and Sorensen introduced single-energy photon 
absorptiometry (SPA) '. This is a technique which uses a single energy source 
either 1231 (28 keY) or "lAm (60 keY). In order to perform the measurement, 
the ann or heel of a subject was placed in an enviromnent of known 
dimensions. Since water has about the same linear attenuation coefficient as 
soft tissue, usually a water bath was used 6-14. In SPA it is assumed that the 
arm or heel consists only of muscles, soft tissue (both closely simulated with 
water) and bone. Therefore, BMC or BMD within the scarmed path is 
proportional to the additional attenuation caused by bone. SPA is a 
teclmique with a good precision (2% error). It is however not useful in 
predicting BMD of the spine (standard error of estimate 15%) or hip 
(standard error of estimate 20%) I'. 

A second step was the addition of a second energy, obtained using I53Gd (44 
keY and 100 keY) 16. This allowed measurement of tissue which cmmot be 
surrounded by a constant soft tissue equivalent, e.g. spine, hip and total 
body 17-". The rationale behind this technique is based on the fact that the 
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Figure 4.1 - Schematic illustration of the 
principle of DXA systems 

attenuation, of any given 
medium, depends on 
photon energy. In dual­
energy photon 
absorptiometry (OPA) 
photon attenuation 
profiles are measured at 
two levels. Multiplying 
the soft tissue attenuation 
with a constant, so that 
the difference between the 
two profiles becomes zero 
over soft tissue areas, has 
the same effect as a water 
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bath (figure 4.1)". The mathematical background is explained in appendix 4-
A. Although OPA was a significant improvement over SPA it still had a 
number of disadvantages. Scan times could be as long as 20-40 min, and the 
resolution was limited. The use of 153Gd has a nlajor drawback since this 
source is rather unstable and has to be replaced each year. OPA measures 
BMD very precise, with respective precision errors of less than 3%, 2% and 
1 % for the hip, spine and total body". The longitudinal precision however, is 
less due to the unstable source 23. 

In order to overcome these problems, dual-energy X-ray absorptiometry 
(OXA) was introduced 30-33. Instead of using the unstable I"Gd source, a 
stable x-ray source is used. Besides a reduction in operating cost, scan times, 
radiation dose and an improvement in reproducibility was obtained. 
Nowadays OXA is the main choice for bone densitometry in clinical practice 
"-". The rationale behind OXA is the same as that behind OPA. To obtain two 
different energy levels in OXA two techniques can be used either energy 
switching or implementation of a filter 29. 

In energy switching systems the X-ray potential is rapidly switched between 
two energies. In most commercial available systems (e.g. Hologic systems~) 
the two effective energy levels are 45 keY and 100 keY. The system is 
continuously calibrated. This is done by interposing calibration materials 
into the beam. The calibration materials mimic bone and soft tissue, and are 
mounted on a disc which rotates synchronous with the X-ray pulses. As X­
ray beams are polychromatic, i.e. composed of many different energy levels, 
beam hardening can occur. Beam hardening is caused by the fact that 
photons with a low energy are more likely to be absorbed than photons with 
a high energy. Therefore the exiting beam contains relatively more high 
energy photons, i.e. the beam is said to be harder. To compensate for beam 
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hardening, DXA systems are equipped with filters, usually brass and 
aluminium, in order to narrow the spectrum of the beam 29, The exiting 
photons are measured using wide range, current-integrated detectors. 

Filtered DXA systems (e.g. Lunar systems@) use a rare earth filter, usually 
cerium or samarium, these filters are better known as K-edge filters. K-edge 
filtering depends on the fact that, due to their specific atomic structure these 
rare earths selectively filter X-ray beams into two separate components. Ihe 
effective energies of these two components are 40 keY and 70 keY. Ihese 
systems use pulse counting detectors that process each incoming photon and 
decide whether it is a low or high energy photon. In these systems pile-up 
and cross-over can occur. Pile-up occurs when a photon hits the detector 
while this detector is still processing the previous photon (modern DXA 
systems can process 300.000 pulses per second thus decreasing the risk of 
pile-up). Cross-over occurs when the detector counts a high energy photon 
as a low energy photon. Io compensate for this phenomena a fraction of the 
low energy photons is assigned to the high energy level. 

It is important to bear in mind that DXA uses a two 'component model', i.e. it 
assumes that the object to be measured consists of two materials: soft tissue 
and bone. Due to the distribution of fat in both tissues, this assumption 
introduces an important error in DXA measurements, the so called fat error 
38-1,. A second drawback of DXA is the fact that it is a two dimensional 
tedmique, it is therefore impossible to discern h'abecular from cortical 
bone 43, 

In clinical practice the DXA measurements are compared to young, sex­
matched, normal values and expressed as a T-score. This T-score is calculated 
as the difference between the patients HMO and the mean HMO of young 
normals over the standard deviation of this mean (equation 4.1)": 

eq 4.1 
BMDpafimt - BMDyolIlIg-ltonltllI 

SDyolIlIg-lIonlJIII 

Ihis I-score is indicative for the fracture risk. Ihe World Health 
Organisation has based the diagnostic categories of osteoporosis are based 
on the I-score ". A I-score higher than -1 is normal. A I-score between-I 
and -2.5 indicates osteopenia. Ihese persons are at high risk of developing 
osteoporosis. A T-score lower than -2.5 is indicative for osteoporosis. These 
persons have a significantly increased risk for fractures ". 

As DXA is the most widely accepted and used technique for the diagnosis of 
osteoporosis data on all cadaver femora in this study were gathered using 
this technique. 
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4.2 Materials and methods 

Femora 
A total of seventy-six femora, median age 82.9 years (range 54.3-98.7 years), 
were used in this study. All femora were ex-articulated in the hip and 
excised, about two hand-widths above the knee. And after removal of 
surrounding soft tissue the femora were kept in a phenol/ formaldehyde 
solution. In order to remove air bubbles trapped within the specimen, the 
femora were thoroughly degassed under water in a vacuum desiccator prior 
to investigation. 

Dual-energy X-ray Absorptiometry 
To simulate soft tissue the femora were placed in a water bath, filled with 
20 em of water, and supported by a holder. All DXA measurements were 
performed, by one investigator, using a Lunar DPX-L scanner (76 kVp with 
cerium filter, 0.75 rnA, 1.68 nun collimator diameter, Lunar corp., Madison, 
USA). For analysis the standard DXA software (version 1.3) for the proximal 
femur was used. The BMC, area and BMD of the Neck, Ward's triangle and 
the trochanter major were assessed according to the guidelines stated in the 
manual (figure 4.2). 

Statistical analysis 
Statistics were performed using the Statistical Package for the Social Sciences 
(SPSS version 7.5.2, SPSS Inc., Chicago, USA). An independent Students t-test 
was performed to test for sex differences in the DXA measurements. Intra­
observer variability was assessed according to the guidelines recommended 
in the 'Draft Guidance for review of Bone densitometers' by the Food and 
Drugs Administration (FDA) ". All cadaver femora were scanned twice after 
replacement. 

Figure 4.2 - DXA scan of a cadaver 
femur. 

The left side of the screen shows 
the DXA scan. with the regions of 
interest. The right side a femoral 
neck BMD versus age graph (the 
BMD of the specimen is denoted 
with an asterisk) 
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4.3 Results 

All seventy-six femora were eligible for evaluation. Table 4.1 shows the 
statistical measurelnents for all, male and female femora. The intra-observer 
variation for the various DXA measurements are shown in table 4.2. 

Table 4.1 • DXA measurements for all, female, and male femora (SO between brackets) 

Neck BMC (g) 
Neck area (em2) 
Neck BMD (gem') 
Ward BMC (g) 
Ward area (em2) 
Ward BMD (gem') 
Trochanteric BMC (g) 
Trochanteric area (cm2) 
Trochanteric BMD (gem') 
T·score 

all (n=76) 

3.73 (1.45) 
5.02 (0.72) 
0.72 (0.20) 
1.69 (0.96) 
2.81 (0.81) 
0.56 (0.21) 
9.96 (5.61) 
12.45 (4.94) 
0.74 (0.20) 
·1.24 (1.43) 

female (n=40) male (n=36) 

3.23 (1.02) 
4.78 (0.61) 
0.66 (0.16) 
1.36 (0.11) 
2.51 (0.72) 
0.50 (0.19) 
8.21 (4.39) 
11.61 (4.40) 
0.68 (0.15) 
·1.37 (1.33) 

4.29 (1.64)" 
5.29 (0.76)' 
0.79 (0.22)' 
2.06 (1.07)" 
3.13 (0.79)" 
0.62 (0.23)' 
11.94 (6.08)' 
13.51 (0.86)," 
0.82 (0.23)' 
·1.10 (1.54)"' 

. p<O.05, ··p<O.OOl, NS No significant difference compared to women. 

Table 4.2 - Coefficient of variation and standard deviation for the DXA measurements. 

4.4 Discussion 

Neck BMC (g) 
Neck area (em2) 
Neck BMD (gem') 
Ward BMC (g) 
Ward area (em2) 
Ward BMD (gem') 
Trochanteric BMC (g) 
Trochanteric area (em2) 
Trochanteric BMD (gem'2) 

CV (%) SD 

3.45 
3.7 
1.63 
10.63 
8.01 
6.45 
9.11 
7.17 
0.95 

0.136 
0.196 
0.012 
0.202 
0.254 
0.036 
0.971 
0.055 
0.007 

The precision of our measurements varies; the BMD of the neck and 
trochanter show a good precision, comparable to data published previously 
n. The BMD measurement of Ward's area has a low precision (6.45%), this 
may be attributed to the fact that positioning of this region of interest 
influences measurements to a great extend. 

In the Rotterdam study, a prospective single center cohort study comprising 
all inhabitants of Omrnoord (a Rotterdam suburb) aged 55 years or older on 
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January 1" 1990, femoral BMO values where assessed using the Lunar OPX-L 
45-SO, The trochanteric BMD values assessed in our study were comparable 
with the data obtained in a corresponding age group of the Rotterdam study 
(table 4.3) ". The BMO for femoral neck and Ward's area were significantly 
lower. However it must be stated that the Rotterdam study is an in-vivo 
study and that our study was performed in a water bath simulating soft 
tissue 42, 

Table 4.3 - Comparison of BMD assessed in our study with BMD found In the Rotterdam study, 
tor a corresponding age group (between brackets SO) 46. 

Region of interest female male 

Our study Rotterdam study Our study Rotterdam study 

Neek BMD (gem') 0.66 (0.16) 0.76 (0.11) 0.79 (0.22) 0.87 (0.14) 
Ward's BMD (gem') 0.50 (0.19) 0.61 (0.13) 0.62 (0.23) 0.70 (0.16) 
Trochanteric BMD (gcm"2) 0.68 (0.15) 0.70 (0.15) 0.82 (0.23) 0.84 (0.14) 
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Appendix 4 A 
Mathematical considerations concerning DXA 29 

According to Beer's law the attenuation of an X-ray beam in a homogeneous 
material, depends on the composition of the material and the thickness of the 
material (equation A.l). 

eq A.I It =10 ·e-it-
d 

Using two energy levels two equations can be obtained and two variables 
can be calculated (equations A.2.1 & A.2.2). 

eq A.2.1 eq A.2.2 ] H( .) _]H -!,t'-cr,(X)-I'~%(X) 
t X - 0 ·e 

Considering the areal densities of bone and soft tissue to be the unknown 
quantities, we can solve the two equations for the two unknowns (equations 
A.3.1 and A.3.2). 

eq A.3.1 "b(X) 

eq A.3.2 ",(x) 

In[Il(X)I_ (!It) .In[IP (X)I 
IL "L IH o rb 0 

If we assume, for practical purposes, that lean tissue and fat are equally 
distributed throughout the soft tissue, we can measure the attenuation 
coefficients of soft tissue at two energy levels to calculate the areal density of 
bone. We can then use a 'R-factor' (equationA.4). 

eq AA 
ilL 

Rs =---1i 
11, 

We can substitute this 'R-factor' into equation A.3.1 (equation A.S). 

eq A.5 
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If a measurement is made at a given point x at which no bone is present then 
"b~O and 1(,}~I*r Equation A.5 can be solved for R, (equation A6) 

eq A.6 

Using the following procedure R, can be estimated and the BMD can be 
computed: 

1. Estimating R, by an 'educated guess', using an estimate of R, from the 
first scan Jine. 

2. Calculating bone at each point using equation AS. 
3. Separating measurements into bone and non-bone points by applying a 

threshold. 
4. Calculate R, using equation A6 for each non-bone point. 
5. Repeat steps 2 to 4 until R, becomes stable 
6. Smooth bone edges to eliminate noise generation. 
7. Display bone and non-bone for operator approval. 
8. Determine ROls. 
9. Calculate BMC by adding BMC values for each bone point within the 

ROt 
10. Determine the area by counting the bone points within the ROI 
11. Calculate BMD as BMCI area. 

Parameters 
I,~transmitted intensity (~Sv) 
10 ~incident intensity (~Sv) 
~ ~mass attenuation coefficient (cm'g') 
p ~ density (gcny3) 
d ~ thickness (cm) 
" ~areal density (gcm·') 
Hand L denote the energy level 
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Chapter 5 
Volumetric quantitative computed tomography 

5.1 Introduction 

Th~ most exciting phrase, to hear,in,s(:i_ence,' the one· that heralds 
new discoveries, is not 'Eureka!' but 'That's'fl.mny .. '· 

Computed tomography (CT) is based on the mathematical principle that the 
internal structure of an object can be reconstructed from multiple projections 
of this object ]", Along the scan lines, from the X-ray source to the detectors, 
the photon attenuation of a thin slice of tissue can be measured, Using these 
measurements, a photon attenuation map can be reconstructed. Although CT 
scans are usually regarded as two-dimensional representations of an object, 
the actual reconstructed picture elements or 'pixels' represent three­
dimensional volumes or 'voxels' (figure 5.1)', 

In Cf, the linear attenuation coefficients of each voxel can be reconstructed. 
The CT attenuation is expressed in Hounsfield units (HU), named after Sir 
Godfrey Newbold Hounsfield (1919- ) Nobel prize winner and one of the 
pioneers in the field of CT (equation 5,1)", 

eq 5.1 HU = 1000. II""!,,. - II"",", 
J.1wa/er 

Where HU= Hounsfield unit, 
II = linear attenuation 
coefficient of material under 
consideration, J.l.w = linear 
attenuation coefficient of 
water. By definition the HU 
for water is 0 and for air it is -
1000, all other tissues are 
related to these two 
substances. Tissues which 

Figure 5.1 . Principle of 
CT scanning 
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attenuate the photon beam less then water have a negative HU and tissues 
which attenuate the photon beam lllore than water have a positive HU 7,8, 

Partial volume effects in CT lnust be taken into account when quantitative 
measurements are performed on CT data. Partial volume effects occur when 
a voxel is composed of two or more different tissues. Under those 
circumstances the resulting linear attenuation coefficient will be proportional 
to the equivalent of the linear attenuation coefficients of the composing 
tissues. In a study performed by Horrocks and Speller a significant difference 
was found between phantom data obtained by sequential and spiral CT, as a 
result of increased partial volume effects '. The authors stated in their 
discussion that' quantitative CT analysis in clinical work would be affected'. 

The use of CT to measure hone mass, later known as quantitative computed 
tomography (QCT), was originally proposed in 1977 by H.K. Genant and D. 
Boyd 10 Within an object a region of interest (ROI) is selected. The average 
CT number of this ROI can then is compared with the CT number of a 
phantom with a known concentration of hydroxyapatite 11. The measured 
BMD is expressed as eqUivalent hydroxyapatite per cubic centimetre (Hap 
em"). This value is independent of the size of the object and therefore is a 
proper mass density". The main improvement of QCT over DXA is the 
ability of QCT to separate cortical and trabecular bone 1317. The precision of 
this technique is reported to be 2-4%. The examination time is 10-15 min. 
during which the patient receives an estimated effective dose equivalent of 
50-100 ~Sv 16. 

To date, QCT has clinically only been used for BMO measurements of the 
lumbar spine and radius. These measurements are performed using single­
slice QCT techniques. The implementation in femoral BMO has been 
hindered by the intricate geometry of the proximal femur, making 
reproducible slice placement very difficult 18. The use of volumetric QCT has 
been proposed by several investigators to alleviate this problem I'."'. 
However, there are no systems available for the measurement of femoral 
BMO, in a clinical setting. Recently Lang et al. (Osteoporosis and Arthritis 
Research Group, University of California, San Francisco, USA) presented an 
experimental semi-automated image analysis procedure, to determine 
regional BMD and geometry measurements from volumetric QCT scans of 
the proximal 21.22. This image processing technique, using volumetric data, 
analyses the proximal femur geometry to extract femoral neck and 
hochanteric volumes of interest for densitometric and geometric analysis. 
The volumetric data may be obtained either by contiguous-slice or spiral CT 
teclmiques. Because of reduced scan time, which improves patient comfort 
and decreases the risk of patient motion, the spiral tedmique is highly 
attractive. 

The aim of this chapter is: a) to provide densitometric data on our cadaver 
femora, and b) to determine whether spiral versus sequential scanning 
influences femoral QCT BMO measurements. As OXA is currently the most 
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Figure 5.2 • CT slice through the proximal femur, placed 
within a water bath. The reference phantom is visible 
underneath the water bath. 

widely used technique in a dinical setting 
for measuring areal BMD! a linear 
regression analysis was perfonned 
between DXA (as presented in chapter 4) 
andQCT. 

5.2 Materials and methods 

Felnora 
A total of seventy-six femora, median age 82.9 years (range 54.3-98.7 years), 
were used in this study. All femora were ex-articulated in the hip and 
excised, about two hand-widths above the knee. After removal of 
surrounding soft tissue the femora were kept in a phenol/ formaldehyde 
solution. Prior to investigation, they were thoroughly degassed under water 
in a vacuum desiccator. During scanning the femora were placed in a 
cylindrical container containing water! thus simulating soft tissue while at 
the same moment keeping the speciInen air free. 

Quantitative computed tomography 
The femora were imaged first with thirty-six sequential slices and 
subsequently with the same number of spiral slices (slice thickness 3 nun, 3 
rrunseC"1 table speed) covering the identical anatomical region. Measurements 
were performed on a GE prospeed S-fast (General Electric, Milwaukee, WI, 
USA) with a single-energy tedmique at 120 kV and 400 mAs. During 
scanning the femora were placed in a cylindrical container containing water! 
on the one hand simulating soft tissue, on the other hand to keep the 
specimen free from encapsulated air. Calibration of the CT image was 
achieved by simultaneous scanning of a calibration phantom (Image Analysis 
Inc., Columbia, KY, USA) containing various inserts of solid hydroxyapatite­
equivalent material (200, 100, 50, 0 mgcm~ Hap) (figure 5.2). 

The data were stored on optical disk (00, Pioneer DEC-702) after wich it was 
transferred to advantage windows format and subsequently stored on digital 
audio tape (OAT, Maxell HS-4/60s, 4 mm). This was necessary since nearly 
all CT systems in Europa are equipped with ODs and in the USA, where 
image analysis took place, they are usually equipped with OAT readers only. 
The advantage windows format was needed by the image analysis software. 

Image analysis 21 

Image analysis was conducted at the Osteoporosis and Arthritis Research 
Group, UCSF, using in-house developed routines for AVS (Advanced Visual 
Systems Inc., Waltham, MA, USA) running on a Sun Spare station 20 (Sun 
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Figure 5.3 - Binary model of the proximal femur generated 
from contours (courtesy of T.F. lang. OARG, UCSF) 

Microsystems Inc. Mountain view, CAl 
USA). Volumetric QCT data was mapped 
using an interactive threshold driven 
contour tracking algoritlun at a threshold of 
76 HU. The external contours of each of the 
36 slices were used to generate a three 
dimensional binary model of the proximal 
femur (figure 5.3). The data were calibrated, 
converting HU to HMO (mgcm·3 Hap), using 
the calibration phantom. For calibration we 
used the first and last slice of each data set, 
thus ensuring a representative calibration 
for all 36 scans of each femur. 

After mapping and calibration, the CT and binary data were interactively 
reformatted along the direction of the femoral neck axis. Operator interaction 
is needed to define the femoral neck axis on the coronal and the sagittal 
refornlatted data set. The binary data were used in an automated process, 
that determines fixed volumes of interest (VOls) for the determination of 
BMO and HMC. This algorithm operates by determining the cross-sectional 
femoral area along the femoral neck axis. This results in a map of cross­
sectional area versus femoral neck position, showing two maxima 
corresponding to two landmarks: the mid-plane of the femoral head and the 
intertrochanteric plane (figure 5.4). Using this data it is possible to define the 
femoral neck VOl. The medial limit was set at 75% and the lateral limit at 
25% of the distance between the intertrochanteric and femoral head maxima. 
A trochanteric VOl was defined by the lateral limit of the neck region and the 
lateral maximum of the cross-sectional al'ea curve. The neck VOl and 
trochanteric VOl can be combined to yield the proximal femoral VOl (figure 
5.5). The VOls used in volumeh'ic QCT do not coincide with the area in OXA 
for the assessment of femoral neck and trochanteric HMO. 
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A. Plot of the proximal femur 
cross· sectional area versus the 
position along the femoral axis. 
FH indicates the femoral head 
maximum, MinCSA the minimal 
cross· sectional area, and IT 
indicates the intertrochanteric 
maximal cross· sectional area. 
B. Graphical representation of 
the Z·axis of the proximal femur. 

(courtesy 01 T.F. Lang, OARG, UGSF) 
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Figure 5.5 - Isosurface reconstruction 
of a QCT image of the proximal femur 

Grey areas represent: A. the femoral 
neck· 8. trochanteric - c. total proxi· 
mal femur volumes of interest 

(courtesy of TF. Lang, OARG, UCSF) 

Trabecular VOls can be extracted from the integral VOls by a 4 mm erosion 
of the external contours, residual cortical bone was removed by applying a 
350 mgcm'3 Hap global threshold. The threshold eliminated the femoral 
calcar and any cortical bone left in the ROl. Subtraction of trabecular VOls 
from integral VOls yielded cortical VOls, these VOls were thresholded at 100 
mgcm3 Hap to remove aU h'abecular bone and partial volumes. 

Simultaneously we assessed geometrical parameters, first the femoral neck 
axis length (FNALQCT)' defined as the length of the line between the medial 
limit of the femoral head and the base of the trochanter. Secondly, the 
minimum cross-sectional area (minCSA), ie. the smallest area along the 
femoral neck axis. Finally the moments of inertia (x, y) of the minimum 
cross-sectional area were calculated (see chapter 6). 

Statistical analysis 
Intra observer variance was tested according to the guidelines stated by the 
FDA ". A Student's t-test was performed to test for differences between BMD 
values obtained by sequential and spiral techniques. To test the correlation 
between QCf and DXA a linear regression analysis was performed. The tests 
were performed using SPSS (version 7.5.2, SPSS inc., Chicago, USA). 

5.3 Results 

Table 5.1 shows the intra observer variance for the measurements. Table 5.2 
shows the sequential QCf data for the 70 data sets that could be analysed. 
Due to technical problems, in transferring data from OD to DAT, in six cases 
the sequential QCf data could not be evaluated. For seven cases the spiral 
data could not be analysed.5ignificant differences between male and female 
femora were found for total trabecular, neck trabecular, trochanteric 
trabecular BMD (p<0.05), minimal cross-sectional area and minimum 
moment of inertia along the x and y axis (p<O.OOl). We found no significant 
differences between measurements obtained with sequential and spiral 
teclmiques, as demonsh'ated in table 5.3. The correlations between 
sequential QCf and DXA measurements were aU highly significant (p<O.OO1, 
table 5.4). 
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Table 5.1.· Intra observer variance (CV%) assessed using sequenUal data (n=10 and repelition=2) 

Measurement CV% 

Integral BMO (gcm') 1.01 
Trabecular BMO (gcm') 0.72 
Cortical BMO (gcm") 0.92 
Neck integral BMO (gcm") 3.89 
Neck trabecular BMO (gcm') 1.5 
Neck cortical BMO (gcm") 1.42 
Trochanteric integral BMO (gcm') 0.46 
Trochanteric trabecular BMO (gcm') 0.91 
Trochanteric cortical BMO (gcm') 1.82 
Femur neck axis length (mm) 3.7 

Table 5.2 Means, standard deviation and differences between female and male sequential QCT measurement 

Measurement All femora (n~70) Female femora (n~36) Male femora (n~34) 

Mean SO Mean SO Mean SO p valu 

Integral BMO' 213.74 63.5 204.23 60.9 223.81 65.5 0.199 
Cortical BMO 396.02 58.1 390.46 54.7 401.91 61.8 0.414 
Trabecular BMD 111.59 36.9 102.13 30.9 121.61 40.3 0.026 
Neck integral BMO 207.71 60.4 199.95 58.9 215.92 61.7 0.272 
Neck cortical BMD 354.77 52.2 350.24 52.3 359.6 52.4 0.459 
Neck trabecular BMD 118.56 39.4 108.31 33.7 129.42 42.5 0.024 
Trochanteric integral BMD 225.34 68.3 215.21 64.5 236.06 71.5 0.204 
Trochanteric cortical BMD 432.6 69.84 25.34 63.1 440.29 76.1 0.374 
Trochanteric trabecular BMD 105.54 37.7 96.4 30.9 115.21 40.1 0.031 
Femora! neck axis length (mm) 50.48 4.8 49.89 4.7 51.11 5 0.292 
Min CSA (mm') 1048.58 160.3 945.25 114.9 1157.99 86.5 0.001 
Minimum CSMI·X(mgmm') 26105.85 11895.6 19952.2 47265.4 32621.45 12443.4 <0.001 
Minimum CSMI·Y (mgmm') 19849.48 10220.1 15096 6051 24882.62 11349.6 <0.001 

x significant difference between male and female femora. 
1 All BMD measurements in mgcm3, Min CSA = minimum cross·sectional area, CSMJ = Cross· sectional moment 
of inertia. 

5.4 Discussion 

Quantitative computed tomography is considered the best technique for 
determining HMD 24,". The strength of this technique is its capability of 
measuring true volumetric BMD, in grams per cubic centimetre, as well as 
separately assessing trabecular and cortical bone. The disadvantage of QCT 
is the relatively high effective dose equivalent and the high costs of scanning 
compared to DXA. The clinical use of QCT has so far been limited to 
Ineasurements of the spine and radius 24, .:1. RADIOLOGICAL STRENGTH ASSESSMENT OFTHE PROXIMAL FEMUR 



Table 5.3 - Means, standard deviation and differences between spiral and sequential QCT meas­
urements (n=69) 

Measurement Spiral Sequential p·value 

Mean SO Mean SO 

Integral BMD I 210.95 64.5 214.6 63.5 0.734 
Trabecular BMO 114.2 37.1 112.09 36.9 0.739 
Cortical BMD 385.9 54.6 396.65 58.3 0.265 
Neck integral BMD 202.96 60.9 208.5 60.4 0.591 
Neck trabecular BMD 123.33 39.9 119.2 39.3 0.537 
Neck cortical BMD 341.91 49.9 355.24 52.4 0.128 
Trochanteric integral BMD 222.75 66.9 226.3 68.4 0.758 
Trochanteric trabecular BMD 107.84 37 106.01 36.7 0.772 
Trochanteric cortical BMD 420.19 66.2 433.3 70 0.26 
Femoral neck axis length 50.17 4.6 50.5 4.9 0.676 
Min CSA (mm') 1064.35 169.3 1049.76 161.2 0.605 
Minimum CSMI·X(mgmm') 26146.94 11994 26163.94 11973 0.993 
Minimum CSMI·Y (mgmm') 32592.85 86925 32311.15 85547 0.985 

1 All BMD measurements in mgcm·3, Min CSA = minimum cross·sectional area, CSMI = Cross· 
sectional moment of inertia. 

Implementation in the hip has been hindered by the intricate geometry of the 
hip compared to the spine 16. However, using new sofhvare available today, 
implementation of hip BMD measurements is possible in a clinical setting. 
The teclmique, described in this chapter, has a high in-vitro precision, 
coefficient of variance (CV) ranging from 0.49 to 3.89% (table 1). These results 
correspond well with those found in-vivo by Lang et al. 21. These CVs are also 
comparable to those found in our in-vitro DXA study (as presented in 
chapter 4). 

Our results show that both techniques, spiral and sequential, are equivalent 
in the measurement of hip BMD. Although none of the differences between 
spiral and sequential reached significance, a trend towards a lower level of 
significance of all cortical measurements was seen. This result nught indicate 
that as cortical bone has a smaller volume and a higher density, it is more 
sensitive to partial volume effects. Furthermore} our data show a highly 
significant correlations between DXA and QCT measurements (all 
correlations p<O.OOl) (table 5.4). 

Using spiral scan protocols instead of sequential scan protocols allows for 
shorter scan times} promoting higher patient comfort and lower operating 
costs (as more patients can be measured in a given time span). As trabecular 
bone} which can be assessed separately, has a higher metabolic activity 
compared to cortical bone} QCT would be a more sensitive Inethod to 
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Table 5.4 - Pearson's correlation between QCT and DXA measurements (for all correlations 
p<O.OOl) 

DXA 

QCT Neck Trochanteric Ward T-score 
BMD' BMD BMD 

Integral BMDI 0.823 0.829 0.82 0.835 
Cortical BMD 0.736 0.764 0.726 0.752 
Trabecular SMD 0.867 0.858 0.856 0.848 
Neck integral SMD 0.868 0.791 0.835 0.87 
Neck cortical BMD 0.79 0.754 0.759 0.817 
Neck trabecular SMD 0.87 0.778 0.851 0.835 
Trochanteric integral BMD 0.78 0.818 0.793 0.798 
Trochanteric cortical SMD 0.696 0.744 0.692 0.711 
Trochanteric trabecular BMD 0.838 0.858 0.835 0.824 

1 All QCT BMD measurements in mgcm-3 , 2 All DXA SMD measurements in gcm"2 

monitor changes over time. Generally QCT studies have shown a higher 
sensitivity in the diagnosis of spinal osteoporosis and in monitoring 
therapeutic effects 26:27. This makes QCT a potentially strong teclmique to be 
used in follow-up intervention studies. 
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Chapter 6 
Biomechanics of the hip 

Nature~ ~nd nature'staVis-l,ay,'hid'in :the ,night. 
God, saiel; 'I~t th~[ebe, N~wtpn!A?c\ ali w~slight 

6.1 Introduction 

In this chapter we will discuss the biomechanics of the hip. In three 
pru'agraphs the following items will be presented: 

1. Paragraph 6.2 gives an overview of the basic (bio)mechanical terms 
related to this study. 

2. The biomechruncs of the hip of a person in one-legged stance are 
discussed in paragraph 6.3. 

3. The final paragraph (6.4) describes a theoretical model of a fall directed 
sideways. Using this model a rough estimate of the peak force during a 
fall can be calculated. 

6.2 Basic biomechanical terms 

Hatze defined biomechruncs as 'the study of the structure and function of 
biological systems by means of the methods of mechanics". It observes and 
describes motions and forces (intrinsic and external) of biological systelns, 
such as the human body. As a science biomechrulics dates back to Galileo 
Galilei (1564-1642), who was the first to publish a book on this subject 
rDiscorsi, e dernonsh'azioni matematiche, intorno a due nuove scienze 
attenenti alIa mecanica, e i movimenti 10caH' (dialogues and mathematical 
denlonstrations concerning MO new sciences pertaining to mechanics and 
locomotion; 1638, Elsevier, The Netherlands)'. 

Biomechanics is based on the standard laws of physics. Here, we will restrict 
ourselves to the description of the basics of mechanics as relevant to this 
dissertation 3-9, For the interested reader, there are several excellent text 
books on (bio)mechanics and its applications in medicine 1O.ll. 
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6.2.1 Newton's laws 

The name of Sir Isaac Newton (1643-1727) is inherently associated with the 
field of mechanics, as it was he who postulated the three main laws of 
mechanics in his book 'Philosphiae Naturalis Principia Mathematica' (1687) I'. 
His importance is underlined by the fact that the unit of force, newton, is 
named after this famous scientist. 

When we push or pull a body, we exert on it a force F. Forces can also be 
exerted by inanimate objects, e.g. a spring. Force is a physical vectorial 
quantity that requires a specification of a magnitude as well as a direction in 
space. The line of action is a line of infinite length, on which the vector force 
is a segment. The point where the tail of the vector intersects with the object 
is called the point of application. This vector quantity is graphically 
represented as an arrow. Forces may be added and resolved using vector 
calculus. Force is expressed in newton (N), where one newton equals the 
force which gives a standard mass of one kg an acceleration of one InS-2, 

When a body is in equilibrium (not necessarily a state of rest) the resultant of 
all forces acting on it is zero. Thus if two forces act on a body and a state of 
equilibrium is present, they must have the same line of actioll, hut in 
opposite direction. When there are tlU'ee 01' more forces acting on a body, and 
a state of equilibrium is present, they must he concurrent. This is Newton's 
first law of motion. 

The rate of change of the velocity of a body, i.e. its acceleration (a), is equal to 
the resultant of all external forces exerted on the body divided by the mass 
(111) of the body, and is in the same direction as the resulting force. This is 
Newton's second law of motion. 

It is very important to keep in mind that whenever a body exerts a force on 
an other body, the second always exerts a force which is equal in absolute 
rnagnitude, opposite in directionl and along the same line of action. This is 
Newton's third law of motion. 

Each force gives rise to a nlOment (M)I the moment or lever arnl of a body is 
the perpendicular distance from an arbitrarily chosen origin to the action line 
of a force acting on this body. The moment of the resultant of two forces 
equals the swn of the moments of these two forces (Varignon's theorem). For 
a body to be in equilibrium, the resulting moment of all external forces, about 
any axis, has to be zero. 

6.2.2 Pendulum 

If a body, attached to a cord or shaft of length R, attached in point 0, moves 
in a twowdimensional vertical plane, its motion is not uniform. The forces 
acting on such a body are the gravitational force (Fg) and the tension in the 
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cordi shaft (1). These forces can be resolved into two components. The 
component normal to the circle of motioll, gives us a normal force, better 
known as the centripetal force (equation 6.1). 

eq 6.1 

Where a is the angle of deflection from the normal. The second component is 
the tangential component, gives us a tangential force (F,) (equation 6.2). 

eq 6.2 

This force changes the magnitude of the velocity. The tangential acceleration 
can be deducted from Newton's second law (equation 6.3). 

eq 6.3 
at = 

F, at := -

111 

U 
(lII·g·sina) 

111 

u 
at =g'sina 

At the lowest point of the circular motion the angle (a) equals zero, therefore 
the tangential acceleration will be zero. Since the tangential acceleration is 
not constant but proportional to the sine of the angle (J" we cannot use these 
equations to calculate the speed at any given moment. Tllis has to be done 
using energy considerations. 

6.2.3 Energy 

Each moving body has a certain amount of kinetic energy (E,), By definition 
this is one-half the product of the mass of a body times the square of the 
magnitude of its velocity (equation 6.4). 

eq 6.4 E 1 2 
k =2'11l'V 

In the gravitational field each body has potential energy (E,), this is the 
product of the weight of the body (mg) and the height (Iz) of its centre of 
gravity, above a reference level (equation 6.5). 

eq 6.5 E" =1II·g·1z 

Using the kinetic and potential energy the work (IN) to bring an object from 
state 1 to 2, can be calculated (equation 6.6). 
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eq 6.6 

W =(Ek2 -EkI)+(Ep,-Eptl 

U 
W = G '111' v; -1'III,vi)+(III' g. h, -Ill' g. hi) 

Work is done, when a force is exerted on a body while this body moves in 
such a way that the force has a component along the line of motion. Work is 
said to be positive, if this component is in the same direction as the 
displacement and negative when it is in an opposite direction. If the only 
force wich acts on a body is gravity, work is zero. Using equation 6.6 the 
speed of a body in a circular vertical motion can be calculated. 

6.2.4 Impulse 

Forces which act in a short duration of time, e.g. collisions or explosions, are 
said to be impulsive forces. The impulse (p) is the integral of a force in time 
(equation 6.7). 

" 

eq 6.7 " p= JIII.n.dl 

" u 

6.2.5 Moment of inertia (see appendix 6·B) 

If a body is forced to rotate about an axis, its tendency to resist angular 
acceleration depends on the body's mass moment of inertia (1) (equation 6.8). 

eq 6.8 

Consider a rod length (I) and mass (Ill) which is rotated around its centre of 
gravity. The moment of inertia in this case is given by equation 6.9. 

eq 6.9 

If the rotation of the same rod would be around the end of the rod its 
moment of inertia would be (equation 6.10). 

eq6.10 [=1'111'/' 
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If we consider a thin slice of material, with radius 1', then the nlOlnent of 
inertia is given by the following equation (equation 6.11 and 6.12). 

eq 6.11 I =),I1/·r' x 4 

eq 6.12 

6.2.6 Load 

If a load is applied to an object, deformation will occur. Load and 
deformation can be plotted against each other resulting in a load­
deformation diagram (figure 6.1). For small deformations Hooke's law 
applies: the deformation is proportional to the applied load (plastic region). 
If the load exerted on the object is increased further the deformation becomes 
permanent and the material yields (plastic region). The yield point separates 
the elastic from the plastic region. Further increase of load will result in 
fracture. 

The area under the load-deformation curve is a measure of the energy 
needed to cause a fracture, this is called the energy absorption or toughness. 
The load at the yield point is also known as the yield strength. The maximal 
load a material can sustain is called the ultimate strength. The breaking 
strength is the load at which a material actually fractures. It's worth nothing 
that the ultimate strength and the breaking strength do not necessarily 
coincide. 

6.3 Biomechanics of the hip during one-legged stance 

I 
o 
g 

The construction of the proximal part of the femur is a cOlnpromise to its 
pure function as a weight bearing instrument. This is caused by the need of 
mobility of the hip joint and its relation to other joints such as the knee and 

the pelvic girdle 13. During normal stance 
each hip will be loaded with approximately 
one third of the body weight (each leg 
weighing approximately one sixth of the total 

/ 
body weight, therefore each hip will be 

B" \ " c a loaded with half of the remaining body 

A 

L-________________ __ 

weight, two thirds of the total body weight) 4. 

Figure 6.1 - Load deformation curve 

A. elastic area 
B. yield point 
c. plastic area 
D. fracture point 
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During one legged stance the load increases to approximately 2.5 times body 
weight (as explained later), during walking 2.8 times and while running it 
increases to 4-5 times body weight. The maximum load which a normal hip 
can sustain in vitro is approximately 12-15 times body weight 13.14. 

Before describing the forces which act on the hip, we will take a closer look at 
the geometry and sh'ucture of the proximal femur. The proximal femur acts 
like a cantilever beam, loading of the femoral head will therefore cause 
flexion in the femoral shaft. Due to Hus process compression forces will occur 
on the medial side of the femur and tensile forces on the lateral side 15,16, The 
proximal femur has an internal weight bearing system to cope with forces 
acting upon it. This internal system consists of compressive and tensile 
trabeculae and the fenloral calcar 15,17,18, This internal weight bearing system 
gives the femur its intrinsic strength. The function of the trabecular system 
can mechanically be compared with a honeycomb structure, withstanding 
high loads with a minimal amount of matter. 

Under normal circumstances the hip will be loaded with a force along the 
femoral axis, e.g. in standing position or during walking. In this 
physiologically normal situation the femur can withstand the highest load. 
To keep the hip stable apart from the gravitational force muscular forces are 
also active. 

We will now take a closer look at these forces, starting with the proximal 
femur of a body in one-legged stance in a static equilibrium 4. Looking at the 
moments of forces, there are three forces in which we are interested: 

1. The gravitational force (F,): this force has a vertical direction and equals 
the body weight. As mentioned before, one leg weighs about one sixth 
of the body weight. Therefore the hip of the carrying leg will be loaded 
with 5/6 F. 

2. Muscular force (Fml: this force is 
produced by the abductor muscles, its 
direction can be deducted using 
radiographs, based on the origin and 

Figure 6.2 . Schematic representation of the forces acti ng 
on the body during one legged stance 

F m::: muscular force 
Fg ::: gravitational force 
Q ~ centre of the femoral head 

a ::: lever arm of the graVitational force 
b ::: lever arm of the muscular force 

(courtesy of C.J. Snijders, department 01 biomedical physics and 

technology, Erasmus University) 

, 516 Fg I , 
" 
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Figure 6.3 . Schematic representation of the forces acting on the proximal 
femur during one legged stance F m 

F m::: muscular force 
Fs :;: gravitational force 
F

J 
::: joint reaction force 

Q :::: centre of the femoral head 

(courtesy of C.J. Snijders, department of biomedical physics and technology, Erasmus University) 

3. 

insertion of these muscles (normally 300 angulation 
with the vertical). The size of this force is unknown. 
Joint reaction force (F): the size of this force is 
unknown as is its dir~ction. We only know that its line 
of action goes through the centre of the femoral head. 

F, 

We start by looking at the upper part of the body, which is sustained by the 
standing leg (figure 6.2). Three forces act upon this part of the body: 5/6 Fg , 

F
j 
and F m. If the body is in a state of equilibrium the following moments act 

with respect to the joint axis (equation 6.13). 

i·F ·n-F ·b~O 6 g m 

eq 6.13 u 

where a and b can be found using radiographs, substitution yields (equation 
6.14). 

eq 6.14 

From radiographs we know that the angle of F m with the vertical is 300 hence 
(equations 6.15 & 6.16): 

F:nx :::: 1=;/1 . sin30° FillY = ~/J • cos30° 

u u 
eq 6.15 eq 6.16 

FillY = Fill ·0.866 

u U 

The third force can be obtained from the forces acting upon the body itself 
(figure 6.3). Since we still look at the body in a state of equilibrium all 
moments of forces in the horizontal and vertical must be zero (equations 6.17 
& 6.18). 
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I) 

eq 6.17 eq 6.18 

FillY -Fjy - ~ .Fg + Fg =0 

I) 

Fjy = 1.7 .F. +i' F. 

I) 

Fjy =2.5·Fg 

The size and angle of the joint reaction force, using F",y and F,!U1 can now be 
calculated based on the assumptions stated before (equation 6.19 & 6.20). 

eq6.19 

Ff = Fj; +Fj~ 
I) 

F/ = Fi + (2.5 1.)' 

I) 

6.4 Biomechanics of the hip during a fall 

eq 6.20 

F 
tana=~ 

Fjx 

I) 

tana:::: 0.5 

I) 

In her PhD. study at the Massachusetts Institute of Teclmology (Cambridge, 
USA) A. v I d Kroonenbel'g described a basic dynamic model for sideways 
falls from standing heights. We will discuss this model in brief ". In a fan the 
body can be considered as an undamped single-degree-of-freedom mass­
spring system with an effective mass (n\ff) moving in the vertical direction 
with velocity v prior to impact (figure 6.4). In this representation m,,, is the 
effective mass which conh'ibutes to the impact. The soft tissue overlying the 
major h'ochanter is represented as a linear spring with spring constant I c'. In 
this model the peak impact force is equal to the maximum force of the spring 
(equation 6.21). 

eq 6.21 

figure 6.4 - Representation of the 
trochanteric region as an undamped 
singl e-degree-of -freedom mass-spring 
system 

Me-R;(;the:::: effective mass of the body 
v ~ velocity of the body 
C :::: spring constant 
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Figure 6,5 - Two-
link model of the 
human body 

H = height of the 
total body, ml = 
mass of the lower 
link (II, m), II = 
moment of inertia 
of the lower link, 
hi = height of the 
ower link (I/,H), 
m

2
::: mass of 

upper link ('I, m), 
12 ::: moment of 
inertia of the 
upper link, and 
h, = height of the 
upper link (I/,H). 

The body itself can be represented as a two-link model, consisting of two 
slender bars: a leg and a h'unk cOluponent, these components are equal in 
length but not in mass (figure 6.5). The leg is connected to the floor via a 
hinge and the leg and trunk components are also interconnected by a hinge 
(representing the hip). In this model we assume that the trunk component 
has a 45° angle, towards the vertical, at the moment of impact. In-vivo 
volunteer studies have shown the fall angle to range from _80 to 61 0 

"'. 

Furthermore, we also assume that no energy is stored in tuuscles, that all 
hinges are frictionless, and that the rotational energy of the body can be 
neglected. The energy just before impact consists of the potential and kinetic 
energy of both the trunk and the legs (equation 6.22). 

eq 6.22 

With' v =V' (l) =2v"r he, =1/41,' he, =3/41,' 111 =1/3111 and 111 =2/3111 , 2 ' 1 'I' I 1 I 2 I 1 2 . ' 

In equation 6.18 I, is the moment of inertia of link one with respect to the 
hinge and I, is the moment of inertia with respect to its center of gravity. We 
now can calculate II and I, (equations 6.23 & 6.24, see appendix B). 

eq 6.23 eq 6.24 

Van den Kroonenberg calculated that the angular velocity of the leg is 1.38 
times the angular velocity of the trunk I'. If we substitute 1/1.38m, for OJ, 

We can rewrite equation 6.22 to (equation 6.25). 

eq 6.25 v=2.n. fir 
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The effective mass in case of a faU depends on the angle of each link with 
respect to the vertical. In this model the leg has an angle of 90' with respect 
to the vertical/ in which case the effective mass is 1/4 times the mass of this 
linle The trunk has, at the InOlnent of impact, an angle of 45°, in which case 
the effective mass is 2/5 times the mass of this link 19. The resultant effective 
mass can be calculated using (equation 6.26). 

eq 6.26 

meff :::: t -111\ + t· 11t2 

U 
meff = Ii . III + fs ·111 

U 

Robinovitch and McMahon calculated that c has an average value of 
71 kNllYl 21. Substitution of this value for c, the effective mass and the 
velocity in equation 6.21 yields (equation 6.27). 

eq 6.27 

F"",k =2.72· )"·71'{,'11/ 

U 
F",,,, =2.72· /24.85,",11/ 

U 

With this equation it is possible to approximate the peak force for an 
individual during a fall. 
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Appendix 6 A: Quantities and Units 

Quantity Equation Symbol Unit 

Angle a rad 
Angular velocity da/dt ro rads·} 
Force mxa F N :::: kgms·2 

Gravitational potential energy mxgxh E, J=Nm 
Impulse mxv p kgms-' :::: Ns 
Kinetic energy Y2 xmxy2 E, J=Nm 
Load/weight mxg G N 
Moment Fxa M Nm 
Mass moment of inertia mXF I kgm2 

Spring constant FIAl C Nm-t 

Work FxsxcosCi. W J=Nm 

Appendix 6 B: Moment of inertia 

Consider a rod length (I) and mass (m) which is rotated around its center of 
gravity (figure B.1). The moment of inertia is given by equation B.1: 

o 

eq B.1 [=/1/·1' 

The mass per length equals mil, the proportional mass change equals 
(equation B.2): 

eq B.2 dill = 1/1 
• dr 

1 

Substituting equation B.2 in equation b.1 yields (equation B.3): 

Figures 6·61, 6·62, and 6·63 

I = length 
m:::: mass 
h :::: thickness 

6-83 

y 

x 

'-___ ---' 6-Bl '-____ ---'---_---'6.82 L __ -=:::==::=-_______ ~ 
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eq B.3 

!-I 
1= Ir' . dill 

-!.I 
u 

}l 
1= Ir'.p.A.dr 

-}I 

u 
!-I 

I=p·A· Ir'.dr 
-}l 

U 
1= p·A ·[t·(! ./)' -}'H ./)'] 

u 
I =r,.p.A././' 

U 

Where p equals the density (kgm·3
) and A the area (m). If the rotation of the 

same rod would be around the end of the rod (figure B.2). Then the integral 
in equation B.3 would range from 0 to I (equation BA). 

I 

1= Ir' . dill 
o 

u 
I 

1= Ir' ·p·A·dr 
o 

u 
I 

eqB.4 l=p.A·Ir'.dr 
o 

U 
I=p.A.[j./'j 

U 
/ =t·p·A././' 

U 

1= l'III'/' 
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If we consider a slice of material with a known radius (1'), thickness (h) and 
mass (m), wich is rotated along an axis through the cenh'e and perpendicular 
to the slice (figure B.3). Then the moment of inertia is given by equation B.S. 

eq B.5 

, 
I ~ fp·r' .(2·".iI.r)dr 

o 
u 

, 
I ~2·,,·p·iI fr 3 ·dr 

o 

u 

As "p'h equals the volume and the mass of the slice is equivalent to "p'h 
times P, we can rewrite equation B.5 to equation 8.6. 

eq B.6 

If we consider a slice which is rotated along an axis wich coincides with the 
midline, then the following applies (equation B.7 & B.8) 

eq B.7 eq B.8 

Therefore the moment of inertia is given by equation B.9. 
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Chapter 7 
Generating hip fractures in vitro 

The difference between men and boys is the price of their toys 

7.1 Introduction 

Measuring the strength of the proximal femur is a complex process, which 
requires adequate knowledge of both biomechanics and anatomy. There are 
two major methods to investigate bone strength. The first method uses small 
pieces of bone, with standardized dimensions, which are then loaded and 
measured l~. It provides us with valuable data e.g. the elastic modulus for 
bone. The second method uses whole, or large parts, of human cadaveric 
bone. We will look further into this method, as we will be applying this in 
tlus study. 

In literature three tecluuques of measuring the strength of the proximal 
femur were found. We will discuss each technique and describe its 
advantages and disadvantages. 

The first technique focuses solely on fractures of the femoral neck H. A 
plastic block is moulded around the proximal femur, thereby leaving the 
neck and the head of the proximal femur free (figure 7.1). The theory behind 
this experiment is the fact that only fractures of the neck are investigated. A 

Load Cell 

Plastic block 

major problem is the fact that one 
aught expect forces at the brim of 
the plastic mould, thus creating 
artificial forces during loading. A 
second problem is the fact that the 
majority of fractures described in 
these experiments are clinically not 
relevant, as most of these fractures 
run perpendicular to the femoral 
neck axis. 

Figure 7.1 . Schematic representation 
of the technique used by Dalen et al.' 

CHAPTER 7 . GENERATING HIP FRACTURE.S IN VITRO M:FW 



Load Cell 
Figure 7.2 . Schematic representation of the technique ap· 
plied by Hirsch et al. 15 

The second technique involves loading the femur in a 
way that it resembles one legged stance "". Although 
this technique offers reproducible results, it neither 
resembles the real life situation nor does it provide 
fractures as seen clinically, since the plane of fracture is 
essentially parallel to the load vector. An adaptation to 
this teclmique was used by Hirsch et al.". Before 
loading the femur they applied a force along the axis of 
the femoral neck in order to simulate muscular 
compression forces. This force was produced using a 
bolt which fitted over the head of the femur and the 

h'ochanter major (figure 7.2). Although this technique resulted in fractures as 
seen clinically, loading a femur in one legged stance does not resemble the 
natural aetiology of hip fractures. 

The third technique is used in most recent studies 1~20. Here the proximal 
femur is loaded in such a way that it resembles the moment of impact during 
a fall, i.e. the femur is placed with its trochanter major on the ground with 
the angle of the femoral shaft at 10° with respect to the horizontal and the 
femoral neck rotated 15° internally (figure 7.3). With this technique it is 
possible to generate fractures as seen in clinical practice. This technique will 
be discussed in full in chapter nine. A limitation of all the techniques above is 
the relative low loading rate (2 mms·l

) compared to the loading rate 
estimated for a fall from standing height (2.75 ms·l ) 21.". 

Figure 7.3· Schematic representation of the technique used in several studies 16-20 

Free to 

Attached to 
cross head 

IIII~:==-Jj~ A' 

Load Cell 

A 
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7.2 Theory 

The subject of this chapter is the design of a device capable of producing 
fractures of the proximal femur which not only resemble those seen clinically 
in osteoporosis related hip fractures, but also emulates their aetiology. 
Although the measurement of bone density and geometry are recognized as 
a useful tool in predicting hip fracture risk, little is known about the direct 
relation between bone mineral density (BMD) or geometry and the strength 
of the proximal femur 23. The purpose of our new design is to investigate this 
relation. 

In order to do so a few assumptions must be made. These assumptions are 
based on data obtained from literature. 

1. For a fall to result in a hip fracture it must be directed sideways ". This 
becomes clear when we recall the chain of events during a fall. If one 
falls face forward the arms will be stretched in a reflex in order to 
absorb the shock; this may result in a distal radius 'Calles' fracture. If 
on the other hand one falls backwards the buttocks will absorb most of 
the energy, most of the fall results in just a bruise. However, if one falls 
sideways the impact will be directed on the major trochanter. Since the 
h'ochanter major is covered with a shallow layer of soft tissue, most of 
the energy will be absorbed by the proximal femur resulting in direct 
loading of the femoral neck. 

2. A fracture of the proximal femur is not only caused by external forces, 
but there also exists an important muscular component 15, The muscles 
will pull the proximal femur into the acetabulum, in combination with 
the load of the body weight this will result in an axial compression of 
the femoral neck. From an anatomical point of view, these muscles can 
be divided into two groups. The first group acts above the axis of the 
neck and consists of the hip abductors and those lateral rotators that 
insert in the upper part of the trochanter major. The second group acts 
below the axis of the femoral neck and consists of the adductor muscles 
and the iliopsoas muscles. Exact axial pressures during a fall are 
unknown, we therefore assume to be in the range of those occurring 
during one-legged stance. Kotzar and a!. obtained data using 
telemeterized hip joint prostheses. His data showed axial forces to be in 
the range of 2.5 times body weight ". 

3. In a study performed at the department of mechanical engineering of 
the Massachusetts Institute of Technology (Cambridge, USA), hip 
impact velocities were measured using young healthy volunteers ". 
Average values for hip impact velocities were 3.17 ms·122,26.Therefore, 
the loading rate must be higher than those used up to now. 

CHAPTER 7 . GENERATING HIP FRACTURES IN VITRO W:tM 



7.3 Design of the device 

The device consists of hIlo main components: 

A. the steel frame and drop hammer (figure 7.4) 
B. the femur clamping device (figure 7.5) v 

In order to gain the required impact velocity, the drop 
angle (a) ranges from 90' to 50', this is illustrated using 
equations 7.1 to 7.3 and figure 7.6. In order to calculate 
the velocity it is necessary to know the height from 
which the rnass is being released, this can be assessed 
using equation 7.1. 

Figure 7.6 ~ Diagram 
showing the 
parameters involved 
during a fall. 

h. height 
r. length of the 

rod of the 
drop hammer eq 7.1 

u. starting angle 
The velocity at the moment of impact can be calculated 
using equation 7.2. (see chapter 6). 

m. mass of the 
drop hammer 

v. velocity 

I I 2 
11l'g'l=r 11l ' 1J 

eq 7.2 ij 

v~ J2.g·/1 

Substitution of equation 7.1 in equation 7.2 yields equation 7.3, in this 
equation all parameters are known and therefore the velocity at the moment 
of impact can be calculated. 

eq 7.3 v ~.j2. g. r· (I-cosa) 

In table 7.1 theoretic velocities for five different drop angles are given. 
Adjustments of the fall angle can be made by using several lengths of kevlar 

Figure 7.4 • Drawing of the 
device developed for this study 

A. horizontal adjustment 
B. pivot of the drop hammer 
c. femur clamping device 
D. vertical adjustment 
E. vertical safety bar to 

protect the 
dynamometers 

f. release mechanism 
G. Kevlar cord 
H. detachable masses 
l. drop hammer head 
J. steel frame. 
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A 

Figure 7.5 • Detailed drawing of 
the femur clamping device 

A. proximal femur 
B, Kevlar rope 
c. poIY·Qxy·methylene conus 
D. bridge 
E. dynamometers 
F. tightening screws 

cord, which does not show any appreciable creep. The angle can be 
measured using a potentiometer fixed on the pivot of the drop hammer. The 
load on the hanuner is variable, with a maximum load of 70 kg. The highest 
value of impact velocity and load will result in a kinetic energy of the 
hammel', at the moment of impact, of 521 J. 

Strength calculations on our device/require values for the deceleration of the 
mass of the hanuner. These are very difficult to predict. Especially at the 
higher values of impact velocity and load, where fractures surely will OCCUI', 

it is impossible to estimate the amount of energy that will be absorbed by the 
fracturing femur, nor the length of the deceleration distance of the hanuner. 
However, the pivot of the drop hammer is designed to resist forces up to 105 
kN. 

In the case of a realistic fall to the side the femur can be hit at different 
angles. The range of these angles is estimated at 3D·. In the device the line of 
impact force is always horizontal. To be able to study the influence of the 
different angles the clamping device is designed to accept femora at all 
angles over a range of 300

• 

The femora are placed in a poly-oxy-methylene conus simnlating the 
acetabulum (figure 7.5). The femora are kept in place by a kevlar rope (06 
mm) that can be tightened by screws, thus simulating muscular 
(compression) forces in a hip joint. Under the clamping device two 

dynamometers are mounted to measure either the compression force 
of the rope 01' the impact force when the femur is hit by the hanmler. 

---~.---- The dynamometers are custom made, shear force type Ineters, based 
~g 2.31 on strain gauge teclmiques. The signals of the strain gauges are 
70 ~:i~ amplified using a strain gage conditioner and amplifier system (type 
80 3.51 
90 3.86 

Table 7.1 Angles and the corresponding velocity at the moment of impact 
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2100",Micromeasurement) and processed using a personal computer (486-
DX2) equipped with an analogue/ digital converter (DAS 1802TS@, Keithly 
Instruments Inc., Cleveland, Ohio, USA). The data acquisition and processing 
were performed using in-house developed software (MKR, multi channel 
regish'ation, CDAI, University Hospital 'Dijkzigt' Rotterdam, the 
Netherlands). The sample frequency was set at 30.000 per second, to obtain 
sufficient data in the very short collision time. 

To simulate overlying soft-tissue, an eighteen millimetre thick cork and 
rubber multilayer (rubber 800 shore and cork 700 shore, type PK, GMT, Btihl, 
Germany) was mounted on the head of the drop hammer. 

The drop hammer and clamping device are mounted together to a heavy 
steel frame. Adjustments can be made to realign the clamping device and 
drop hammer. The hanuner is released using a double secured, two-handed 
operated luechanism. This release rnechanism is designed to ensure the 
safety of the operators. 

Kinematic energy values (Joules) of the drop hanuner at the moment of 
collision are calculated from equation 7.4: 

eq 7.4 E(a) ~ Ill' g ·/·(I-cosa) 

where a ranges from 90° (horizontal) to 45°, mass (m) ranges from 6.3 to 31.3 
kg (mass hammer rod and head 6.3 kg, which can be increased by weights of 
5 kg each) and the length of the hanuner rod (L) equals 0.76 m 
From the point of energy calculations the instrument can be seen as a chain 
of springs and dampers in which certainly energy will be absorbed. The 
instrument was tested using a steel ball (diameter 60 mm) placed withln the 
poly-oxy-methylene conus. By measuring the maximum angle to which the 
hanuner returned after collision with the steel ball, it was possible, using 
equation 7.5, to calculate energy absorption of the complete system. 

u 
ESYSfflll = Ill' g. h, -Ill- g. "2 

eq 7.5 U 
Esystem = 111' g. (Ill -112) 

U 
E,y;l"" ~ Ill' g .{. [(1- casad - (1- cosa,)] 

Where E, ",m = energy absorbed by system, E, ~ potential energy before 
release, E, ~ potential energy after collision, m ~ mass of drop hammer and 
arm, L~ length of the hammer rod (0,76 m), and g ~ 9.8 rns", 
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Table 7.2 shows the amount of energy absorbed by the system, at different 
starting angles and with different masses. The amount of energy absorbed by 
the femur can be assessed using equation 7.6: 

eq 7.6 

Where E"m~ = Energy absorbed by femur, E, = potential energy before release, 
E, = Potential energy after collision, and E,p',m= Energy absorbed by the 
system. 

7.4 Discussion 

The essential point of our design is that it mimics the aetiology of the 
sequences leading to a hip fracture "''''''. By changing the angle and the 
weight of the drop hammer, several impact energies can be attained. The 
clamping device realistically simulates the acetabulum and the muscles 
surrounding the femur. Furthermore, by using the cork rubber multilayer 
soft tissue overlying the trochanter is simulated. 

However, our design has two inherent drawbacks. The main drawback relies 
to the fact that it is not possible to place the femur in endo-rotation. In a 
recent article Pinilla et a!. showed that rotation from 0' to 30', yielded a 
significant decrease in femoral strength of 24 % ". The second drawback is 
that the pre-load is limited to approximately 600 N, where in-vivo these 
loads are in the range of 1700 to 2200 N ". 

The use of this new technique, which can give us information on energy 
dissipation, loads, and impact moments, could in conlbination with 
radiological and densitometric techniques provide us with an insight in the 
relation between bone mineral density, geometry and strength of the 
proximal femur. As such this device could open new perspectives for 
research into the biomechanics of hip fractures. 

Table 7.2 - Amount of energy absorbed by the device at different loading angles and weights 

Angle (') Mass (kg) Potential energy (J) 

45 6.3 13.74 
45 11.3 24.65 
45 16.3 35.56 
45 21.3 46.47 
60 11.3 42.08 
60 16.3 60.70 
60 21.3 79.32 

Energy absorbed 
by the system (J) 

3.76 
5.64 
7.21 
9.23 
10.55 
14.31 
17.93 

Energy absorbed 
by the system (%) 

27.4 
22.8 
20.3 
20.1 
25.1 
23.6 
22.6 

M'-
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Chapter 8 
Dynamic loading of the proximal femur 

Doubt is the father of invention 

8.1 Introduction 

In chapter seven we described a new design for in-vitro dynamic loading of 
the femur I", With this device we can obtain a dynamic simulation of a fall to 
the side, the leading cause of osteoporotic hip fractures, using loading speeds 
which meet the in-vivo rates reported by van den Kroonenberg et aJ. 3,4. Our 
model also incorporates the lnusculal' component over the femoral neck} 
which seems to playa role in hip fractures J an advantage over the semi-static 
teclmiques used in reported studies 5-10, In short, this semi-static teclmique 
consists of loading the femur in a fashion representing the moment of 
impact, ie. with an angle of 10" with respect to the horizontal and in 15° 
endo-rotation, and with loading speeds ranging from to 2 to 14 IlUns·1 (see 
chapter nine). 

The aim of this chapter is to: a) verify whether this loading device can 
produce realistic fractures, as seen in clinical practice, and b) to compare 
radiological and densitometric parameters, as presented in chapters three to 
five, to fracture resistance. 

8.2 Materials and methods 

Fenlora 
Thirty-seven femora, median age 82.9 (range 54.3-98.7 years), were drawn in 
a paired a-select fashion from the total pool of seventy-six available human 
cadaver femora. The femora were obtained from the department of anatomy, 
Erasmus University Rotterdam, the Netherlands. Medical records of the 
donors were not available. After removal of surrounding soft tissue the 
femora were kept in a medium containing Phenol and Formaldehyde 
(Phenol 99%, Acros Organics, New Jersey, USA. Formaldehyde 37%, Boom, 
Meppel, the Netherlands) ll. 
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Radiography 
All femora were radiographed using a Pandoros Optimatic X-ray tube and 
generator (Siemens, Germany), 1.10 m focus-film distance (46 kV, 8 mAs) and 
Dupont Ulh'a-visionTh' film/intensifier screens. The radiographs were used 
to exclude pre-existing abnormalities such as: fractures, osteoarthritic 
changes or metastatic disease. Furthermore, they were used to measure the 
geometry. The following dimensions were assessed; proximal femur axis 
length (PFAL), head width (HW), neck width (NW), shaft width (SW), neck­
shaft angle (NSA), offset, and the internal femoral axis length (IFAL) (a full 
description of these lneasurements can be found in chapter 3) 12.14. In addition 
the Singh and femoral neck index were scored 15.". After mechanical testing, 
radiography was repeated to score all fractures according to the classification 
system introduced by the Arbeitsgemeinschaft fiir Osteosynthesefragen 
(AO)l7. 

DXA 
All DXA measurements were performed with a Lunar DPX-L scanner (see 
chapter 4). Standard DXA software (version 1.3) for the proximal femur was 
used. Bone Mineral Density (BMD) of the neck, Ward's area and of the 
trochanter major was assessed according to the guidelines stated in the 
manual. 

QCT 
Measurements were performed on a GE Prospeed S-fast (General Electric, 
Milwaukee, Wl, USA) with a sequential single-energy technique at 120 kV 
and 400 mAs. Calibration of the CT image was achieved by a simultaneous 
scamting of a calibration phantom (Image Analysis Inc., Columbia, KY, USA) 
containing various inserts of solid calcium Hydroxy-apatite equivalent 
material (200,100,50, ° mgcm·3 Hap). Image analysis took place at the 
Osteoporosis and Arthritis Research Group, University of California, San 
Francisco, USA, using in-house developed software. This technique was 
described in full in chapter 5 of Utis dissertation. In summary, this teclutique 
converts volumetric data from HounsfieId units to BMD (mgcm·3 hydroxy­
apatite). After mapping the external contours a 3D binary model of the 
proximal femur was obtained. Thereafter, the binary and cr data were 
interactively reformatted along the axis of the femoral neck. The binary data 
were also used in an automated process that determines fixed volumes of 
interest (VOIs) for the measurement of BMD. In total three such VOIs were 
assessed; a femoral neck Val, a trochanteric Val, and a total Val, consisting 
of neck and trochanteric Val. For each Val trabecular, cortical and integral 
BMD was assessed. 

Two geometrical parameters were assessed. First the femoral neck axis 
length (FNAL), defined as the length of the line between the mediallintit of 
the femoral head and the base of the trochanter. Secondly, the ntinimum 
cross~sectional area (minCSA) was assessed. Using this the minimum cross~ 
sectionallnoments of inertia along the x- and y- axis were computed 
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(minCSI-x and minCSI-y). For one specimen the QCT data could not be 
assessed due to an error in the data file. 

Mechanical testing 
The device described in chapter seven was used for all tests. Pilot tests had 
shown that it is critically important to fine tune the loading conditions. For 
this study a mass of 21.3 kg and a drop angle of 60' was used. With these 
parameters a potential energy of 79.3 J is available. As shown in chapter 
seven, the test device absorbs 17.9 J with these settings. 

Statistical analysis 
Statistical analysis was performed using the Statistical Package for the Social 
Sciences (SPSS version 7.5.2, SPSS inc., Chicago, USA). An independent 
Student's t-test was performed to test for sex differences and for differences 
between fractured and non-fracrured femora. Logistic regression was used to 
test for the strongest predictor of femoral fracture resistance. 

8.3 Results 

Table 8.1 shows the results for radiographic classification after biomechanical 
testing. We found 13.5% (n~5) cervical, 43.2% (n~16) trochanteric, and 5.5% 
(n~2) subtrochanteric fractures, and 37.8% (n~14) showed no fractures (figure 
8.1). Tables 8.2 to 8.4 show the results for conventional radiography, DXA 

Figure 8.1 • Two radiographs of fractures after mechanical testing 
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Table 8.1 . Classification of fractures, according to the AO classification system 17. 

Fracture classification Number of fractures Percentage (of all femora) 

31All 
31A12 
31A23 
31A31 
31A32 
31B12 
310 

1 
1 
6 
1 
1 
2 
11 

2.7 
2.7 
16.2 
2.7 
2.7 
5.4 
24.2 

Table 8.2 • Conventional Radiology parameters of the femora used in this study (SO between 
brackets) 

All femora 
(n~37) 

Female femora Male femora 
(n~20) (n~ 17) 

p value 

--------------------------------
Age (years) 
PFAL (mm) 
IFAL (mm) 
Head width (mm) 
Neck width (mm) 
Shaft width (mm) 
Neck shaft angle C) 
Offset (mm) 
Femoral neck index 
Singh grade 

80.6 (9.5) 
103.4 (7.1) 
58.1 (3.8) 
49.4 (3.5) 
33.2 (3.1) 
44.4 (4.2) 
122.1 (4.6) 
49.6 (4.5) 
0.057 (0.024) 
4.9 (1.0) 

83.1 (9.4) 
100.0 (5.7) 
57.4 (3.6) 
47.0 (2.7) 
31.6 (3.1) 
43.0 (4.5) 
121.3 (4.6) 
49.3 (4.7) 
0.063 (0.024) 
5.0 (0.7) 

* significant difference between male and female femora. 

77.6 (9.0) 
107.4 (6.5) 
58.9 (3.9) 
52.2 (1.7) 
35.1 (1.8) 
46.0 (3.2) 
123.1 (4.4) 
49.9 (4.4) 
0.048 (0.02) 
4.8 (1.2) 

PFAl::: Proximal femur axis length, IFAl::: Internal femur axis length 

Table 8.3 - DXA parameters of the femora used In this study (SD between brackets) 

Neck BMD (gcm') 
Trochanteric BMO (gcm-2) 

Ward's SMD (gcm') 
T score 

All femora 
(n~37) 

0.730 (0.222) 
0.760 (0.211) 
0.566 (0.223) 
·1.2 (1.5) 

Female femora 
(n~20) 

0.669 (0.174) 
0.683 (0.178) 
0.509 (0.0426) 
·1.3 (1.4) 

* significant difference between male and female femora. 

Male femora 
(n~17) 

0.803 (0.254) 
0.851 (0.224) 
0.632 (0.245) 
.1.1 (1.7) 

0.08 
0.001 * 
0.22 
<0.001* 
<0.001 * 
0.027* 
0.247 
0.686 
0.054 
0.593 

p value 

0.067 
0.013* 
0.096 
0.7 

and QCT parameters for all femora and for female and male femora 
separately. We found significant differences between male and female 
femora for the following parameters: PFAL, HW, NW, SW, trochanteric BMD 
as measured with DXA, integral trabecular BMD, trochanteric h·abecular 
BMD, min CSA, and min CSMI in both the X and Y plane (p<O.05). All the 
other parameters showed no significant difference between male and female 
femora. Tables 8.5 to 8.7 show the results of the independent Student's t-test 
between fractured and non-fractured femora. Except for the femoral neck 
index, NSA, offset, and Singh index all geometrical and BMD parameters 
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Table 8.4 • QCT parameters of the femora used in this study (SO between brackets) 

All femora Female femora Male femora p value 
(n=37) (n=20) (n=17) 

Total integral BMD ' 215.37 (68.05) 199.86 (61.65) 232.7 (72.45) 0.151 
Total cortical BMD 397.32 (62.82) 388.36 (57.91) 407.34 (68.26) 0.373 
Total trabecular BMD 113.54 (39.41) 101.3 (31.07) 127.22 (43.99) 0.047* 
Neck integral BMD 210.1 (65.68) 198.44 (61.72) 223.13 (69.34) 0.266 
Neck cortical SMO 355.44 (54.49) 348.89 (55.03) 362.77 (54.59) 0.453 
Neck trabecular BMD 120.49 (43.44) 107.56 (36.28) 134.94 (47.20) 0.058 
Troch. integral BMD 226.16 (72.56) 209.19 (64.45) 245.14 (78.23) 0.14 
Troch. cortical BMD 430.99 (74.57) 419.04 (66.70) 444.34 (82.45) 0.316 
Troch. trabecular BMD 108.25 (38.65) 96.38 (30.29) 121.52 (43.38) 0.050* 
Femoral neck axis length 50.4 (4.52) 49.2 (4.44) 51.73 (4.36) 0.094 
Minimum GSA (mm') 1018.8 (152.38) 918.53 (125.51) 1130.87 (88.26) 0.001* 
Min. GSMI·X (mgmm') 24702.8 (12376.7) 18833.5 (6837.50) 31262.46 (13994.Q4) 0.002* 
Min. GSMI·Y (mgmm') 18559.3 (8899.6) 14359.1 (6179.12) 23253.71 (9270.30) 0.002* 

min CSMI: minimum cross· sectional moment of inertia, * significant difference between female 
and male femora (p<0.05). 

Table 8.5 • Differences in geometry between fractured and non·fractured femora (SO between 
brackets) 

Fractured femora Non·fractured p value 
(n=23) femora (n=14) 

Proximal femur axis length (mm) 100.3 (4.5) 108.4 (7.7) <0.001 * 
Internal femur axis length (mm) 57.0 (2.7) 59.8 (4.7) 0.026* 
Head width (mm) 48.3 (2.8) 51.3 (3.7) 0.007* 
Neck width (mm) 32.3 (3.3) 34.7 (2.3) 0.023* 
Shaft width (mm) 43.2 (4.1) 46.4 (3.6) 0.024* 
Neck shaft angle COl 121.3 (4.9) 123.4 (3.6) 0.172 
Offset (mm) 49.0 (4.6) 50.6 (4.3) 0.301 
Femoral neck index 0.061 (0.03) 0.047 (0.02) 0.085 
Singh grade 4.8 (1.0) 5.1 (1.0) 0.469 

* significant difference between fractured and non·fractured femora. 

showed significant differences between fractured and non-fractured femora. 
The calculated sensitivity of all parameters was high (>78%), however, the 
specificity appeared to be lower and was generally in the order between 50% 
and 79% (an overview of sensitivity and specificity is given in appendix 8-A). 
Total trabecular BMD, trochanteric trabecular BMD, min CSMI-Y and PFAL 
had the strongest sensitivity, respectively 90.9%, 90.9%, 95.5%,91.3%, and 
specificity, respectively 78.6%, 78.6%, 78.6%, and 64.3%. Adding more 
parameters to the logistic regression did not improve sensitivity or 
specificity. In a stepwise logistic regression total trabecular BMD always 
remained as the only significant parameter. Total trabecular BMD, 
trochanteric trabecular BMD, min CSMl-Y and PFAL are shown in graphs 8.1 
to 8.4, all box-plots show a considerable overlap between fractured and non­
fractured cases. 
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Table 8.6 - Differences in DXA parameters between fractured and non-fractured femora (SO 
between brackets) 

Fractured femora Non-fractured p value 
(n=23) femora (n=14) 

Neck BMD (gem') 0.641 (0.176) 0.877 (0.220) 0.001 * 
Trochanteric BMD (gcm-2) 0.670 (0.171) 0.908 (0.188) <0.001' 
Ward's BMD (gem') 0.479 (0.182) 0.708 (0.216) 0.001* 
T score .1.7 (1.4) ·0.3 (1.3) 0.005* 

* significant difference between fractured and non-fractured femora. 

Table 8.7 - Differences in QCT parameters between fractured and non-fractured femora (SO 
between brackets) 

Fractured femora Non·fractured p value 
(n=23) femora (n=14) 

Total integral BMD I 185.32 (58.73) 262.59 (54.47) <0.001* 
Total cortical BMD 373.97 (62.67) 434.02 (43.69) 0.004* 
Total trabecular BMD 92.71 (27.45) 146.26 (32.84) <0.001* 
Neck integral BMD 182.19 (55.60) 253.95 (56.88) 0.001 * 
Neck cortical BMD 332.49 (49.74) 391.52 (41.30) 0.001* 
Neck trabecular BMD 100.Q4 (33.53) 152.63 (38.02) <0.001 ' 
Troch. integral BMD 194.14 (63.40) 276.50 (56.74) <0.001* 
Troch. cortical BMD 402.54 (74.10) 475.70 (50.77) 0.003* 
Troch. trabecular BMD 87.85 (26.46) 140.31 (32.87) <0.001* 
FNAL (mm) 48.97 (3.45) 52.64 (5.19) 0.015* 
Minimum GSA (mm') 971.91 (146.65) 1092.49 (134.93) 0.018* 
Min GSMI X (mgmm') 18878.71 (6117.86) 33854.80 (14293.64) <0.001* 
Min GSMI·Y (mgmm') 14371.93 (7232.49) 25139.48 (7241.44) <0.001* 

1 all BMD measurements in gcm-3
, min CSMI: minimum cross·sectional moment of inertia 

* significant difference between fractured and non-fractured femora_ 
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8.4 Discussion 

As stated in the inh'oduction one of the aims of this study was to test 
whether the loading device is capable of producing fractures as seen in a 
clinical setting. Our results show that it is possible to generate such fractures. 
The distribution behveen cervical and trochanteric fractures, is similar to 
clinical practice taking into account the high average age (82.9 years) of our 
donors. Although in most societies cervical and trochanteric fractures occur 
with equal frequency, the average age of a patient with a trochanteric 
fracture is approximately five years higher. 

Based on severity of outcome, the two groups showed significant differences 
in geometrical and BMD parameters (tables 8.6 to 8.8). The group with 
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fractures had a significantly shorter PFAL, IFAL, and FNAL than the 
unfractured specimen. Epidemiological studies have shown that a longer hip 
axis length (HAL), from which our parameters were derived, had a positive 
correlation with hip fracture risk 13.I~22. This finding could not be 
demonstrated by our and other in-vitro studies 6.23. This suggests that the 
acetabular component of the HAL plays a role in the correlation with hip 
fracture risk 6.24. In an epidemiological study by Gltier et al. acetabular bone 
width was assessed and showed an odds ratio of 1.6 for each standard 
deviation increase in bone width. 

The radiological parameters reflecting bone size, ie. HW, NW, and SW, 
showed significant differences between the fractured and non-fractured 
femora. This is in agreement with reported studies 25. The Singh index, a 
radiographic tool for the classification of osteoporosis, showed no significant 
difference between both groups. The same negative result was found in an 
in-vivo study by Koot et al26. All BMD parameters of the fractured groups 
were significantly lower than that of the unfractured group. These findings 
were also reported when a semi-static technique was performed 6,7,10,27, 

Combination of different parameters did not enhance the sensitivity or 
specificity with regard to fracture prediction. However, taking into account 
our relatively small sample size, larger studies are required to further 
investigate the findings. The box- plots of the four strongest individual 
parameters show the characteristic overlap that is also seen in clinical 
practice. It can be speculated that other factors than bone mineral density or 
geometrical parameters playa role in fracture resistance. Bone architecture 
and inherent bone quality are suggested as additional parameters predicting 
bone strength. Scatter-plots of the total trabecular BMD against lnin CSMI-Y 
or PFAL show oniy a moderate correlation. Most of the fractured femora 
have a relatively low BMD as well as a relatively low min CSMI-Y or PFAL 
(graphs 8.5 and 8.6) The question remains if a better discrimination can be 
achieved by a combination of parameters. Again this has to be tested on 
larger sample sizes. 

An interesting finding is that we found no significant differences in energy 
absorption between the two classification groups. Furthermore, no 
significant correlations were found between energy absorption and any 
radiological or densitometric parameter. This observation contradicts the 
results published by Courtney et al. who showed a significant decrease in 
energy absorption for lower BMD values '. 
Our study shows that size dependent geomeh'ical parameters and BMD play 
an important role in the strength of the proximal femur. In conclusion, the 
strong point of our study is that we used a new approach, emulating a real 
life fall situation, and that it is to our knowledge the first study to combine 
geometry, DXA and volumetric QCT with respect to their ability to predict 
fracture resistance. 
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Appendix 8 A 
Calculated sensitivity and specificity for radiographic and densitometric 
parameters 

Parameter Sens% Spec % Parameter Sens % Spec % 

PFAL (mm) 91.3 64.3 Total integral BMD I 81.8 64.3 
IFAL (mm) 87 50 Total cortical BMD 81.3 57.1 
Head width (mm) 87 78.6 Total trabecular BMD 90.9 78.6 
Neck width (mm) 82.6 50 Neck integral BMD 81.8 57.1 
Shaft width (mm) 82.6 42.9 Neck cortical SMD 81.8 57.1 
NSA (') 82.6 28.6 Neck trabecular BMD 81.8 64.3 
Offset (mm) 91.3 7.1 Troch. integral BMD 86.4 71.4 
Femoral neck index 87 14.3 Troch. cortical BMD 81.8 57.1 
Singh grade 100 0 Troch. trabecular BMD 90.9 78.6 
Neck BMD (gcm') 78.3 64.3 FNAL (mm) 81.8 50 
Troch. BMD (gcm') 78.3 64.3 Minimum CSA (mm') 86.4 57.1 
Ward's BMD (gcm') 87 57.1 Minimal CSMI X plane' 86.4 71.4 
T score 87 61.5 Minimal CSMI Y plane 95.5 78.6 

IAII QCT BMD values in mgcm3, 2 mgmm2 
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Chapter 9 
Semi-static loading of the proximal femur 

An expert is 'a man Who has made all the mistakes 
which can be made in a very narrow field 

9.1 Introduction 

In clinical studies bone geometry and bone mineral density (BMD) have 
proven to show a positive correlation with fracture risk 1-5, In addition 
several in-vitro studies have been reported on the correlation between 
radiographic and densitOlnetric parameters and failure loads of cadaveric 
femora 6-11. One in-vitro study also assessed the energy absorption and 
stiffness of the femur in correlation with radiographic and densitometric 
parameters 8, Mostly all recent in-vitro studies have been performed using 
one and the same semi-static loading technique, in contrast to the dynamic 
technique employed by us and described in chapters seven and eight. In 
short the semi-static loading technique consists of loading the femur in a 
configuration designed to simulate a fall to the side, ie. in an angle of 100 

with respect to the horizontal and in 150 endo-rotation, and with the force 
applied over the greater trochanter 8,9, This tedmique generally yields 
fractures which resemble those seen in a clinical setting, 

So far no studies have been published that discuss the prediction of fracture 
risk combined with conventional radiography, DXA, and volumetric QCT. 
The aim of this chapter is to compare these three techniques with respect to 
their ability to predict femoral strength. Secondly, in contrast to all 
previously published studies our study used embalmed cadaver specimen. 
The use of fresh cadaver material, at least in the Netherlands, is limited due 
to a relative shortage and associated bio-hazards of working with fresh 
cadaver material. It would therefore be beneficiary if embalmed material 
could serve as well in biomechanical studies, The additional question we 
therefore address is whether embalming alters biomechanical properties in 
such a way that it influences the outcome of biomechanical studies. 
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9.2 Materials and methods 

Femora 
We used 39 cadaver femora median age 82.9 years (54.3-98.7 years). Medical 
records of the donors were not available. The bodies, from which the femora 
originated, were embalmed by vascular perfusion between 48 to 60 hours 
after death. All femora were exarticulated in the hip and, after removal of the 
surrounding soft tissue, kept in a solution containing Phenol and Formalde­
hyde (Phenol 99%, Acros Organics, New Jersey, USA. Formaldehyde 37%, 
Boom, Meppel, the Netherlands). Medical records of these donors were not 
available. 

Radiography 
All femora were radiographed using a Pandoras Optimatic X-ray tube and 
generator (Siemens, Germany, 1.10 m focus-film distance, 46 kV, 8 mAs, and 
Dupont Ultra-visionTh! film/intensifier screens). The radiographs were used 
to exclude pre-existing abnormalities such as: fractures, osteoarthritic 
changes or lnetastatic disease. Furthermore, they were used to measure the 
geometry, the following dimensions were assessed; proximal femur axis 
length (PFAL), head width (HW), neck width (NW), shaft width (SW), neck­
shaft angle (NSA), offset, and the internal femoral axis length (IFAL) (a full 
description of these measurements is presented in chapter 3) 12-14. In addition 
the Singh and femoral neck index were scored 15,16, After mechanical testing, 
radiography was repeated to score all fractures according to the system 
introduced by the' Arbeitsgemeinschaft fUr Osteosynthesefragen (AO)' ". 

DXA 
Dual-energy X-ray absorptiometry measurements were performed with a 
Lunar DPX-L scarmer (see chapter 4). For analysis the standard DXA 
software (version 1.3) for the proximal femur was used. The bone mineral 
density (BMD) of the neck, Ward's area and the trochanter major were 
assessed according to the guidelines stated in the manual. 

QCT 
Measurements were performed on a GE prospeed S-fast (General Electric, 
Milwaukee, WI, USA) with a sequential single-energy technique at 120 kV 
and 400 mAs. Calibration of the CT image was achieved by a simultaneous 
scanning of a calibration phantom (Image Analysis Inc., Columbia, KY, USA) 
containing various inserts of solid calciunl Hydroxy-apatite equivalent 
material (200, 100, 50, 0 mgcm~ Hap). Image analysis was performed at the 
osteoporosis and arthritis research group, UCSF, USA, using in house 
developed software as previously described in chapter 5. In summary, this 
technique converts volumetric data fram Hounsfield units to BMD (mgcm~ 
hydroxy-apatite). After mapping the external contours a 3D binary model of 
the proximal femur was obtained. Thereafter, the binary and CT data were 
interactively reformatted along the femoral neck axis. The binary data were 
also used in an automated process that determines 1ixed volmnes of interest 
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Figure 9.1 • Schematic representation of the 
holder for the femora 

A. 

B. 

c. 
D. 

E. 

load ceil, 
femur, 
polyurethane cushion, 
ball bearings, making the setup free to 
sfide 
holder for the femur, free to rotate 
along the axis 

(VOls) for the measurement of BMD. In 
total three such VOIs were assessed; a 
femoral neck YOI, a trochanteric YOI, 
and a total YOl, consisting of neck and 
trochanteric YOI. For each YOI 

trabecular, cortical and integral BMD was assessed. 

Two geometrical parameters were assessed. First the femoral neck axis 
length (FNAL), defined as the length of the line between the medial limit of 
the femoral head and the base of the h·ochanter. Secondly, the minimum 
cross-sectional area (minCSA) was assessed. Additionally the minimum 
cross-sectional moments of inertia along the x- and y- axis (lninCSI-x and 
minCSI-y) were assessed. For four specimen the QCf data could not be 
assessed due to errors in the data file. 

Mechanical testing 
The femora were placed in a holder especially designed for mechanical 
testing (figure 9.1). The holder positions the femora in an angle of 10' with 
respect to the horizontal and in 15° endo-rotation. The femur was free to 
rotate in the vertical plane and, by placing the whole unit on ball-bearings, 
the system was also allowed free horizontal translation. To prevent the femur 
from rotating along its length axis the femoral body was fixed within the 
holder by means of six sharp pointed steel bolts which were driven, 
approximately 0.5 em., into the femoral cortex. 

Mechanical testing was performed 
using a Zwick universal testing 
system (model 1418, Zwick GmbH, 
Willich Miinchheide, Germany), at 
the Faculty of Mechanical 
Engineering and Marine 

Figure 9.2 • Photo of the Zwick, model 
1418, situated at the Faculty of 
Mechanical Engineering and Marine 
Technology of the Delft University of 
Technology, the Netherlands. 
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Technology, Delft University of Technology, the Netherlands (figure 9.2). 
The rate of displacement was two millimetres per second. Load and 
displacement were recorded via a digital-ta-analogue converter and in-house 
developed data acquisition software (Delft University of Technology). 

To prevent local crushing of the cortices of either the h'ochanter major or the 
femoral head, a polyurethane slab (thickness 5 nun, 90· shore) was placed 
between the femur and the testing system. The displacement and energy 
absorption of the polyurethane cushions was measured separately replacing 
the femur by a steel ball-bearing (diameter 60 mm). All femoral measurement 
data were corrected for this side-effect. 

Data analysis 
Statistical analysis was performed using the Statistical Package for the Social 
Sciences (SPSS version 7.5.2, Chicago, USA). An independent Student's t-test 
was performed to test for sex differences. Correlations were cOlnputed using 
a partial correlation tests, controlling for sex of the donor. Forward stepwise 
multiple regression was performed to determine which of the parameters 
conh'ibuted independently to the prediction of mechanical parameters. 

9.3 Results 

The thirty-nine femora showed no signs of pre-existent fractures, 
osteoarthdtic changes or Inetastatic disease. In four specimen the mechanical 
testing failed, in these four cases the data acquisition software crashed and all 
data was lost, thereby leaving 35 femora for analysis. After mechanical 
testing we found 48.6% (n~l7) femoral neck, 45.7% (n~16) trochanteric and 
5.7% (n~2) subtrochanteric fractures (fig 9.3). All fractures were scored using 
the AO system (table 9.1). 

To correct for the presence of the polyurethane cushion a test with a steel ball 
was performed. The load displacement curve showed a linear relation 
between displacement and load, up to 3637 Newton and 6.84 mm. Using this 
data a correction for displacement was performed on all data of the test 
(equation 9.1) 

eq 9.1 Dispiacemelztrone = Displacement I:.mt & polyurethane-Londmwur.:J *(6.84/363 7) 

Using the corrected data the yield point (N), maximum load (N), slope 
(kNm-'), and energy absorption at the yield point OJ could be calculated. 

Tables 9.2 to 9.4 give a summary of the radiological and densitometric 
parameters. Significant differences between male and female femora were 
found for HW, minimum CSA, and minimum CSMI along both the x- and y­
axis. 
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Figure 9.3 - Radiographs of fractures after semi-static testing 

Table 9.1 - Classification of fractures, according to the AD classification, obtained by 
mechanical testing (n=35) 17 

Fracture classification Number Percentage 

31All 7 19.9 
31A21 1 2.9 
31A22 1 2.9 
31A23 1 2.9 
31A31 1 2.9 
31812 1 2.9 
31813 3 8.6 
31821 7 19.9 
31822 1 2.9 
31823 3 8.6 
31019 2 5.6 

In table 9.5 the mean values for the biomechanical tests are shown. aniy the 
maximum load showed a significant difference between male and female 
femora (p=O.02). 

As shown in table 9.6 for geometry oniy three parameters showed significant 
correlations stiffness vs offset and IFAL, maximum load vs PFAL, HW, 
offset, IFAL and the Singh grade, and energy absorption at the yield point vs 
PFAL, HW, offset, IFAL, and the Singh grade. The strongest correlation was 
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Table 9.2 - Means for age and geometrical parameters (SO between brackets) 

All (n035) Female (n020) Male (noI5) p value 

Age (years) 82.0 (10.4) 83.0 (9.9) 80.7 (10.4) 0.522 
PFAL (mm) 102.97 (7.9) 100.81 (7.0) 105.87 (8.4) 0.060 
HW (mm) 49.17 (3.7) 47.08 (3.0) 51.97 (2.4) <0.001 • 
NW (mm) 33.63 (3.1) 32.30 (3.7) 35.5 (2.4) 0.001 • 
SW (mm) 44.64 (3.9) 43.70 (3.6) 45.87 (4.2) 0.114 
NSAC) 122.83 (4.8) 123.25 (4.7) 122.30 (5.2) 0.559 
Offset (mm) 47.69 (5.8) 46.65 (4.8) 49.07 (6.9) 0.231 
IFAL(mm) 56.76 (5.9) 55.65 (5.2) 58.23 (6.6) 0.202 
Singh (grade) 4.46 (0.9) 4.40 (0.9) 4.5 (0.9) 0.677 
Neck index 0.064 (0.036) 0.073 (0.043) 0.053 (0.022) 0.112 

. significant difference compared to women. 
PFAL: proximal femur axis length, HW: Head Width, NW: Neck Width, SW: Shaft Width, NSA: Neck 
Shaft Angle, IFAL: Internal femur axis length. 

Table 9.3 • Means for the OXA variables studied (SO between brackets) 

All (n035) Female (n020) Male (noI5) 

Neck BMDI 0.685 (0.181) 0.634 (0.153) 0.752 (0.199) 
Ward's BMD 0.511 (0.196) 0.465 (0.104) 0.574 (0.200) 
Trochanteric BMD 0.694 (0.92) 0.647 (0.147) 0.757 (0.230) 
T·score ·1.48 (1.4) ·1.62 (1.3) . 1.3 (1.5) 

lall BMD measurements in gcm·2 

Table 9.4 • Means for the QCT parameters studied (between brackets) 

All (n035) Female (n020) Male (noI5) 

Total integral BMD' 206.20 (58.1) 209.12 (61.4) 202.6 (55.8) 
Total cortical BMD 390.22 (53.0) 392.82 (52.5) 387.07 (55.3) 
Total trabecular BMD 105.60 (33.2) 103.06 (31.7) 108.68 (35.8) 
Neck integral BMD 199.76 (54.5) 201.64 (57.4) 197.47 (52.8) 
Neck cortical BMD 349.18 (49.6) 351.76 (50.7) 346.06 (50.0) 
Neck trabecular BMD 112.53 (33.9) 109.14 (31.7) 116.65 (37.2) 
Trac integral BMD 218.02 (63.0) 221.94 (31.7) 213.26 (61.4) 
Troc cortical BMD 428.83 (64.3) 432.38 (60.0) 424.53 (71.2) 
Troc trabecular BMD 98.78 (33.6) 96.42 (32.6) 101.65 (35.8) 
FNAL (mm) 50.05 (5.0) 50.65 (4.9) 49.31 (5.2) 
Min CSA (mm') 1072.20 (169.4) 975.11 (162.6) 1190.08 (80.0) 
Min CSMI·X (mgmm') 26271.44 (10990.0) 21202.56 (7728.2) 32426.50 (11437.5) 
Min CSMI·Y (mgmm') 20482.99(11562.7) 15919.55 (5981.2) 26024.3 (14289.8) 

. significant difference compared to women. 
1 BMD measurements in gcm·3, FNAL: Femoral Neck Axis Length, Min CSA: minimum 
cross· sectional area. 

p value 

0.054 
0.103 
0.096 
0.501 

p value 

0.764 
0.769 
0.647 
0.836 
0.756 
0.549 
0.709 
0.741 
0.647 
0.464 
<0.001 • 
0.003 • 
0.013 • 
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Table 9.5 . Results for mechanical testing (SO between brackets) 

Stiffness (kNml) 
Maximum load (kN) 
Energy yield (mJ) 

All (n~35) Female (n~20) Male (n~15) 

269.62 (79.8) 244.68 (77.4) 300.80 (74.2) 
2729.5 (1380.4) 2266.9 (1125.0) 3346.3 (1482.3) 
10921.5(1380.4) 9367.9 (8172.2) 12889.3 (7500.7) 

• significant difference compared to women. 

p value 

0.068 
0.020' 
0.205 

Table 9.6 . Linear regression correlations between geometrical parameters and mechanical 
parameters (r2) 

Stiffness (kNm·l) Maximum load (kN) Energy Yield (mJ) 

PFAL(mm) 0.08 0.20 - 0.13 • 
HW (mm) 0.07 0.27 •• 0.17 • 
NW (mm) 0.00 0.10 0.06 
SW (mm) 0.02 0.04 0.02 
NSA(") 0.17 • 0.03 0.06 
Offset (mm) 0.22 • 0.18 • 0.19 -
IFAL(mm) 0.17 • 0.23 .. 0.21 •• 
Singh (grade) 0.11 • 0.18 • 0.12 • 
Neck index 0.02 0.02 0.00 

• p<0.05, -p<O.OI 
PFAL: Proximal Femur Axis Length, HW: Head Width, NW: Neck Width, SW: Shaft Width, NSA: 
Neck Shaft Angle, IFAL: Internal Femur Axis Length. 

Table 9.7 - Linear regression correlations between OXA parameters and mechanical 
parameters (r2) 

Stiffness (kNml) Maximum load (kN) Energy Yield (mJ) 

Neck BMD (gcm') 
Ward's BMD (gcm') 
Trochanteric BMD (gcm') 
T·score 

0.46 _. 
0.42 -
0.49 ... 
0.40 -

• p<0.05, -p<O.OI, -p<O.OOI. 

0.61 ..• 
0.49 ... 
0.81 -
0.51 ..• 

0.36 -
0.31 •.• 
0.49 •.. 
0.35 -

found between HW and maximum load (r2~O.27, graph 9.1) In table 9.7 the 
correlations between OXA and mechanical testing is shown, all correlations 
were highly significant (p<O.OO1). The strongest correlation was found 
between maximum load and trochanteric BMO (r2~O.81, fig 9.5). Table 9.8 
shows the correlations between QCT parameters and mechanical testing. 
Except for FNAL, minimum CSA and minimum CSMI-Y all parameters 
showed a high correlation with maximum load. For QCT the strongest 
correlation was found between maxitumu load and trochanteric trabecular 
BMO (r2~O.54, graph 9.2). 
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Table 9.8 . linear regression correlations between QCT parameters and mechanical 
parameters (rt) 

Stiffness (kNm·') Maximum load (kN) Energy Yield (mJ) 
-------

Total integral BMD' 
Total cortical BMD 
Total trabecular BMD 
Neck integral BMD 
Neck cortical BMD 
Neck trabecular BMD 
Troch. integral BMD 
Troch. cortical BMD 
Troch. trabecular BMD 
FNAL (mm) 
Minimum CSA (mm') 
Minimal CSMI·X 
Minimal CSMI·Y 

0.27 ' 
0.31 " 
0.24 ' 
0.26 ' 
0.34' 
0.18 ' 
0.27 ' 
0.32 .. 
0.31 '" 
0.12 
0.13 ' 
0.09 
0.00 

0045 '" 
0040 '" 
0.54 -
0040 '" 
0.39'" 
0041-
0042 ,., 
0.38-
0.54 -
0.09 
0.12 ' 
0.33 -
0.09 

0.32 -
0.36'" 
0.28 .. 
0.22 " 
0.27 ., 
0.15 ' 
0.33 ", 
0.36 ,., 
0.22 ' 
0.09 
0.05 
0.14 ' 
0.00 

, p<0.05, .. p<O.OI, '''p<O.OOI. ' all BMD measurements in mgcm', FNAL = Femur neck axis 
length. 

Table 9.9 • Linear regression correlations between geometrical and OXA parameters 
measurements and maximum load (rt ), in our study and previously reported data 

Maximum load (kN) 
This study Bouxsein et al. Courtney et al. Cheng et al. 
(n=35) (n=16) , (n=17) , (n=64) , 

---

PFAL(mm) 0.20 " 0.27' .' 0.24" 
NSAC) 0.03"S 0.02"' 
NW (mm) 0.10 .. 0.22" 
Neck BMD (gcm') 0.61 ,,, 0.79'" 0.92'" 0.71'" 
Ward's BMD (gcm') 0.49 ". 0.59'" 
Troch. BMD (gcm') 0.81 - 0.81- 0.73'" 0.88-

'p<0.05,"p<0.01, "·p<O.OOI, NS Not significant, 'Not mentioned in the published data. 

Table 9.10 • linear regression correlations between QCT measurements and maximum load (rt ), 

in our study and previously reported data 

Maximum load (kN) 
This study (n=31) Lang et al. (n=13) " 

Tot intgl BMD (mgcm·') 
Tot trab SMD (mgcm·') 
Tot cort BMD (mgcm") 
Neck intgl BMD (mgcm') 
Neck trab BMD (mgcm") 
Troch intgl SMD (mgcm') 
Troch trab BMD (mgcm') 

0.45 '" 
0.54 -
0.40 '" 
0040 .. , 
0.41 ,,, 
0.42 '" 
0.54 -

'p<0.05,"p<0.01, -p<O.OOI, '" Not significant. 

0.66 " 
0.81 " 
0.57 " 
0.48 " 
0.56 " 
0.67 " 
0.87 " 

Tot ~ Total, Troch~ trochanteric, intgl~ integral, trab~ trabecular, and cort~ cortical. 
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Stepwise regression showed that a combination of trochanteric BMD, as 
assessed with DXA, and minimum CSA yielded the highest correlation 
(r2~0.85, p<O.OOl). Whereas h'ochanteric integral BMD, assessed with QCT, 
and minimum CSA showed a lower correlation (r2~0.67, p<O.OOl). If only 
femoral neck or only trochanteric fractures were assessed separately 
trochanteric BMD, as assessed with DXA, had the strongest correlation in 
both groups, r2~0.78 and r2~0.83 respectively (both p<O.OOl). 

9.4 Discussion 

One of the aims of this study was to compare conventional radiography, 
DXA and QCT with respect to their ability to predict femoral strength. In our 
study the mean stiffness of the femora was 266 kNml (SD 84 kNml) which is 
significantly lower than values previously published, 1560 kNml (SD 500 
kNm-l) '. Our mean maximum load, 2451 N (SD 1209 N) also differs 
significantly from reported studies, where the mean loads range from 3440 N 
(SD 1330 N) to 3980 N (SD 160 N) '~.I'.I'. These differences can be partly 
explained by the high mean age (82.0 years) of the donors used in this study 
compared to the other studies (mean age range 69 to 76 years). However, we 
attribute the differences mainly to the fact that we used embalmed cadaver 
femora while other studies reported results on fresh cadaveric specimen. The 
mean energy absorption at the yield point was 10.92 J (SD 1.38 J), this is 
higher than values for energy absorption reported by Courtney et aI., 5.5 J 
(SD 3.0 J) '. A possible explanation for this finding may be that embalming 
the femora makes them less brittle, therefore the displacement at maximum 
load could be higher than in fresh cadaver femora. 

Geometry of the hip, in particularly the hip axis length, has recently gained 
considerable interest in epidemiological studies, In several studies, a longer 
hip axis length has shown to be positively correlated with hip fracture risk 
n13,w. In our study, in which we used parameters (i.e. PFAL, IFAL, FNAL) 
derived from the hip axis length, we could not confirm these results. An 
epidemiological study by GIUer et ai. did not show a correlation between the 
femur axis length and hip fracture risk 21. Significant positive correlations 
exists between maximum load and PFAL(r2~O.20) and IFAL(r2~O.23). This is 
in accordance with other in-vitro studies who also reported this conh'asting 
finding '.18,". In our study the highest correlation between maximum load 
and a geometrical parameter was found for the head width (r2~0.27) (graph 
9.1). The Singh index showed a weak but significant correlation with 
maximum load (r2~0.18). These two finding were also reported by GIUer et ai. 
using data from an epidemiological study 21. 

Bone mineral density measurements are regularly performed using DXA and 
have shown a high correlation with in-vitro fracture sh'ength 7,8,18,19, In our 
study we found a high correlation between maximum load and trochanteric 
BMD (r2~0.81, graph 9.2) which was significantly better than for neck BMD 
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(r2~0.61). Even if femoral neck and trochanteric fractures were analysed 
separately, trochanteric BMD remained the single lllost significant predictor 
of femoral strength (r2~0.78 and 0.83 respectively). These correlations 
correspond well with previously published data, as shown in table 9.9. 

Volumetric QCT measurements showed, although slightly weaker, 
significant correlations with maximum load. The strongest correlation was 
found for total trabecular BMD and trochanteric trabecular BMD (graph 9.3), 
both r2~0.54. The non significant correlation of FNAL with maximum load 
was, given the significant correlations for IFAL and PFAL, remarkable. The 
variance in the measurement of FNAL did not differ significantly from those 
of IFAL and PFAL. An explanation, based on our data, for this finding could 
not be given. 

Recently Lang et al. published a study in which the volumetric QCT 
technique was presented ". In their study, with a smaller sample size (n~13) 
and a lower loading rate 0.5 nuns-l vs 2.0 nuns-I, the correlations between 
QCT parameters and maximum load were stronger. However, the trend in 
the correlations for both studies is comparable. In both studies trochanteric 
trabecular BMD had the strongest correlation with maximum load (table 
9.10). The QCT data presented by Cheng et al. are not taken into 
consideration as they presented no volumetric QCT data'. 

Multiple stepwise forward regression showed that a combination of 
trochanteric BMD with minimum CSA yielded the highest correlation 
(r2~0.85, p<O.OOOl). 

An interesting finding is that DXA performs better than QCT in predicting 
fenlorai sh·ength. Even when the QCT measurements were corrected for size, 
by means of a bivariate regression (BMD +min CSA), the strongest 
correlation for maximum load was not higher than r2~0.68 for trochanteric 
h'abecular BMD + min CSA. 

A significant difference between our study design and those previously 
published, is the use of embalmed cadaver femora. One of the aims of this 
study was to investigate whether embalming influences biomechanical 
properties or correlations between radiological, densitometric and 
biomechanical parameters. Our results show that although the absolute 
biomechanical parameters demonstrate a significant difference compared to 
published studies, the correlations remain intact. This result, taking into 
account the small sample size, indicates that when correlations are the object 
of investigation in biomechanical studies, the use of embalmed cadaver 
material seems to be valid. 
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Chapter 10 
General discussion 

10.1 Introduction 

"Tracking something"'said'Win'nie· the;pooh -v'ery mysteriously. 
"'Tracking,what?'~ said Pig'lef, 'coming closer. 

"Thal's j~st whatl ask myseU.lasklljyseU. what?" .. 
~'What do you Ihinkyou'lI answer?". 

"I shall have 10 wail till 1 calch upwilhil·· .. saidWinnie·lhe.Pooh. 

In light of the rapidly increasing global problem of osteoporotic hip 
fractures, as stated in chapter 1, it is important to detect those at high risk of 
hip fractures at an early stage enabling preventive treatment. In 1994 a WHO 
study group stated that 'The risk of fracture worldwide may be only partly 
explained by differences in bone density between communities. Data 
describing the relationship between fracture risk in specific sites and the 
distribution of bone mineral density (BMD) are required to clarify this' I. 
Also, one can state that in order to predict hip fractures the basic mechanics 
of these fractures should at least be understood. In order to gain more 
knowledge of the mechanics of fracture and the relation with radiological 
and densitometric parameters a cadaver based study was undertaken. The 
aim of this dissertation is to address the following questions: 

1. What are the mechanics of a hip fracture? 
2. Can we design a model that simulates falls leading to fractures of the 

hip? 
3. Can we assess the strength of the proximal femur with radiographic 

and densitometric (DXA and QCT) procedures? 

This final chapter will discuss the study design, the main results and the 
clinical implications. Suggestions for future research will be given. 
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10.2 Study design 

The study design consisted of two parts, first a radiological and 
densitomeh'ic study of embalmed cadaver femora. Second a biomechanical 
study, in which a new device for dynamic biomechanical testing of femora is 
presented 2, The latter also focusses on the correlation between radiological 
and densitometric pru'mneters on one side and biomechanical parameters on 
the other. Biomechanical parameters are obtained either using the new 
device or using a semi-static teclmique as published previously 3-8, 

The radiological evaluation consisted of: 

a) Conventional radiology which has gained renewed interest in the field 
of osteoporosis, prompted by recent publications of several excellent 
epidemiological studies assessing the relationship between geometry of 
the proximal femur and hip fracture risk "". Especially the hip axis 
length has shown to be a good predictor of hip frach,re risk 1I,!2, The use 
of direct magnification radiography (DIMA) is relatively novel 21.", 

Geometry was measured using both conventional and DIMA 
radiography. 

b) Dual-energy X-ray absorptiometry is currently the most widely used 
teclmique for the detection of osteoporosis and by some even 
propagated as gold standard ", Despite some technical problems DXA 
is capable of measuring bone mass in a short time with a high 
precision26,27, The bone mass as measured with DXA has shown to he a 
predictor of hip fracture risk 18,28-32, 

c) Quantitative computed tomography is to date the only technique 
capable of measuring true volumetric bone density and separating 
trabecular and cortical bone 3~35, Due to the intricate geometry of the 
hip there are no systems available to perform these measurements in a 
clinical setting ", The teclmique presented in this dissertation has been 
developed at the Osteoporosis and Arthritis Research Group of the 
University of California, San Francisco, USA, and can be perceived as a 
pre-clinical system 6,37"" This pOl'! of the study also focussed on the 
influence of scanning tedmique, sequential versus spiral, on BMD 
measurements. 

The biomechanical analysis consisted of: 

a) Loading cadaveric femora in a true to life fashion, Le, with a high 
loading speed and simulating muscular compression forces, using a 
new device, The design of this new loading device, presented in chapter 
seven was based on three assUlnptions were made; first, for a fall to 
result in a hip fracture it must be directed sideways 39. Second, the 
muscular component which also seems to be an important factor in 
fracture mechanics, should also be incorporated in the model ", And 
third, the loading rate must be higher, in the order of 3 ms'! as shown in 
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an in-vivo study, than the 2 nuns-I currently used in most semi-static in­
vitro studies 41,42. This device has been developed as part of this 
dissertation and is to our knowledge unique in the world 2. 

b) Loading cadaveric femora in a semi-static fashion simulating a fan on 
the trochanter. The femur is loaded in an angle of 10° with respect to 
the horizontal and in 15° endo-rotation. With this technique the femora 
m'e loaded with a low loading speed and the muscular compression 
forces are not simulated. Although it clearly doesn't resemble in-vivo 
falls, this teclmique is currently the most widely used for in-vitro 
loading studies of the proximal femur 3-5,7.43_ 

10.3 Main results 

GeOinetrical measurements made on conventional and DIMA radiographs 
were compared in chapter three. Both techniques showed high inter- and 
inh'a-observer variance for the assessment of the Singh index. This high 
variance was also reported in a clinical study presented by Koot et al. ". 
Furthermore, this study showed that the use of DIMA had no additional 
value for the measurement of femoral geometry and as such this teclmique 
should not be advised for studies related to osteoporosis. 

In chapter five we used a relatively new volumetric QCT teclmique of the 
hip, developed at the Osteoporosis and Arthritis Research Group, University 
of California, San Francisco, was used 6.37• With the increased use of spiral CT, 
promoting higher patient comfort and shorter scanning times, it would be 
beneficial if this teclmique could also be used in quantitative CT. A 
previously published study suggests that, as spiral CT is more susceptible to 
partial volume effects, quantitative CT could be negatively influenced by that 
teclmique ". Our study however showed no significant differences in BMD 
values obtained using either teclmique, making the clinical use of spiral QCT 
more acceptable to both clinician and patient. 

The new device presented in chapter seven is to our knowledge a unique 
approach to assess in-vitro femoral strength. This new technique mimics the 
aetiology of the sequences leading to a hip fracture 39.41.". It also realistically 
silnulates the acetabulum, the lnuscles surrounding the femur, and the soft 
tissue overlying the trochanter major. 

The new technique, which yields a dichotomous sample, fractured versus 
non-fractured femora, showed that total trabecular BMD, trochanteric 
trabecular BMD, minimum cross-sectional moment of inertia along the y-axis 
(all assessed using QCT) and PFAL (assessed on conventional radiographs) 
had the highest sensitivity and specificity for the prediction of femoral 
strength in a logistic regression model. The loading tests resulted in 13.5% 
(n=5) femoral neck, 43.2% (n=16) trochanteric, and 5.5% (n=2) 
subtrochanteric fractures. 37.8% (n=14) of the femora showed no fractures. 
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To compare our sample of 
femora and to test the validity 
of the use of embalmed cadaver 
femora, we also performed 

semi-static loading test used in many published studies H'2,43. The results of 
the semi-static teclmique showed that trochanteric BMD, as measured with 
DXA, had the highest correlation with maximum load (r'=0.81, p<O.OOl). The 
QCT parameters showed significantly lower correlations. 

After pairing the dichotomous fracture data (chapter 8) with the maximum 
load of the contra lateral femur (chapter 9) a significant difference was found 
for the maximum load between the fractured and non-fractured specimen 
(p=0.015, graph 10.1). This result provides further proof that our new 
teclmique is a valid method to assess bone strength. 

The results of our study suggest that our new teclmique which emulates the 
aetiology of the sequences leading to a hip fracture and yields a fracture 
pattern as seen in a clinical setting, performs better than the semi-static 
teclmiques used previously. Furthermore the results suggest that bone 
density as well as geometrical parameters playa role in fracture prediction. 

10.4 Discussion of main results 

The first part of this paragraph is based on the outcome of the new dynamic 
study, as tIus seems to have the closest resemblance to the in-vivo situation. 
It is necessary to remember that this is an in-vitro study which only focusses 
on geOlnetric and densitometric parameters. As not only those factors 
contribute to hip fracture risk, other factors such as mental state, muscle 
strength, concomitant disease, visual ilnpairment and the surface on wluch 
the person falls are additional parameters which have to be considered in the 
in-vivo situation 49. Furthermore bone architecture and inherent hone quality 
could playa role in fracture risk prediction. However, currently there are no 
methods available that can reliably describe the architecture or bone quality 
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with non-invasive techniques. Therefore they are beyond the scope of this 
dissertation. 

The highest sensitivity and specificity was found for QCT parameters 
(appendix 8-A). This finding combined with the unique capability of QCT to 
separately assess trabecular and cortical bone, makes QCT a very interesting 
technique for the diagnosis of osteoporosis of the hip. As trabecular bone is 
more susceptible to metabolic changes, QCT could be also very valuable in 
the monitoring of therapeutic interventions SO,S1, Volumetric QCT provides a 
3D data set that gives the opportunity to measure additional geometrical 
parameter such as the miniInum cross-sectional area, and the derived 
minimum cross-sectionallnoments of inertia. These parameters also showed 
a relatively high sensitivity and specificity in a logistic regression model. 

QCT has a relatively low radiation dose; in a publication on hip QCT Cann et 
al. reported on the effective absorbed dose in a scanning protocol comparable 
to that suggested by Lang et al. for in-vivo studies 6.". The effective dose 
reported was 40 f'SV, which is low compared to a standard radiograph of 
one hip which is approximately 300 f'SV (table 10.1) 53. A disadvantage is the 
limited availability of commercial software capable of hip QCT. Furthermore, 
no reference data are currently available. 

The second best sensitivity and specificity for the prediction of femoral 
strength was found for a geometric parameter; proximal femur axis length, 
which is assessed on conventionall'adiographs. Given the wide availability 
of radiographic techniques and low cost of operation, this suggests that 
geometry measured on conventional radiographs is a promising teclmique to 
detect those at risk for hip fractures. However, before this teclmique can be 
introduced into a clinical setting it is of the utmost importance that normal 
data are gathered and cut-off points for hip fracture risk are determined. This 
would make it possible to express the data as either T- or Z-scores, which 
indicate the status of the individual patient. A disadvantage of conventional 
radiographs is the relative high radiation dose, which is 300 f'SV for a 
targeted hip view and 1000 ftSV for a pelvic view (table 10.1). In our study we 
used a correction for magnification so that true dimensions could be 
assessed. It has been shown that additional variability due to different 
magnification factors play an important role in the interpretation of 
geometrical parameters 14, Therefore sh'ict standardized operating 

Table 10.1 - Effective doses and their equivalent natural radiation period 52.64. 

Examination 

X·hip (only one) 
X-pelvis 
QCT·hip 
DXA·hip 

Effective dose (ftSV) 

300 
1000 
40 
15 
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Approximate equivalent period 
of natural background radiation 

2 months 
6 months 
1 week 
1 day 

If:ffd 



procedures with regard to patient placement and magnification are 
important ". It is unlikely that the measurements of geometrical parameters 
could playa role in monitoring intervention studies. As such this technlque 
seems to be more suitable as a simple screening tool. 

DXA showed the highest sensitivity and specificity for trochanteric BMD 
(sensitivity 78.3% and specificity 64.3%); these values were less than those 
found in QCT and conventional radiography. However, this technique is 
widely used and relatively easy to perform. Recent improvements in system 
design have enllanced spatial resolution which gives DXA the potential of 
obtaining additional geometry measurelnents on these images. Reference 
data for hip BMD are widely available and it is likely that reference data for 
hip axis length will be available soon. The effective dose of this technlque is 
in the order of approximately 15 p5v (table 10.1). A relative disadvantage is 
that DXA of the hip gives an integral measurement of the hip and therefore is 
comparably less sensitive to changes over time compared to QCT. An 
additional disadvantage is the influence of soft tissue on the measurements, 
Although the dual-energy technlque corrects for the presence of soft tissue 
DXA has shown to be dependent on changes in weight and body changes 27. 

Both DXA and QCT are equally influenced by the fat marrow content in the 
proxitnal femur 55, 

Our semi-static study showed similar results as previously published, a 
relative high correlation of trochanteric BMD with maximum load as well as 
significant correlations with geometrical parameters 3,4.8,43.56, The results of the 
semi-static loading study can not be directly compared to the dynamic study 
as the biomechanical principles are essentially different. The semi-static 
study uses force transduction whereas the dynamic model is based upon 
impulse moments. We feel that the dynamic test resembles more the impact 
of a fall on the hip than the semi-static technlques used previously. Our new 
device gives an outcome as seen in a clinical setting, where under 
comparable loading conditions some patients break their hip and some don't. 

Both studies show that bone mineral density as well as geometrical 
parameters playa role in fracture mechanlcs. Our small sample size did not 
allow for definite conclusions concerning the combination of paranleters in 
predicting femoral strength. It can be speculated however that because of the 
high correlations, sensitivity and specificity of bone mineral density 
lneasurements with fracture outcome 01' maximUlll load, the addition of any 
other parameter will contribute only little to the predictive power. In clinlcal 
practice where additional factors, such as discussed previously, as well as the 
normal biological distribution of all factors playa role, uruavelling the 
contribution of all factors to fracture risk will be difficult. 
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10.5 Suggestions for future research 

In this dissertation we have presented a new technique to perfonn in-vitro 
loading tests on cadaver femora. This technique has proven to be capable of 
generating fractures as seen in a clinical setting. OUf conclusions are limited 
by the relatively small sample size, future studies using larger samples are 
required to confirm our findings. Furthermore these studies should also 
focus on the combination of parameters in predicting femoral strength. 

As stated in the discussion of the main results, one of the factors not taken 
into account in this dissertation is bone architecture. The introduction of high 
resolution QCT could be an interesting aspect for future research 57.$), 

Combination of BMD, geometry and bone architecture could well enhance 
the predictive power of QCT. 

Our new device could also be used for studies into the effect of external hip 
protectors 61-63. The use of such protectors has been propagated to reduce the 
risk of hip fractures after a fall, by lowering the impact forces on the hip. 
With our device, which has shown to be capable of generating fractures, 
hmovative research could be performed to further analyse and design 
external hip protectors. 
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Summary 

Osteoporosis is a very COimnon skeletal disease. In 1994 the world health 
organization gave the following definition of osteoporosis: f osteoporosis is a 
disease characterised by low bone mass and micro-architectural deterioration 
of bone tissue, leading to enhanced bone fragility and a consequent increase 
in fracture risk'. The Illost serious outcome of osteoporosis is a fracture of the 
hip. In day to day practice the term hip fracture is used for fractures of the 
proximal femur, i.e. the upper end of the thighbone, This fracture mainly 
occurs in Caucasian females aged 70 year and over (in all more than 90% of 
all hip fractures occur in this group). The consequences of these fractures are 
serious, with a reported mortality (death resulting from the hip fracture) rate 
of approximately 25% and a morbidity (disease resulting from a hip fracture) 
rate of approximately 30%. Besides these medical aspects there's also an 
important socioeconomic aspect. A recent study has shown that in 1993 the 
cost for hip fractures in the Netherlands amounted to 362 million Dutch 
guilders. In light of the expected increase of the ageing population in the 
near future, osteoporosis is an important and serious health threat. It is 
therefore of the utmost importance to detect those at high risk for hip 
fractures at an early stage. In order to succeed it is necessary to get 
familiarized with the relationship between radiologic and densitometric 
parameters and the strength of the proximal femur. This is the basic question 
to be addressed in the study presented in this dissertation. 

Chapter one describes hip fractures and osteoporosis from a historical, social 
and medical perspective. Furthermore the microscopic anatomy of bone and 
macroscopic anatomy of the hip are briefly discussed. This inh·oductory 
chapter is concluded by stating the aim of this study. 

Chapter two discusses the different classification systems of fractures of the 
proximal femur furthermore the choice for the classification system used in 
this study is discussed. 

Chapter three focusses on measurements of geometrical parameters of the 
proximal femur as performed on embalmed human cadaver femora. These 
measurements were done using conventional and direct magnification 
(DIMA) radiography. Several epidemiological studies have shown that, 
geometrical parameters have a predictive power for fracture risk. 

Dual-energy x-ray absorptiometry (DXA) measurements are presented in 
chapter four. Currently DXA is the most widely used technique for the early 
detection of osteoporosis and monitoring of therapeutic interventions. 

Chapter five describes the measurements performed with quantitative 
computed tomography (QCf). These measurements were performed in 
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cooperation with the Osteoporosis and Arthritis Research Group of the 
university of Californica, San Francisco, USA. Due to the intricate geometry 
of the proximal femur QCT measurements of this region are not used in a 
clinical setting. The technique used in this dissertation is however a 
predecessor of a technique which could well be introduced in a clinical 
setting. 

Chapter six describes the basics of biomechanics in general and biomechanics 
of the hip during stance and fall in more detail. 

Chapter seven starts with a historic overview of the selni-static 
biomechanical tests previously published. Using these examples the 
necessity of a new teclmique is demonstrated. This new technique is 
presented and the theories behind this design are discussed. 

Chapter eight correlates measurements performed with the new technique, 
presented in chapter seven, with radiologic and densitometric parameters 
presented in chapters tlu'ee through five. From this study several parameters 
with a predictive power emerged. The data presented in this chapter also led 
to the conclusion that our new design was able to generate fractures as seen 
in a clinical setting. 

In chapter nine a semi-static loading tedmique, which is used in Inost recent 
publications, is used as a comparison with the new technique and to check 
the validity of data obtained using embalmed material. This chapter showed 
that the use of embalmed cadaver specimen for studies into the correlation 
between radiographic and densitometric parameters and biomechanical 
parameters is valid, although absolute biomechanical parameters differed 
significantly to those presented in preciously published studies. 

In the final chapter of this dissertation the main findings and clinical 
implications are discussed and suggestions for future research are given. The 
main conclusion of this study supports the idea that both geometry and bone 
mineral density have predictive power for hip fractures. 
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Samenvatting 

Osteoporose is de meest voorkomende afwijking aan het skelet. In 1994 werd 
deze ziekte door de Wereld Gezondheidsorganisatie als voigt gedefinieerd: 
~Osteoporose is een ziekte die gekenmerkt wordt een lage bot massa en 
micro-architecturale veranderingen, leidend tot een toename in 
breukgevoeligheid en een daar aan gerelateerde verhoging van de kans op 
fracturen'. De ernstigste verschijningsvorm van osteoporose is de gebroken 
heup (heupfractuur), in het dagelijkse taalgebruik wordt met een 
heupfractuur een breuk van het bovenste deel van het bovenbeent het 
proximale femur, bedoeld. Deze fractuur komt in overgrote meerderheid 
(>90% van aile heupfracturen) voor bij blanke vrouwen boven de 70 jaar. De 
gevolgen van deze fracturen zijn zeer ernstig, er is sprake van een mortaliteit 
(overlijden ten gevolge van de heupfractuur) in ongeveer 25% van aile 
patienten en in de morbiditeit (ziekte of blijvend gebrek ten gevolge van de 
heupfractuur) in ongeveer 30%. Naast deze gevolgen voor de 
volksgezondheid is er ook een belangrijk economisch aspect. In een recent 
Nederlands onderzoek is berekend dat in 1993 de totale kosten voor 
heupfracturen, behandeling en nazorg, 362 miljoen gulden bedroegen. Met 
het oog op de toenemende vergrijzing is dit probleem dus in toenemende 
mate een zeer belangrijk en ernstig ziekte beeld. Dit maakt het noodzakelijk 
om in een vroeg stadium die personen, die een verhoogd risko hebben Vaal' 

een heupfractuur, op te sporen. Hiervoor is het noodzakelijk dat er een beter 
inzicht verkregen wordt in de relatie tussen breukgevoeligheid en de 
radiologische en bot densitometrische (de bepaling van de hoeveelheid kalk 
in het skelet) parameters van de heup. Deze vraagstelling is dan ook het 
onderwerp van deze studie, waarin naast radiologie oak biomechanica een 
prominente 1'01 speelt. Hiervoor is een in-vitro (een simulatie van de 
werkelijkheid) studie opgezet waarbij gebruik gemaakt wordt van 
gebalsemd kadaver materiaa!. 

In hoofdstuk 1 wordt een overzicht gegeven van de geschiedenis van en 
medische en socio-economische gevolgen van heupfracturen. Verder wordt 
een overzicht gegeven van de microscopische anatomie van bot en de 
macroscopische anatomie van het proximale femur. Dit inleidende hoofdstuk 
wordt besloten met het uiteenzetten van de doelstellingen van dit 
proefschrift. 

Hoofdstuk 2 behandelt de classificatie van fracturen van het proximale femur 
en wordt de keuze voor de in deze studie toegepaste classificatie 
gemotiveerd. 

In hoofdstuk 3 worden de metingen van de geometrie van het proximale 
femur besproken. Hiervoor wordt gebruik gemaakt van, met behulp van 
conventionele en I direct magnification' radiografie. Enige geometrische 
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maten blijken namelijk uit epidemiologisch onderzoek een voorspellende 
waarde te hebben ten aanzien van heupfracturen. 

Hoofdstuk 4 behandelt metingen met behulp van dual-energy X-ray 
absorptiometry (DXA). Deze techniek is momenteel de meest toegepaste 
teclmiek voor de bepaling van de bot massa. 

In hoofdstuk 5 worden metingen gepresenteerd die verricht zijn met 
quantitatieve CT (QCT). Deze metingen zijn in samenwerking met de 
'Osteoporosis and Arthritis Research Group' in San Francisco verwel'kt. 
Metingen met QCT van het proximale femur zijn tot nu toe, door de 
ingewikkelde al'chitectuur van het proximale femm', nog niet toepasbaar in 
een klinische omgeving. De hier toegepaste teclmiek kan echter beschouwd 
worden als vDol'stadium van een systeem dat weI klinisch inzetbaar is. 

Hoofdstuk 6 behandelt basale biomechanica en meer in detail de 
biomechanica van de heup in stand en tijdens een val. 

In hoofdstuk 7 wordt een kort historisch overzicht van biomechanische 
pro even op het proximale femur gegeven. Aan de hand hiervan wordt 
uiteengezet waarvoor het noodzakelijk is een nieuwe techniek te 
introduceren. Deze nieuwe techniek en de theorie achter het antwerp 
worden vervoIge118 in detail behandeld. 

Hoofdstuk 8 behandelt de correlatie van metingen verricht met de nieuwe 
techniek en de radiologische en densitornetrische parameters gepresenteel'd 
in hoofdstukken 3, 4 en 5. Uit dit deel van de studie komen enkele 
voorspellende parameters naar voren. De gegevens gepresenteerd in dit 
hoofdstuk Ieiden tot de conclusie dat ons nieuwe antwerp in staat is om 
fracturen, zoals die gezien worden in de kliniek, te genereren. 

In hoofdstuk 9 wordt een semi-statische belastingstechniek, vergelijkbaar 
met die in de meeste recente publica ties, gebruikt ais een 
vergelijkingsmethode ten opzichte van 0118 nieuwe ontwerp. Tevens wordt 
de validiteit van het gebruik van gebaIsemd kadaver materiaal getes!. Uit de 
gegevens getoond in dit hoofdstuk kan worden geconcludeerd, dat als het 
doel van het onderzoek de correlatie tussen biomechanische parameters en 
radiologische en densitometrische parameters is, gebalsemd kadaver 
materiaal gebruikt kan worden. 

Het afsluitende hoofdstuk bediscussieert de belangrijkste bevindingen van 
dit onderzoek en geeft suggesties voor toekomstig onderzoek. De 
belangrijkste bevindingen in dit onderzoek ondersteunen de gedachte dat 
zowel geometrie als botdichtheid een beIangrijke rol spelen in het 
voorspellen van heupfracturen. 
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