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ABSTRACT 

ABSTRACT 

Background: 

Hip resurfacing is a logical choice for the treatment of symptomatic osteoarthritis 

as the degenerative process affects primarily the articular surface. It has been tried 

previously but failed. Recent improvements in metallurgy, manufacture and 

engineering have resulted in the development of a new series of implants which 

appear to be much more successful. Over the last 10 years, they have been used 

with enthusiasm and increasing popularity. However, over the last two years or so, 

their popularity has diminished with an awareness of significant complications 

developing. The complications relate primarily to early fracture, and the possible 

development of adverse reactions to metal ions. Component position may be 

implicated in the development of these complications. 

Aims: 

1. To examine x-rays post-operatively of patients who have had hip resurfacing 

surgery and determine whether bone remodelling has occurred 

2. If it has occurred, whether it is consistent with the changes predicted by the 

loading redistribution by the finite element stress analysis. 

3. The use of finite element analysis to measure the effects of surgical technique 

and some ofthe factors related to femoral component positions on the bone stress 

distribution and morphological changes over time. 
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4. Improvements and suggestions regarding surgical aspects, (alterations in the 

valgus and varus alignment, the effect of anti-version and retro-version of the 

femoral component, the effect of incomplete seating of the femoral component 

and the effect of the cement mantle thickness) and to address concerns in relation 

to hip resurfacing surgery. 

Materials and Methods: 

For the x-ray analysis 89 patients with 90 resurfacings were present in our 

database. The Birmingham (Smith and Nephew) hip resurfacing was used in all 

patients. There were 68 men and 22 women, with a mean age of 52 years. All 

patients had the underlying diagnosis of osteoarthritis. 33 patients agreed to be 

part of the study and were available for evaluation. These patients had x-rays, 

which were accurate enough to determine the measurements. Standardized AP x-

rays were obtained so that the femoral neck could be measured in a reproducible 

way. 

For the finite element analysis, a three-dimensional mesh was created using ten 

node tetrahedral elements. The bone contours on which the mesh was based on 

were extracted from CT scans. The material properties derived from the CT scans 

were applied locally. Muscle forces were applied as at heel strike, during normal 

gait. Two models were created, a reference or preoperative model and a treated, 

post-operative model. The integration points served as sensors. Both models were 

loaded identically over a period of 48 virtual months and the changes between the 

reference and the treated models assessed. Bone mass gain or loss was assessed as 
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well as the region of the femoral head and neck where the change occurred, 

determined. The effect of alterations in the valgus and varus alignment, the effect 

of anti-version and retro-version of the femoral component, the effect of 

incomplete seating of the femoral component and the effect of the cement mantle 

thickness were variables which were examined. 

Results: 

Alterations in bone mineral density developed quickly after implantation and 

appeared to be stabilised within 12 months. Under the femoral component 

superiorly, bone loss occurs. In other areas, generally, an increase in bone density 

is seen. Maximum bone loss under the femoral head was approximately 85%, and 

maximum bone in gain at the base of the femoral neck inferiorly was 60%. The 

optimal valgus alignment was close to neutral in the femoral neck and highly 

valgus and varus alignments led to the development of bone loss. In relation to the 

version of the femoral stem within the neck, slight anteversion, 5°, as opposed to 

retroversion was favourable. Incomplete femoral component seating lead to 

significant alterations in tensile strain and potential displacement. Both 

displacement and strain rose dramatically beyond 3 mm of incomplete seating. 

The cement mantle thickness modelling was inconclusive as to its effect but it was 

noted that the most dramatic bone mass loss was with the cementless implant. 

In the x-ray analysis we found that immediately under the femoral component, the 

femoral neck diameter diminished by 3.52% (p=O.OOl). Distally, the neck 
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increased in diameter by 3.13% (p =0.011). On the control side, no significant 

change in the neck width was observed. 

An increase in the body mass index produced increasing widening at the base of 

the femoral neck but the neck narrowing under the femoral component was not 

affected by BMI. 

We did not see an influence of age on the changes in femoral neck width in the 

resurfacing patients. 

Conelusion: 

There is change in the femoral neck morphology after hip resurfacing surgery. 

Finite element analysis has predicted that this would occur as a result of changed 

loading patterns. The location and tyPe of remodelling that has occurred, was also 

predicted by the finite element analysis. The change in neck width appears to be a 

manifestation of remodelling of bone in response to these altered loading patterns. 

It was clearly established that surgical techniques such as a slightly valgus 

component alignment, with a neutral or slightly anteverted stem, induced changes. 

Remodelling was seen on follow-up x-rays. A cemented and fully seated femoral 

component is the optimal alignment. In the proximal part, stress shielding occurs, 

while distally, where the stress shielding was less, the effect of body weight on the 

remodelling was more pronounced. 
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INfRODUCTION 

1 Introduction 

"Nature operates in the shortest way possible. " 

-Aristotle 
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INTRODUCTION 

1.1 Background 

Osteoarthritis is a common degenerative joint disease which causes pain, stiffness 

and swelling. It affects quality of life and when it involves the lower limbs, 

because of the effect in limiting weight bearing, its impact is magnified. In an 

effort to minimise this impact, many treatments are advocated and on occasion 

surgery is warranted. Joint replacement has been an effective way to minimise 

pain and improve function. Hip replacement surgery has been arguably the most 

effective surgical procedure in improving quality of life of people in the twentieth 

century (Laupacis et al., 1993, Segal et al., 2004). 

Currently, we may be in the third phase of the development of hip replacement 

prostheses. When they first became popular, with the work ofChamley (Chamley, 

1972), the relief of pain was the primary goal. If patients had limitation of 

movement, weakness, some lower limb inequality, these were all acceptable 

because the relief of pain, the main aim of treatment, was achieved. At that stage, 

durability was still lacking, and prostheses wore out quite quickly. The next phase 

in development was when patient expectation extended beyond pain relief and it 

was required that prostheses lasted a prolonged period of time, if not indefinitely. 

Material improvements and improvements in surgical technique have moved 

towards that goal. The final and most recent phase has been the patient 

expectation of no limit in the level of desired physical activity. Pain relief and 

durability are no longer enough to qualify as success. The limitation imposed by 
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the arthritic process is expected to be reversed and unrestricted potential be 

restored. Clearly, this is often an unreasonable expectation. 

Since the disease process affects primarily the bearing surfaces, resurfacing of the 

affected area seemed logical and this was attempted (Freeman and Bradley, 1983) 

but problems arose and the technique was abandoned in favour of total hip 

replacement surgery, a procedure which removes the entire femoral head and most 

of the neck of the femur as part of the operation and replaces it with a prosthesis. 

The procedure is effective but also has limitations mainly in relation to wear, 

durability and impact tolerance (Schmalzried et al., 2000). Hip resurfacing has 

been resurrected as a way to address these limitations and possibly make it an 

effective treatment in younger patients who require the implant to tolerate a 

greater spectrum of physical activity, as well as allowing older people who want 

to maintain, or return to, a higher level of physical activity the option of so doing. 

Improvements in design, component materials - metals, high density polyethylene 

and surgical technique have shown in early follow-up studies the resurfacing 

option to be an effective one for the treatment of hip osteoarthritis (Daniel et al., 

2004). However, there are problems, such as fractures and component loosening, 

leading to implant failure and the need for revision surgery. 

The use of hip resurfacing as a treatment option for symptomatic osteoarthritis has 

become more prevalent over recent years. The availability of implants which 

Surgital Aspects, Finite Element Analysis and x...-ay cotTelation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 3 



INTRODUCTION 

appear to perform more reliably and at a higher level of function has brought at 

least the promise of improved activity for patients with this condition. 

Surgical guidelines as to optimal implantation techniques have been lacking. 

Previously, the implants did not function long enough to allow a critical 

assessment of optimal surgical positioning. Previous experience with resurfacing 

prostheses had led to early failure, for a variety of reasons (metallurgy, design, 

surgical technique are possible causes). 

1.2 Aims 

The aim of this thesis is to determine the effect of a resurfacing component's 

surgical orientation on the adaptive behaviour of the underlying bone in a human 

femur using a verified adaptive bone remodelling theory coupled with finite 

element analysis. We aim to use current knowledge of finite element modelling, 

bone physiology and biomechanics, to determine guidelines for the surgeon as to 

optimal implantation technique. As in other complex phenomena, modelling can 

help with the understanding of the relevant factors involved. In addition, clinical 

information from our patient follow-up data base is to be used to try and confirm 

the theoretical findings as determined by the modelling process. This will be done 

by reviewing x-rays, four, five and six years after the operation, and assess the 

bone remodelling which has occurred, to see if it is consistent with the finite 

element analysis predictions. This thesis deals with the remodelling behaviour of 
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bone when it is subjected to a specific set of physical circumstances and the 

circumstances are varied. 

This thesis is written from the perspective of an experienced orthopaedic surgeon 

looking for a "logical" guide to performing this procedure. As such the focus has 

been towards a practical direction: how to apply the conclusions directly to 

clinical decision-making. We are aware that technique is at least as important as 

design and metallurgy, and this study addresses this. The aim is to define 

guidelines for the implantation of the femoral component in hip resurfacing 

surgery and specifically the Birmingham hip resurfacing. The aim is not only to 

provide what would be the ideal implantation but, understanding that there is an 

enormous amount of patient variability and variability in the pathology, to provide 

the surgeon with some guidelines as to where the boundaries are, for implantation 

of this prosthesis to make the best use of anatomy and physiology and help with 

patient outcomes. 

1.3 Thesis Outline 

Chapter 2 lays the groundwork in terms of basic science. Initially the hip anatomy 

and biomechanics are described. Then, bone structure and function are addressed 

in detail down to the cellular level. A detailed analysis of the various remodelling 

theories is described. Then, osteoarthritis as a pathological condition is discussed. 

The treatment options, evolution of surgical treatment and its efficacy is presented. 
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Hip resurfacing is then addressed, including a detailed technique analysis and 

description of the operative process. 

Chapter 3 describes the methodology used. Description of finite the element 

analysis process and the boundary conditions are presented. Material properties 

and the sequence of position variables are discussed. Then the analysis of the 

radiographs is discussed and a description provided of how the time related 

changes on the x-rays are assessed. 

The results are presented in chapter 4. In the first part of the chapter, the finite 

element results with the various positions of the femoral component are presented. 

In the second part of the chapter the x-ray evaluation of femoral neck thickness 

changes are presented. 

Chapter 5, in the discussion, the implication of the results is discussed, in the 

context of current available information. Finally in chapter 6, the conclusion, a 

brief summary of the impact of the data is given. 
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2 Literature Review 

"If I have seen further it is by standing on the shoulders of giants. " 

Isaac Newton, letter to Robert Hooke, 1675 
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2.1 Anatomy 

The hip joint functions as a structural unit but, for the purpose of this thesis and 

for ease of description, the different structural elements will be discussed 

separately. As the focus of this thesis is primarily the proximal femur, this will be 

discussed in more detail. However, the acetabular portion of the hip joint will also 

be discussed, as the function of the hip joint is a combination of the two structures 

and are inseparable in real life. 

Particular detail will be given to the structure of the femoral neck, as this will 

feature prominently in this study, and to the vascular supply of this area. The 

vascular supply is responsible for providing nutrients to the bony architecture. 

2.1.1 <>steolo~ 

The hip joint is a ball and socket joint which attaches the lower limb, a structure 

specialised for support and locomotion, to the trunk. The proximal aspect of the 

lower limb bones are shown in Figure 2-1 (anterior) and Figure 2-2 (posterior). 

The articular surface covered by articulating cartilage is shown in yellow. The 

skeletal aspects are composed of two parts: the socket, or acetabulum and the 

femoral head. 
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2.1.2 Acetabulum 

Each of the three pelvic bones, the ilium, ischium and pubis contribute to the 

formation of the acetabulum. Together, they form a large, cup- shaped cavity on 

the external aspect ofthe pelvis, orientated downwards, forwards, and laterally. It 

is not a complete cup, being deficient inferiorly at the acetabular notch. A 

depression on the floor of the acetabulum, filled with fat, is the acetabular fossa. 

This is not part of the weight bearing surface. The weight bearing surface is a 

lunate shape and excludes the notched area and the acetabular fossa. The articular 

cartilage is thickest where the lunate surface is broadest. The depth of the 

acetabulum is increased by the fibro cartilaginous rim, the acetabular labrum. 

2.1.3 Femur 

The femur is the longest and heaviest bone of the body, comprising one quarter to 

one third of the body height. It consists of two ends and a shaft. The proximal end 

is further divided into neck, head and trochanteric segments. There are two 

trochanters, the greater and the lesser. These are prominences to which major 

muscles attach. The lower end consists of two spirally curved condyles, the 

medial and the lateral. These comprise the upper end of the knee joint. The femur 

is not straight but, rather, curved in each of the three planes. 
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When the femur is in the vertical anatomical position the condyles are in the same 

horizontal plane, parallel to the ground, resulting in the femur having a valgus 

alignment on normal weight bearing. This may be normally 4 o to 1 oo, but the 

variation is wide. 

The plane of the femoral neck is anterior to the plane formed by the posterior 

aspects of the two femoral condyles. In adults this angle, temed "femoral torsion" 

is approximately 15° but there is wide variation. 

The angle that the long axis of the neck makes with the shaft of the femur, the 

angle of inclination, varies with gender and age, and with pathological processes. 

When the angle is greater, more vertical, it is termed an increased valgus 

alignment. When the angle is less, so that the femoral neck is closer to 90° to the 

shaft of the femur, it is classified as varus alignment. 

The shaft of the femur itself is curved anteriorly, an anterior bow. The curvature is 

most marked proximally. 
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1.1.3.1 Head 

The head forms approximately two-thirds of a sphere and is orientated upwards 

medially and anteriorly (Figure 2-3). There is a pit, or fovea, to which is attached 

the ligament of the head of the femur, located slightly inferiorly to the centre of 

the femoral head. It is completely covered with articular cartilage except over the 

fovea. In front, the cartilage extends laterally to cover a small area of the 

adjoining part of the neck. It is thickest at the centre of the head and thinner 

towards the periphery. 
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Fipre l-J: Detailed osteology ofthe proximal femur, showing points of muscle attachment 
(Bartleby.com, 1918). 
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2.1.3.2 Neck 

Most anatomical texts deal with the femoral neck in passing. Surgically, however, 

it has great clinical relevance because of the frequency with which it fails, leading 

to femoral neck fracture. The management of femoral neck fracture is a major 

clinical problem in orthopaedic trauma. 

The neck of the femur is a thick bar of bone somewhat rectangular in cross-

section that connects the head to the shaft in the region of the trochanters. In front, 

the neck and shaft are separated by the inter-trochanteric line which begins above 

a tubercle, the cervical tubercle, and runs downwards and medially. It becomes 

continuous with a spiral line distal on the femur and eventually joins the medial 

lip of the linear aspera lower down. 

The thick inferior aspect of the femoral neck, the area which bears most of the 

load, is termed the calcar. Garden (Garden, 1961) described in great detail the 

structure and function of the femoral neck. The femoral neck meets the shaft at 

approximately 127°, by varying from 113° to 136°, and version of the neck on the 

shaft is approximately 10° of anteversion, but varying from 38° of anteversion to 

20° of retroversion. 
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The femoral neck has a complex internal structure comprising medial 

compression trabeculae which fan out proximally into the femoral head (Figure 

2-4 and Figure 2-S). There are also tension trabeculae laterally, which arise from 

the lateral femoral cortex and curve upwards and medially to merge with the 

compression trabeculae in the femoral head. A third group of trabeculae arise 

from the medial aspect of the cortex at the level of the lesser trochanter and cross 

the lateral trabeculae at the junction of the neck and shaft. Enclosed within this 

network of trabeculae is a relatively empty area, known as Ward's Triangle. 

Fipn l-4: The posterior aspect of the proximal end of the femur, impact, and split to show the 
underlying pattern of cancellous trabeculae (Garden, 1961 ). 

A small area in the anterior wall of the femoral neck, the posterior wall of the 

neck and the two trochanters, with their communicating ridge, do not have any 

specialised trabeculae. The Ward's triangle area represents a central area where 

trabecular reinforcement is absent, centrally within the bone and both anteriorly 

and posteriorly, on the cortical side. 
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Fipre l-S: X-ray showing pattern of trabeculae. 
L: lateral tension trabeculae M: medial 
compression trabeculae 1: intertrochanteric arch 
W: Wards Triangle (Garden, 1961). 

Fipre l-6: The posterior wall of the femoral 
neck is removed showing the thin wall, and 
the thick ridge of the protruding calca. LT: 
lesser trochanter F: calcar (Garden, 1961). 
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The magnitude and significance of the calcar is well shown by bisecting the 

proximal femur through the lesser trochanter. Visually, this appears as an 

uninterrupted sheet of almost cortical hardness in continuity with the postero-

medial cortex. X-rays, in varying degrees of rotation, show the laminar structure 

ofthe calcar (Figure 2-4, Figure 2-5, Figure 2-6, Figure 2-7 and Figure 2-8). 

Flc•re l-7: Bisected femur showing the extent of the calcar ridge (Garden, 1961 ). 
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Ficure l-8: X·rays in various degrees of rotation, showing the trabecular pattern of the femoral 
head and neck (Garden, 1961). 

2.1.4 Greater trochanter 

The greater trochanter projects laterally above the junction of the shaft with the 

neck and its prominence can be palpated in the thigh. In the erect position, the 

greater trochanter is in the same horizontal plane as the pubic tubercle, the head of 

the femur and the coccyx. It has medial and lateral aspects and superior, anterior, 

and posterior margins. The inter-trochanteric crest is a ridge that connects it to the 

lesser trochanter. 

2.1.5 Lesser trochanter 

This bony protrusion extends medially from the postero-medial part of the femur, 

at the junction ofthe neck and the shaft. 
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2.1.6 The shaft 

The shaft of the femur has anterior, medial and lateral surfaces in its middle part, 

and in addition a posterior surface, proximally and distally. The prominent 

posterior border, the linea aspera, has medial and lateral lips for muscle 

attachment and an intermediate area that broadens distally and proximally. The 

lateral lips become continuous proximally with the gluteal tuberosity. The medial 

lip is continuous above with the spiral line. The pectineal line extends from the 

back of the lesser trochanter to the linear aspera. The lateral lip of the linea aspera 

is prolonged distally, joining the lateral supracondylar ridge eventually ending at 

the lateral epicondyle. The medial lip extends distally as the medial supracondylar 

line (Gardner, 1975). 

2.1. 7 Capsule and ligaments 

The structures comprising the capsule and the ligaments consist of a fibrous 

capsule, the pubofemoral ligament, iliofemoral ligament, ligament of the head of 

the femur, ischiofemoral ligament, the acetabular labrum and the transverse 

acetabular ligament. 
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1.1.7.1 The fibrous capsule 

The fibrous capsule is a strong dense sleeve surrounding the joint (Figure 2-9 and 

Figure 2·1 0). It is attached proximally at the acetabular margins, five or six mm 

beyond the acetabular labrum. In front it is attached to the outer margin of the 

labrum and opposite the acetabular notch to the transverse acetabular ligament 

and the edge of the obturator foramen. It surrounds the neck of the femur distally 

and is attached in front of the trochanteric line. Above it is attached to the base of 

the neck, posteriorly, approximately one centimetre above the trochanteric crest. 

Below it is attached to the lower part of the neck close to the lesser trochanter. 

Figure l-9: Hip Capsule- anterior (Davies, 1967). 
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Ffturel-11: Hip Capsule- posterior (Davies, 1967). 

From its attachment anteriorly many fibres are reflected upwards along the neck 

as longitudinal bands, retinaculae which are accompanied by blood vessels 

supplying the head and neck of the femur. The fibrous capsule is much bigger at 

the upper, proximal part. Distally and posteriorly it is thin and connected only 

loosely to the bone. 

The capsule consists of two sets of fibres: circular and longitudinal. The circular 

fibres are the deeper and fonn a collar or ring around the neck of the femur. 

Although partially blended with the pubofemoral and ischiofemoral ligaments, 

these fibres have no direct attachment to bone. The longitudinal fibres are greatest 

in number at the upper and anterior part of the capsule where it is also 

strengthened by the pubofemoral and ischiofemoral ligaments. The external 

Surgical Aspeas, Finite Element Analysis and x-ray correlation of femoral nel(;k changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 21 



LITERATURE REVIEW 

surface of the capsule is rough, covered by numerous muscles, and separated in 

front from the psoas major and iliacus muscles by a bursa. 

2.1.7.2 The iliofemoral ligament 

The iliofemoral ligament is triangular in shape and of great strength. It lies in 

front of the joint and it is intimately connected with the capsule. Its apex is 

attached to the lower part of the anterior superior iliac spine and its base to the 

inter-trochanteric line of the femur. The medial and the lateral parts of the 

ligament are strong bands, while the central part is relatively thin and weak. 

2.1.7.3 The pubofemoral ligament 

This ligament is triangular in form with its base on the pelvis where it is attached 

to the iliopectineal eminence, the superior pubic ramus, the obturator crest and the 

obturator membrane. Distally it blends with the capsule and with the deep surface 

ofthe medial band of the iliofemoral ligament. 

2.1.8 The ischiofemoral ligament 

This has a spiral shape on the posterior aspect of the joint. It is attached to the 

ischium distally and, behind the acetabulum, it is directed superiorly laterally over 

the back of the neck of the femur. 
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2.1.8.1 The ligament of the head of the femur 

This is a triangular, flattened band attached by its apex to the anterosuperior part 

ofthe fovea on the head of the femur. At its base, it is attached by two bands, one 

on each side of the acetabular notch and between these bony attachments it blends 

with the transverse ligament. It is covered by synovial membrane. The ligament is 

made tense when the thigh is semi-flexed and abducted. It is relaxed when the 

limb is adducted. 

2.1.8.2 The acetabular labrum 

This is a fibrocartilaginous rim attached to the margin of the acetabular cavity. It 

bridges the acetabular notch as the transverse ligament of the acetabulum. It is 

triangular on cross-section. The base is attached to the edge of the acetabulum and 

the apex corresponds with the free margin. The edge turns to grasp the head of the 

femur. 

2.1.8.3 The transverse ligament of the acetabulum 

This is an extension of the acetabular labrum, although differing from it in having 

no cartilage cells amongst its fibres. It consists of strong and flattened fibres 

which cross the acetabular notch and convert it into a foramen. Through this 

foramen pass vessels and nerves to the joint (Davies, 1967). 
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2.1.9 Vascular supply 

Survival of the living cells, their ability to repair and remodel as a response to 

stresses, depends on having an adequate blood supply. In this section, the blood 

supply will be discussed in detail, particularly the arterial blood supply. 

2.1.9.1 Arterial supply 

The arteries supplying this region are: the lateral femoral circumflex, the medial 

femoral circumflex, the obturator, the superior gluteal, the inferior gluteal, the 

first perforating artery and the nutrient artery of the femur (Figure 2-11 ). 
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Fipre :Z-11: Anterior View a: medial femoral circumflex artery; e: lateral femoral circumflex 
artery; f: anterior cervical branch of the lateral femoral circumflex artery; g: anterior capital branch 

of the lateral femoral circumflex artery; h: trochanteric branch of the lateral femoral circumflex 
artery; j: branch of the lateral femoral circumflex artery near point of anastomosis with medial 

circumflex artery (Howe, 19SO). 

A trochanteric anastomosis is formed by branches from the two circumflex 

arteries and the first perforating artery. However, this collateral flow does not 

appear to improve the perfusion of the femoral head, which arises primarily from 

the medial circumflex artery. The femoral neck itself derives blood supply from 

both the circumflex arteries, but more from the lateral vessel than the medial. 
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Deriving its supply from more than one vessel provides the femoral head with a 

greater flexibility in nutrition. 

2.1. 9.1.1 The lateral femoral circumflex artery 

This artery originates from the profunda femoris artery near its origin or less 

frequently from the femoral artery. It passes laterally over the iliopsoas where it 

divides into branches to supply muscle, the base of the femoral neck and the 

greater trochanter. Muscle branches supply the iliopsoas, the vastus lateralis and 

the vastus intermedius. One branch supplies the tensor fascia lata. Branches 

supplying the anterior portion of the femoral neck also originate at the lateral 

border of the iliopsoas. They pass laterally to the iliopsoas to reach the femur at 

the inter-trochanteric line. In this region the arteries supply three areas: the base of 

the neck, its extracapsular region along the inter-trochanteric line, the capsule and 

the intracapsular neck. Numerous small branches supply the base of the neck 

along the length of the inter-trochanteric line. 

The artery which enters the intracapsular neck pierces the less dense section of the 

anterior portion of the capsule close to the bone between the ascending and 

transverse bands of the iliofemoral ligament, theY-shaped ligament of Bigelow. 

Within the capsule this vessel lies beneath a synovial membrane. It then enters the 

femoral neck bone at a variable point on the neck. Two or three trochanteric 

vessels continue laterally to supply the anterior and lateral surfaces of the greater 
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trochanter. The most superior of these ascends to the region of the gluteus medius 

insertion where it may anastomose with branches of the medial femoral 

circumflex artery. One or two more vessels enter the bone of the greater 

trochanter anteriorly. The most inferior branch passes over the vastus intermedius, 

continues laterally under the upper portion of the vastus lateralis and curves 

around the lateral surface of the femoral shaft where it lies just distal to the 

femoral tubercle to which is attached the vastus lateralis. From there the vessel is 

distributed to the lateral surface of the trochanter and may anastomose with the 

superior gluteal artery. It then continues posteriorly, where its branches are 

distributed to an area in common with the first perforating artery (Howe, 1950). 

2.1.9.1.2 The medialfemol'tll circumflex artery 

The medial femoral circumflex artery arises either from the profunda femoris 

artery or, less commonly, from the femoral artery. Immediately it dips posteriorly 

between the iliopsoas and pectineus muscles. It supplies branches to the adductor 

muscles, gracilis and obturator externus muscles. After passing beneath the 

obturator externus, this branch penetrates the thin parietal capsule at its insertion 

to the base of the femoral neck. Under the thickened visceral synovial membrane 

this vessel travels up the femoral neck to supply the femoral head with two small 

vessels at the articular margin. Smaller branches from these vessels are distributed 

to the synovial membrane in this region and occasionally there are one or two 

branches into the cervical bone (Figure 2-12 and Figure 2-13). 
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Fipre l·ll: Angiographic study demonstrating that widespread perfusion of the femoral head 
provided by the medial femoral circumflex artery (Lavigne et al., 2005). 

Fipre 1·13: The perforation of the terminal branches of the medial femoral circumflex artery. 1. 
Head of the femur; 2 gluteus medius; 3 deep branch of the medial femoral circumflex artery; 4. 

The terminal sub synovial branches ofthe medial femoral circumflex artery. 5. Insertion and 
tendon of gluteus medius; 6. Insertion and tendon of pyriformis. 7. The lesser trochanter with 

nutrient vessels. 8. The trochanteric branch. 9. The branch of the first perforating artery. 10. The 
trochanteric branches (Gautier et al., 2000). 
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During its passage in the fat-filled trochanteric fossa numerous branches enter 

foramina inter-trochanteric fossa to supply the base of the neck. At the lower 

border of the obturator externus one or two trochanteric branches travel over the 

posterior aspect of the greater trochanter. The main vessel continues superiorly 

over the obturator externus to reach the superior surface of the neck. Here it lies 

buried and protected beneath the common tendon of the obturator internus and 

gemelli muscles and the overhanging superior lip of the greater trochanter. As this 

vessel reaches the short, flat superior neck two or three large branches enter the 

neck near the junction with the greater trochanter. In the same area three or four 

large vessels pierce the lateral capsular insertion and then passing proximally 

beneath the thickened visceral synovial membrane enter four to five large 

foramina at the articular rim of the superior portion of the femoral head (Howe, 

1950). 

The blood supply to the weight-bearing portion of the femoral head comes from 

the medial femoral circumflex artery via its sub-synovial branches, the retinacular 

branches. The head can be totally perfused by the superior retinacular vessels 

(Gautier et al., 2000, Lavigne et al., 2005). Damage to this vessel therefore may 

compromise the viability ofthe femoral head (Figure 2-14 and Figure 2-15). 
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Figure l-14: Anterolateral view of the hip joint showing detail of vascular branches. e: lateral 
femoral circumflex artery; f: anterior cervical branch of lateral femoral circumflex artery; h: 

trochanteric branch of lateral femoral circumflex artery; j: anastomose in branch to medial femoral 
circumflex artery; 1: trochanteric branches of superior gluteal artery (Howe, 19SO). 
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Fipre l-15: Posterior view of hip joint showing detail of vascular supply a: medial femoral 
circumflex artery; c: posterior superior a capital branch of medial femoral circumflex artery; d: 

trochanteric branches of medial femoral circumflex artery ; m: inferior gluteal artery; p: 
trochanteric branches from fttSt perforating artery; s: branch of the inferior gluteal artery to be 

external obturator foramen; u: branch of inferior gluteal artery to the internal obturator and gemelli 
muscles (Howe, 19~0). 

2.1.9.1.3 The obturator anery 

After its exit from the obturator foramen, the obturator artery lies deeply buried 

beneath the obturator externus forming by its branches a vascular ring around the 

origin of this muscle. At the acetabular notch a single branch passes beneath the 

transverse ligament and enters the fat of the acetabular fossa. A relatively small 

branch from this acetabular artery enters the substance of the ligamentum teres. In 
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the acetabular fossa branches are distributed to fat, synovial membrane and 

acetabular bone. One or less frequently two small branches pass through the 

ligamentum teres towards the femoral head. In the posterior section of the 

obturator foramen a branch from the inferior gluteal artery frequently joins the 

obturator vessel ring. Several branches from these two arteries enter foramina in 

the inferior posterior portion of the acetabulum. In the anteromedial section of the 

external obturator ring the medial femoral circumflex artery occasionally sends a 

branch from the region of the adductor muscles (Howe, 1950). 

2.1.9.1.4 The superior gluteal artery 

The superior gluteal artery supplies the superior portion of the acetabulum, the 

upper parietal ligamentous capsule and a small portion of the greater trochanter. 

As the superior gluteal artery emerges through the sciatic notch, a branch 

descends beneath the pyriformis muscle to supply the posterior rim of the 

acetabulum and the posterior ligamentous capsule. Another branch passes 

transversely along the ilium beneath the gluteus minimus muscle, supplies that 

muscle and sends several branches through foramina into the superior portion of 

the acetabulum. Branches from these vessels descend to the superior capsule of 

the hip joint. These branches terminate within the capsule. The branch of the 

superior gluteal artery which supplies the gluteus medius travels beneath that 

muscle and sends a terminal branch to the femur. Small branches are distributed 

around the gluteus medius and minimus muscles as well as to the proximal tip of 
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the greater trochanter. Descending branches reach an area over the superior and 

lateral surfaces of the greater trochanter common to terminal branches of the 

inferior gluteal, lateral femoral circumflex and medial femoral circumflex arteries 

(Howe, 1950). 

2.1.9.1.5 The inferior gluteal artery 

The inferior gluteal artery emerges posteriorly beneath the pyriformis and medial 

to the sciatic nerve. In addition to the numerous and large branches to the gluteus 

maximus, there are two main branches to the deeper structures of the hip. A 

transverse branch passes over the sciatic nerve, to which it supplies a vessel. 

Shortly after passage over the nerve, a branch travels inferiorly to supply the 

inferior and posterior portions of the acetabular rim and adjacent ligamentous 

capsule. Further laterally, it passes between the internal obturator and the gemelli 

group and the pyriformis. Numerous small branches from this artery are 

distributed about the insertions of these muscles and the gluteus medius on the 

superior tip of the trochanter. Medial to the sciatic nerve a branch to deeper 

structures descends abruptly between the nerve and the posterior portion of the 

acetabulum. This branch then proceeds anteriorly around the ischium, in the notch 

between the inferior portion of the acetabulum and the ischial tuberosity, to reach 

the obturator fossa, where this vessel anastomoses with the obturator artery and 

supplies the bone ofthe inferior portion ofthe acetabulum (Howe, 1950). 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 33 



LITERATURE REVIEW 

2.1.9.1.6 The first perforating artery 

The main trunk of this artery arises from the profunda femoris artery and pierces 

the upper portion of the adductor Magnus muscle to lie beneath the insertion of 

the gluteus maximus. In addition to several branches to the gluteus maximus and 

adductor magnus muscles a large branch descends the femoral shaft beneath the 

gluteus maxim us insertion. At the inferior border of the quadratus femoris muscle 

it divides to send smaller branches to the posterior inferior surface of the lesser 

trochanter and another branch to the posterior inferior surface of the greater 

trochanter. Both of these vessels reach a common vascular area with the medial 

and lateral femoral circumflex arteries (Howe, 1950). 

2.1.9.2 Venous drainage 

The veins of the lower limb are subdivided into superficial and deep systems. 

Both sets are provided with valves and these are more numerous in the deep 

system. The superficial veins are placed immediately under the skin in the 

superficial fascia. The superficial system is made up of the great saphenous vein 

and the small saphenous vein, together with their tributaries. The deep system of 

veins accompany the arteries. This is made up of the plantar digital veins, in the 

feet, combining to form the posterior tibial veins, and the anterior tibial vein. 

These are joined at the lower border of the popliteus muscle to form the popliteal 

vein. More proximally, it forms the femoral vein, which receives multiple 
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tributaries, including the profunda femoris vein, and veins related to the lateral 

and medial circumflex arteries. It receives the great saphenous vein, and then 

forms the external iliac vein in the pelvis (Davies, 1967). 

2.1.10 Mus.:les 

The movements of the hip joint consist of flexion and extension, abduction and 

adduction, circumduction, and rotation (Figure 2-16 and Figure 2-17). 
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Flpre 1·16: Acetabulum and the surrounding pelvH: bone showin& the attachment ofmWK:les 
(Grant, 1962). 
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Figure l-17: Upper end of the femur showing attachments of muscles (Grant, 1962). 

2.1.10.1 The flexors and extensors 

The iliopsoas, tensor fascia lata, and the rectus femoris flex the thigh. Secondary 

flexors are the adductors. The iliopsoas is the strongest of the flexors. The tensor 

fascia lata is also a medial rotator. In pure flexion, its rotating action is neutralised 

by the lateral rotators. The extensors are the hamstrings and the gluteus maximus. 

2.1.10.2 The iliopsoas 

This is a combination ofthe iliacus muscle and the psoas major. The iliacus arises 

from the upper part of the iliac fossa, from the sacrum and the adjacent ligaments. 

Most of the fibres are inserted into the lateral aspect of the tendon of the psoas 

major muscle. Some fibres reach the lesser trochanter. 
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The psoas major arises from the intervertebral disc above each lumbar vertebra 

and from the adjacent margins of the vertebrae. It also arises from the transverse 

processes of the lumbar vertebrae. It descends along the brim of the pelvis, behind 

the inguinal ligament, over the anterior capsule of the hip, and is inserted into the 

lesser trochanter. A bursa which may communicate with the cavity ofthe hip joint 

separates the tendon from the hip joint. 

2.1.10.3 Rectus femoris 

This muscle arises by two heads, an anterior head from the anterior inferior iliac 

spine, and a posterior or reflected head from the postero-superior aspect of the rim 

of the acetabulum. The two heads are closely related to the iliofemoral ligament; 

they unite to form a muscle belly which becomes tendinous in the lower part of 

the thigh, eventually inserting into the patella. A part of it continues on to the 

tuberosity of the tibia. 

2.1.10.4 Gluteus maximus 

The muscle arises from the Ilium, behind the posterior gluteal line, as well as from 

the sacrum, coccyx, sacrotuberous ligament, from the aponeurosis of the erector 

spinae muscles and from the gluteal aponeurosis. It is inserted partly into the 

gluteal tuberosity of the femur, but mainly into the iliotibal band of the fascia lata 
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and, through it, into the lateral lip of the linear aspera and the lateral condyle of 

the tibia. 

2.1.10.5 The hamstrings 

This is a group of muscles on the posterior aspect of the thigh, made up of the 

biceps femoris, semitendinosus and semimembranosus. The muscles arise from 

the tuberosity of the ischium and cross the joints, the hip and knee, to be inserted 

into the upper part ofthe tibia and fibula. 

2.1.10.6 Adductors and abductors 

The gluteus medius and minimus abduct the hip. These muscles are also medial 

rotators in pure abduction. Their rotating effects are neutralised by the lateral 

rotators. The adductors consist of the adductor longus, brevis, and magnus. They 

may be aided by the pectineus and the gracilis. 

2.1.10.7 Gluteus medius 

It arises from the ilium between the anterior and posterior gluteal lines and from 

the overlying gluteal aponeurosis. The muscle fibres converge onto a short strong 
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tendon which has an oblique insertion on the lateral surface of the greater 

trochanter. 

2.1.10.8 Gluteus minimus 

It arises from the Ilium between the anterior and inferior gluteal lines. It often 

blends with the gluteus medius in front and the pyriformis below. It is inserted on 

the anterior border ofthe greater trochanter. 

2.1.10.9 Adductor longus 

It arises from the femoral surface of the body of the pubis below the crest. It 

inserts into the shaft of the femur along the linea aspera. 

2.1.10.10 Adductor brevis 

This muscle lies under the adductor longus. It extends from the body and inferior 

ramus of the pubis to the pectineal line and the upper part of the linea aspera. 
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2.1.10.11 Adductor magnus 

This large triangular muscle has an adductor portion running from the ischiopubic 

ramus to the linea aspera. It has an extensor portion which runs from the ischial 

tuberosity to the adductor tubercle ofthe femur. 

2.1.10.12 Gracilis 

This long thin muscle arises from the lower margin of the body and inferior ramus 

of the pubis and is inserted on the upper part of the medial surface ofthe tibia. 

2.1.10.13 Pectineus 

It arises from the pectineal line of the pubis, descends behind the lesser trochanter 

and is inserted into the upper half of the pectineal line of the femur. 

2.1.11 The rotators 

These comprise the tensor fascia lata, gluteus medius and the gluteus minimus, 

which rotates the thigh medially. The lateral rotators are the short muscles of the 
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gluteal region, the obturator internus and externus, superior and inferior gemelli, 

pyriformis and quadratus femoris. 

2.1.11.1 Tensor faseia lata 

This muscle arises from the outer lip of the iliac crest and from the anterior 

superior iliac spine. It is inserted into the iliotibal band. 

2.1.11.2 Obturator internus 

This muscle arises from the pelvic surface of the obturator membrane and the 

pelvic wall. The muscle fibres converge onto a tendon which leaves the pelvis 

through the lesser sciatic foramen and is inserted into the medial surface of the 

greater trochanter just in front ofthe insertion of pyriformis. 

2.1.11.3 The gemelli 

The superior gemellus and the inferior gemellus are two small muscles which 

arise from the ischial spine and the ischial tuberosity, and insert into the upper and 

lower margin of the obturator internus tendon respectively. 
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2.1.11.4 Pyriformis 

It arises mainly from the pelvic surface of the sacrum and from the ilium just 

below the posterior inferior spine. It exits through the greater sciatic foramen and 

is inserted into the upper border of the greater trochanter. 

2.1.11.5 Quadratus femoris 

This short thick muscle extends from the ischial tuberosity to the inter-

trochanteric crest. 

2.1.12 Embryology 

The hip joint is formed from a single mass of primordial tissue which forms a 

cartilage anlage of the components of the joint (Figure 2-18 and Figure 2-19). The 

ectodermal layer gives rise to the skin and its derivatives, and the mesoderm to the 

bony structure, cartilage, muscles, and tendons. The femoral head and acetabulum 

are well-formed in cartilage prior to the formation ofthe joint space. The synovial 

membrane forms in situ, becomes vascularised, and the intra-articular structures 

arise from this membrane. The pattern of distribution of vessels and nerves by 10 

to 11 weeks of development resembles that of the adult. At this stage the articular 

branches are supplying not only the capsule, synovial tissue and intra-articular 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 42 



LITERATURE REVIEW 

ligament, but also the femoral head and neck, the fibrous glenoid lip and adjacent 

cartilage. The joint space fonns at the age of 11 weeks. 

Fipre l-18: A condensation of cells between the primitive femoral head and acetabulum indicate 
the fonnation of the future hip joint space (Watanabe, 1974). Arrow indicates demarcation at 

which the hip joint space will develop. 

Flpre l-19: The early cartilage model of the acetabulum and femoral head at the age of eight 
weeks (Watanabe, 1974). 
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The sciatic and femoral nerves are well~differentiated structures as early as the 

sixth week. The vascular supply to the femoral head has formed into the infantile 

configuration at the age of 16 weeks. The contiguous structures of the hip joint 

including the capsule, labrum, ligaments and the muscles are completely formed 

by the age of 16 weeks. The degree of femoral anteversion measures near the 

neutral point during the first half of foetal life. It then increases to 35° at the time 

of birth. There is no correlation between the degree of femoral anteversion and 

congenital hip dysplasia during foetal life (Watanabe, 1974). There is a definite 

correlation between the acetabular depth and hypoplasia and that of hip dysplasia. 

The legs lie in a position of flexion, abduction and external rotation during foetal 

life and the hip joint is most stable in this position. At the age of 20 weeks the 

ossification has commenced in the femoral shaft, ilium, ischium and the pubis. 

The femoral head remains entirely cartilaginous at this stage. 

In the newborn, the average femoral anteversion ranges from 25° to 35° and the 

average neck shaft angle 140° to 145°. 

2.1.12.1 Ossification 

2.1.12.1.1 The acetabulum 

The three parts of the pelvis begin to ossifY during the foetal period. At birth, each 

of these developing bones has formed a part of the acetabulum. They form the Y-

shaped triradiate cartilage (Figure 2~20). The acetabular centres generally begin to 
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unite during adolescence and the union is complete by late adolescence or early 

adult life. 

Fipn l-10: Ossification centres of the acetabulum (Bartleby.com, 1918). 

2.1.12.1.2 ThefeiPIIIr 

A periosteal collar is present at approximately seven weeks of gestation. An 

epiphyseal centre is usually present in the distal end of the femur at birth. The 

epiphyseal centre for the femoral head appears during infancy (1 year), the greater 

trochanter during childhood (4-S years), and for the lesser trochanter during later 

childhood (9 -11 years). Fusion of the lesser trochanter with the shaft occurs 
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during adolescence, followed by fusion of the greater trochanter, the head and the 

lower end, during late adolescence or early adulthood (Gardner, 1975). Once the 

growth plates fuse, no further longitudinal growth occurs. Growth in the length of 

the femur occurs mainly at the distal end by a ratio of 3:2 c.f. proximal end 

(Figure 2-21 ). 
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Figure 1-11: Ossification centres of the femur (Bartleby.com, 1918). 

2.1.11.2 Nen'e supply 

Literature on the detailed nerve supply of the hip joint itself is sparse. Dee (Dee, 

1969) has gone into a great deal of detail in examining the nerve supply of the hip 
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in humans and animals. He identifies three primary articular nerves related to the 

hip joint. These are the medial articular nerve, the nerve to the ligamentum teres 

and the posterior articular nerve. 

The medial articular nerve he describes as arising as a single articular branch from 

the anterior division of the obturator nerve. The anterior division separates within 

the obturator canal into medial and lateral branches that leave the obturator 

foramen above the superior border of the obturator externus muscle. The first 

muscular branch of the lateral branch of the anterior division gives off the medial 

articular nerve before terminating in the pectineus and adductor muscles. The 

articular nerve then divides into terminal filaments that are distributed to the 

anteromedial and inferior aspects of the joint capsule. This is medial to the plane 

of the iliopsoas muscle. Occasionally the muscular branch giving rise to the 

medial articular nerve comes off the main trunk of the obturator nerve within the 

obturator canal. 

The nerve to the ligamentum teres is a consistent articular nerve which arises from 

the muscular branch of the posterior division of the obturator nerve which 

supplies the obturator externus muscle. This muscular branch usually arises as the 

first laterally directed branch of the posterior division of the obturator nerve at the 

external opening of the obturator foramen, or it may arise within the obturator 

canal. It passes laterally between the deep surface of the obturator externus 

muscle and the ventral surface of the ischium. The articular branch is given off 3 
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to 4 mm from the obturator foramen. The articular nerve, two to three mm long, 

enters the acetabular notch with the blood vessels and breaks up into filaments 

that spread longitudinally along the surface of the ligamentum teres. 

The posterior articular nerves consist of a varying number of short articular 

branches of the nerve to the quadratus femoris muscle and represent the majority 

of the nerve supply to the hip joint. They arise at intervals on the lateral aspect of 

the main nerve trunk. They pass laterally on the surface of the ischium, behind the 

obturator internus tendon and the gemelli muscles, to enter the posterior capsule 

of the joint throughout the full extent of its acetabular attachment. The middle and 

superior branches curve upwards along the acetabular rim to supply the posterior 

joint capsule as far superiorly as the level of the inferior border of the gluteus 

minim us muscle. The inferior branches run directly along the upper border of the 

obturator externus to the postero-inferior region of the joint capsule and the 

ischiofemoral ligament 

Accessory innervation to the hip joint is provided by the femoral nerve through 

three articular nerves arising from its muscular branches. No primary nerves arise 

from the femoral nerve trunk. The only constant branches are those from the nerve 

to the pectineus muscle. This nerve provides a varying number of articular twigs 

near its termination. 
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2.2 Hip Biomechanics 

Radin (Radin, 1980) notes that the hip joint is the pivot upon which the human 

body is balanced in gait. Further, true bipedalism is limited to birds and man and 

in both the stability is dependent upon the bony configuration of this joint. While 

a basic ball and socket configuration has evolved in both, in birds the centre of 

gravity is below the joint, allowing stability without the input of energy but in 

humans, the centre of gravity is above the hip joint, requiring muscle function to 

maintain stability. Therefore, energy is consumed. Leaning back and tensioning 

the iliofemoral ligament (Bigelow) to try and produce hyperextension minimises 

energy expenditure by increasing stability in that position. 

2.2.1 Definition of the hip 

The hip is defined as the area where the hind limb meets the trunk. The pelvis and 

the femur combine at this area. The pelvis is formed by three individual bones, the 

ilium, ischium and pubis. These bones all meet at the acetabulum, where the head 

of the femur is located to form the hip joint (Moore, 1992). 
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2.2.2 Function of the hip joint 

The hip joint joins the lower limb to the pelvis. The main functions of the hip joint 

are to: 

• provide locomotion; 

• load bear and; 

• maintain equilibrium. 

2.2.3 Motion of the hip joint 

The motion of the hip joint during everyday activities requires an axis system that 

is normally located at the centre of rotation of the joint. The centre of rotation of 

the hip joint is where the various axes of rotation intersect at a point, usually the 

centre of the femoral head, unless a deformity is present. This axis system makes 

it possible to show the hip joint functions with three degrees of freedom. 

The position of the femoral neck, with respect to the centre of the femoral head 

(centre of the hip joint) and the femoral shaft, allows the abductor muscles a level 

of mechanical advantage in dealing with the body weight during gait. Ideally, the 

abductors should be as far laterally from the centre of rotation as possible in order 

to achieve maximal effect (Radin, 1980). However, a compromise needs to be 

made, due to the limited excursion possible in muscle function and the risk of 

impingement between the femur and pelvis with an excessively long lever arm. 

The above function relates to the coronal plane. 
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In the sagittal plane, anteversion of the femoral neck improves the lever arm of 

the gluteus maximus muscle. Again, excessive anteversion can limit external 

rotation of the hip and, so again, an anatomical balance is reached. 

It is noteworthy that the flare of the iliac wing in a human pelvis became a 

functional necessity with the development of bipedalism. In the great apes, the 

gluteus medius and minimus act as hip extensors, which are more useful in 

climbing than abduction. These primates walk with a significant Trendelenberg 

gait when bipedal. They need to use their arms to support their weight, and are 

weight bearing on their knuckles. The lateral flare of the iliac wing moves the 

abductors further away from the centre of rotation of the hip joint increasing the 

lever arm (Radio, 1980). The loads which occur at the hip joint can be expressed 

in terms of forces acting in the three co-ordinate directions (x, y and z) and 

moments (Mx, My and Mz) acting about these axes (Stillwell and Chandler, 1987). 

2.2.3.1 Degrees of freedom 

The movements of the hip are very extensive and involve: 

• tlexion; 

• extension; 

• adduction; 

• abduction; 

• circumduction, which includes a confluence of the above four points, and; 

• rotation. 
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The degree of freedom of the hip joint from these movements is three. Flexion 

and extension give one degree, adduction and abduction give the second degree 

and rotation is the third degree of freedom. These are rotations about each axis of 

the co-ordinate system located at the centre of the femoral head. 

2.2.4 Forces 

The calculation of the forces at the hip joint is quite complex. This calculation is 

carried out by moving, via local reference frames, from the reaction force given 

by the foot against a force plate to the hip joint using inverse kinematics and 

dynamics calculations. When the hip is in equilibrium, it would have to resist the 

loads applied by the foot striking the ground and the inertial forces of the lower 

limb during the swing phase of gait. Figure 2-22 illustrates a model of four rigid 

links used to describe the dynamics of the lower limb using the Newton-Euler 

formulation (Luh et al., 1980). 

PELVIS 

HIP JOINT 

THlGH 

KNEE JOINT 

k 
ANKLE JOINT 

Figure 2-22: Model of the leg (Lub et aL, 1980). 
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Each link represents a segment of the lower limb. The forces which are acting at 

the hip joint can be separated into external and internal forces. External forces are 

the forces due to the reaction forces and inertia of the limb and body. Internal 

forces are the muscular forces equilibrating the external forces. 

2.2.4.1 External forces 

In order to calculate the internal forces acting across the hip joint, the external 

forces must be known. There have been many experiments carried out to 

determine these particular forces using various empirical techniques. The external 

forces acting on the hip joint are a function of body weight, activity level, the 

distance from the body's centre of gravity (C of G), the distance from the body's 

partial centre of gravity (partial C of G) and the body's inertia due to the activity 

level (Figure 2~23). 
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Figure 2-23: Illustrates external forces applied to body normal ambulation. 

Greenwald and Nelson determined that the loss of 1lb of body weight gave a 3lb 

loss of joint load at the hip. The generation of large hip forces is not only due to 

normal ambulation, but also to the flexion of the hip from the supine position 

(Stillwell and Chandler, 1987). Ground reaction forces vary substantially during 

normal activity. These may increase from 2.5 times body weight (Stillwell and 

Chandler, 1987), to 3 and 4.5 times body weight during toe off and heel strike 

(Paul, 1970). In other activities which include stair climbing and brisk walking 

these forces were observed to be as high as seven times body weight. Seireg 

(Seireg and Arvikar, 1975b) also found similar results, and in stooping they found 

a load of2.5 times body weight acting perpendicular to the femoral axis. 
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Figure 2-24: Illustrates body mass caused by acceleration and deceleration (Charnley, 1968). 

2.2.4.2 Internal forces 

The internal forces and moments about the hip create equilibrium by opposing the 

external forces and moments. The internal forces and moments are induced by the 

muscles and ligaments which cross the hip joint (Table 2-1 ). The ligaments, which 

are a passive restraint, have been shown by Vrahas et al. (Vrahas et al., 1990) to 

contribute less than 10% to the moment at the hip joint during gait and other 

respective activities (Cristofolini, 1997). 
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Table 2-1: Internal muscle forces (Cristofolini, 1997). 

Author Crowninshield Patriaco Collins et aL 1994 

et al. 1978 et al. 

1981 

Phase of gait(%) 10 45 47 

Peak force (fraction of body weight, 3.3*BW·5*BW NIA 3*BW4.6*BW 

BW) 

Peak force direction 30° adduction; I 0° NIA 20° adduction; 10° 

flexion flexion 

Gluteus minimus @ peak l*BW-2*BW 3*BW O.S*BW 

Gluteus medius @ peak l*BW·2*BW 3*BW 0.7*BW 

Glueteus maximus @ peak 0.5*BW 3*BW 0.3*BW 

Iliotibial tract 0 0 O.S*BW 

Adductor Magnus 0.3*BW 0 0.2*BW 

Adductor longus 0.3*BW 0 0 

Pauwels (Pauwels, 1935) described the static equilibrium of the hip joint in the 

single legged stance by balancing the external forces with the forces of abductor 

muscles. He took the lever arm distance from x-rays and calculated that the 

internal force to balance the moment would be a force of about three times body 
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weight at 28° to the femoral axis, and at 16° to the vertical the hip joint force was 

a little less than four times body weight. 

Inman (Inman, 194 7) used a similar technique and found a hip joint reactive force 

of 2.4-2.6 times body weight at an angle of 19°-30° to the femoral axis and a 1.4-

1.9 times body weight abductor force can be calculated. It was also suggested that 

the iliotibial tract may influence the forces and moments across the hip joint. 

McLiesh and Chamley (McLeish and Chamley, 1970) investigated the forces and 

moments using a more accurate approach than Inman (lnman, 194 7). They used a 

static equilibrium approach and calculated the centre of gravity position for 

different pelvis attitudes. It was reported that the hip joint force was 2.2-2.3 times 

body weight at 20°-25° to the femoral axis and an abductor force of 1.3-1.6 times 

body weight at 26 - 30° to the femoral axis. 

Paul (Paul, 1966) and Paul and McGrouther (Paul and McGrouther, 1975) 

investigated the dynamic forces in the hip using two cameras and a force plate; he 

also investigated the antagonist muscle effect. It was found that there were two 

hip joint force peaks at 7% and 47% of the stride. The force ranged from 4.9 to 

7.6 times body weight, depending on walking speed. Rohrle et al. (Rohrle et al., 

1984) found the hip joint reaction force, using a similar method, was 4.1 to 6.9 

times body weight at 50% of stride, neglecting the antagonistic muscles. 
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Rydell (Rydell, 1966) instrumented a femoral stem with a multi-axial load cell 

and transmitted the data telemetrically. He found hip joint forces of 2.3-2.8 times 

body weight for the single legged stance and three times body weight for slow gait. 

Davy et al. (Davy et al., 1988) used a similar method and found 0.86 times body 

weight for double leg stance, 2.1 times body weight for the single legged stance 

and 2.64 times body weight during gait. Kotzar et al. (Kotzar et al., 1991) again 

using a similar method to Rydell (Rydell, 1966), who recorded hip joint forces of 

2.1-2.8 times body weight for the single legged stance and 2.4-3.6 times body 

weight during gait. This peaked at 5.5 times body weight for increased pace. The 

telemetric data for all the investigators above exhibited the two force peaks 

predicted by Paul (Paul, 1966). A time force curve recorded by Bergmann et al. 

(Bergmann et al., 1993) is shown in Figure 2-25. The resultant hip force peaks are 

2.7-4.3 times body weight and increase with a faster walking speed. 
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Figure l-25: Time force curve of resultant hip force peaks during walking (Bergmann et al., 
1993). 
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During gait there are moments across the hips which are induced to maintain 

stability ofthe pelvis. Apkarian et al. (Apkarian et al., 1989) created a 3D model 

of the lower limb using three subjects. During the study they recorded, in the 

sagittal plane, a moment induced by the extensor muscle group. This occurs at 

heel strike to decrease hip flexion and trunk rotation. This moment continues into 

the mid-stance phase and then begins to decrease as the centre of gravity moves 

over the supporting leg. The moment then changes to a flexion moment and 

increases for the mid-stance to the late phase of gait. This moment controls the 

extension of the hip. The peak flexor moment occurs at toe-off and the hip flexor 

muscle group initiates the swing phase of the lower limb. In mid to late swing 

phase, the extensor muscle group induces a moment to decelerate the lower limb. 

Initially, as the leg moves from heel strike in the coronal plane, there is a large 

abductor moment to control the attitude of the pelvis on the opposite side of the 

subject. The abductor moment continues through the stance phase of gait to 

stabilise the hip against the external adducting moment. During gait there are also 

transverse plane moments. There is an external rotator moment in the early stages 

of gait and this is followed by an internal rotator moment at toe off. These 

moments represent the activity of the hip internal rotators to control and to 

stabilise the rotation of the pelvis. Table 2-1 shows some internal muscle forces 

reported by various authors. Collins ( 1995) was the only author to take into 

account the action of the antagonist muscles. 
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2.2.5 Hip joint reaction calculations 

Walking may appear simple, but it is controlled by a complicated co-ordination of 

elements. In their early works, the Weber brothers claimed that during the swing 

phase of gait, muscular activity was not necessary and that the motion of the leg 

occurred much like that of a pendulum (Seireg and Arvikar, 1975b). This interest 

led to many others studying the motion of the lower extremities, like Marey et al. 

(Marey, 1885, Marey, 1895, Marey and Demeny, 1887), Braune and Fischer 

(Braune and Fischer, 1889) and Bemstein (Bemstein, 1935). The biomechanics of 

the hip joint is of considerable importance to the designing of a hip prosthesis to 

replace a diseased hip joint and in treating clinical fractures. Loads transmitted 

through the hip joint are difficult if not impossible to determine directly during in 

vivo experiments (Crowninshield et al., 1978). Rydell (Rydell, 1966) performed a 

direct determination of the joint force. In this particular study, he fitted two 

subjects with hip joint prostheses which were instrumented with strain gauges and 

recorded forces of 4.33 times body weight when the subject was running and 3.3 

times body weight for level walking. Pauwels (Pauwels, 1935) estimated the hip 

joint force to be three times body weight for a person standing on one leg, and 4.5 

times body weight under dynamic conditions of walking during the single legged 

stance phase (Seireg and Arvikar, 1975b ). Paul (Paul, 1966, Paul, 1966-67, Paul, 

1970) recorded forces of 2.3-5.8 times body weight for a series of male and 

female subjects. Morrison (Morrison, 1969, Morrison, 1970) recorded values of 2-

4 times body weight at the knee joint. To calculate the reaction forces at the joints 

of the lower limb requires the solution to a statically indeterminate system of 
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equilibrium equations. To solve these solutions various simplifYing assumptions 

must be made; this is achieved by using Linear Programming t.x:hniques and 

minimising an obj.x:tive function sum of muscle forces (Seireg and Arvikar, 

197Sb). 

The lower extremity is normally modelled as four rigid bodies or four rigid links. 

These bodies or links are the pelvis, thigh, leg and foot. The three joints are 

considered smooth and allow the transmission of forces (Fx, Fy and Fz) and 

moments (Mx, My and Mz) in all three directions (Figure 2-26) . 

. ~· 
Fipre l-16: Illustrating reference frames associated with the "rigid bodies". 

The forces and moments across the respective joints are solved by using inverse 

dynamics and linear programming optimisation t.x:hniques. The forces and 

moments transmitted through the joints are calculated from the resultants by 

solving the force and moment distribution problem. This problem is defined by 
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the six equilibrium equations which relate the forces and moments at the three 

lower extremity joints to the individual joint structures. The model is also 

simplified by taking muscles as straight lines from the origin to the insertion point. 

The actions of the ligaments in the joint capsule are neglected as they only 

transmit force at the limits of the hip's range of motion, which is a point not 

normally reached in daily activities. The muscles of the lower extremities are 

designed to keep the lower extremities in equilibrium at all times. Since each 

segment of the lower extremity is considered a rigid body in space, its equilibrium 

condition is described by the six equations of equilibrium; three force equilibrium 

equations along the three co-ordinate directions and three moment equilibrium 

equations about the three co-ordinate directions. The force equations will include 

the muscle forces, inertia forces, gravity forces, joint reactions and ground 

reactions. The moment equations will include the moments induced by all the 

forces about their respective axes. The inertia forces are normally considered 

negligible and are neglected as the subject is said to be elderly and would be 

moving slowly or quasistatically. The terms are easily introduced if a faster rate of 

walking or running is introduced once the linear and angular accelerations are 

calculated. Consequently the system is indeterminate; there will be more 

unknowns than equations to solve. Because the equations describing the system 

are linear, linear programming can be used to solve the problem. Seireg and 

Arvikar (Seireg and Arvikar, 1975a) used an objective function which minimised 

the sum of the muscle forces plus four times the sum of the moments at all the 

joints (Equation 2.1 ). 
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i=ll 

U = L F1 + 4[M jx + M jy +M jz)R + 4[M jx +M jy +M jz 1 Equadoa l-1 
i=l 

where U = objective function; F; = force in muscle i; (Mjx. Mjy, Mjz)R = right-side 

moments at joint j about x, y and z axes. Similarly, (Mjx. Mjy. Mjzk = left-side 

moments atjointj about x, y and z axes. 

A solution can be obtained by using the Simplex algorithm (Dantzig, 1968). The 

Simplex method requires that all variables be constrained to be greater than or 

equal to zero (Seireg and Arvikar, 1975a, Seireg and Arvikar, 1975b, Penrod et al., 

1974, Crowninshield et al., 1978, Apkarian et al., 1989). 

2.2.6 Biomechanical simulations 

2.2.6.1 Pbysiologh:al loading simulations 

Biomechanical simulations of the loading on the hip joint have been proposed in a 

large number of papers, with different loading configurations (Colgan et al., 1994, 

Crowninshield et al., 1980, Fin lay et al., 1989, Finlay et al., 1991, Huiskes et al., 

1987, Huiskes et al., 1991, Huiskes, 1993a, Hua and Walker, 1995, Jasty et al., 

1994a, Kang et al., 1993, Keaveny and Bartel, 1993, Schmotzer et al., 1992, 

Skinner et al., 1994b, V ander Sloten et al., 1993, Verdonschot et al., 1993, Walker 

et al., 1987, Walker and Robertson, 1988a, Whiteside et al., 1993, Otani et al., 
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1993a, Jasty et al., 1994b, Walker and Robertson, 1988b ). These papers have 

focused on the loading being applied either as purely axial with the femur in 10° 

of adduction and no muscular forces applied to the femur at all; or the femur in 

10° of adduction and several muscular forces applied with the simulation of 

different phases of gait. There seems to be no consensus on which muscle forces 

to use to simulate during the testing of the femur (Cristofolini, 1997). Jacob et al. 

(Jacob et al., 1982) highlighted that there was no consensus on the function of the 

iliotibial tract; their investigations seemed to prove that the muscle was only under 

tension during the early phases of gait. 

McLeish and Charnley (McLeish and Charnley, 1970) concluded that the iliotibial 

tract is slack when the pelvis is horizontal, and therefore does not contribute to 

equilibrium. This contradicts the findings of Taylor et al. (Taylor et al., 1996) who 

found that in order for the femur to have a circular cross-section at the diaphysis, 

the iliotibial tract does impart a bending moment on the femur; otherwise the 

femur would have an elliptical cross-section. The theoretical studies of 

Crowninshield et al. (Crowninshield et al., 1978) and Patriarco et al. (Patriarco et 

al., 1981) found that the tensor fasciae latae is inactive at heel strike. Rybicki et al. 

(Rybicki et al., t 972) tried to estimate the force exerted by this muscle so that it 

would optimise the stress distribution in the femur and found a force of 0.56 -

0.84 times the abductor force. Shelley et al. (Shelley et al., 1996) found the joint 

resultant forces varied only slightly from the effect of changing joint angles 

during simulated in vitro stair climbing, and the load variability for the same 
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subject was relatively small (<25%) according to Bergmann et al. (Bergmann et 

al., 1995). 

In the literature there are many different loading orientations and regimes. 

Cristofolini (Cristofolini, 1997} found that the most common loading regime 

(44%) was a single force applied to the femoral head and neglecting all other 

actions. The application of the force also varied substantially in its line of action. 

The femur's orientation also varied from neutral in adduction and flexion to 30° in 

adduction and neutral in flexion, to 20° in adduction and 10° in flexion. There 

were also 30% of the loading regimes in which the direction of the force was not 

specified at all. The loading regime which simulates the abductor muscle forces 

was the second most common set up (39%) according to Cristofolini (Cristofolini, 

1997). The gluteus group of muscles was generally simulated as a single force. 

There is a large variability in the angle and magnitude of the abductor force. The 

angles for the abductor line of action averaged at 15° to the anatomical axis of the 

femur. Cristofolini et al. (Cristofolini, 1997) also found that the third most 

common loading regime (14%) simulated the abductor and iliotibial tract muscle 

forces, although there was little agreement in the amount of force the iliotibial 

tract applied; this ranged from 4% (Ferre et al., 1990) to 76% (Rohlmann et al., 

1982) and the angle of application 0° (Fin lay et al., 1991) to 8° (Colgan et al., 

1994) from the anatomical axis. There were only 3% of works according to 

Cristofolini {Cristofolini, 1997) which included more than three forces being 

simulated, and these were numerical models. 

Surgical Aspects, Finite Element Analysis and x·ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 65 



LITERATURE REVIEW 

The strains measured under simulated one and two legged stance as well as one 

legged stance with 10° of flexion were found to have large differences (Vander 

Sloten et al., 1993). Rohlmann et al. (Rohlmann et al., 1982, Rohlmann et al., 

1983), Finlay et al. (Finlay et al., 1991, Finlay et al., 1989), Cheat et al. (Cheat et 

al., 1992) and Cristofolini et al. (Cristofolini et al., 1996, Cristofolini et al., 1994) 

showed the effect of applying different loading regimes to the femur, including 

different muscle groups. This would affect the resulting strain distributions. In a 

study by Cristofolini et al. (Cristofolini et al., 1995), it was found that the gluteus 

group of muscles plays an important role in modifying the strain distribution. The 

strain level caused by the gluteus group was recorded as high as 600% of the 

strains recorded without the simulated force. Also the strain increase due to the 

gluteus group was at least twice as high as any produced by other muscle force 

simulations. Cristofolini et al. (Cristofolini, 1997) concluded that a first 

improvement of any in vitro physiological loading simulation was to include the 

gluteus group of muscles. 

Other improvements would be to include the rectus femoris, biceps femoris and 

the adductors; the three vasti muscles did not significantly modify the strain 

pattern of the proximal femur. By neglecting the abductor muscle force, the 

strains in the intact femur are affected, but also the exclusion of these forces will 

lead to the over-estimation of strain shielding in the reconstructed femur. The 

action of the iliotibial band is uncertain, the problem being that its proximal 

insertion is divided between the ilium and the greater trochanter. This makes it 

difficult to determine which fraction of force is imparted to the femur. If a force's 
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magnitude and direction are known, it should be used in a model, but if a force's 

magnitude and direction is unknown or their effect is irrelevant, assigning any 

value is no less arbitrary than assigning a zero value (Cristofolini, 1997). 

The comparison of three different loading configurations showed that the addition 

of the abductor force simulation gave changes with respect to the head force of 

greater than 60%. Also it was shown that the iliotibial band gave changes of less 

than 20% of the change induced by the abductors (Finlay et al., 1989, Finlay et al., 

1991, Rohlmann et al., 1982). 

To achieve a reproducible loading regime it is preferable to apply the abducting 

force in the same plane as the hip reaction. Some forces applied to the femur do 

have an out-of-plane component, but this is negligible compared to the in-plane 

components and can be neglected, therefore only considering the plane loading 

condition (Cristofolini et al., 1994, McNamara et al., 1997, Crowninshield et al., 

1978, Bergmann et al., 1997, Patriarco et al., 1981 ). The design of an in vitro 

model implies making assumptions to simplify the model. Provided the 

assumptions are well-balanced, the model will lead to controlled and repeatable 

results (Cristofolini, 1997). 
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The model should be designed on the points listed below: 

• The initial model should be a simple configuration (as a starting point use 

only the hip force) 

• Add the other forces one at a time. A new force can be added if and only if 

the force is physiological, it has been shown to have an effect on the 

results and its magnitude and direction are known. If the properties of the 

added force are not known, setting an arbitrary value will give an arbitrary 

result; hence an arbitrary value of zero is as realistic as choosing I, I 0 or 

100, but it has a more reproducible result. 

The abducting force cannot be neglected, but all other muscle force actions are of 

lesser importance, are less accurately known and can be ignored in the first 

approximation (Cristofolini, 1997). The boundary conditions applied to the in 

vitro model should be representative of the real situation as best as possible. In the 

physiological situation the femur is hyperstatically loaded and constrained by joint 

reactions, ligaments and muscle forces. It is necessary to generate an isostatic 

model set up that is controlled in the replication of the physiological loading. The 

importance of this was made by Pawluk et al. (Pawluk et al., 1984) where they 

found differences in strains of up to 70%. Figure 2-27 illustrates three different 

models of Figure 2-27(a) with the boundary conditions applied. 
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Figure 2-27: Illustrates femur model boundary conditions (Cristofolini, 1997). 

Figure 2-27(a) neglects all muscle forces and moments and represents the tibia, 

femur and pelvic bones. The tibia is constrained by direct links to the ground, the 

pelvis transmits force to the femur and is not constrained in space, and the femur 

is considered only with its constraints relative to the other bone segments. The 

knee joint is simplified by a pin joint. Physiologically the knee joint can rotate 

about the vertical and horizontal axes, and translate on the tibial plateau. The 

femur is coupled with the pelvis by a ball and socket joint. With these constraints 

the femur has one degree of freedom inflexion and extension. Illustrated in Figure 

2-27(b) the tibia is constrained to the ground, the knee is a simplified pin joint and 

the femur has a load applied by the pelvis which is not fixed in space. This 

situation does not correspond to the physiological condition since all degrees of 

freedom are controlled by the ligaments and the contraction of antagonist couples 

of muscles. To simulate physiological loading, the model should be constrained 

non-physiologically. The remaining degree of freedom, the knee, should be 
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constrained so the loading becomes isostatic. Figure 2-27(c) illustrates the non-

physiological, isostatic model. Figure 2-27(d) is another way of constraining the 

model non-physiologically, by loading the femur as a beam between two spherical 

joints (Cristofolini, 1997). 

The boundary conditions of constraining the femur distally and loading via shear 

plates seems to be the most popular (Figure 2-27(d)). This method is found in 

numerous papers, Walker and Robertson (Walker and Robertson, 1988b); Otani et 

al. (Otani et al., 1993b); McNamara et al. (McNamara et al., 1996); Cristofolini et 

al. (Cristofolini, 1997). This boundary condition application does not apply any 

horizontal force components to the femur because of the shear plate. An alternate 

method to ensure no application of horizontal force components is to apply the 

load proximally via a long system of beams or wires, which are able to follow the 

displacements of the femur, however, if the beams and wires are not long enough 

they will significantly affect the direction of the load. 

Loading and constraining the femur between two spheres (Figure 2-27(c)) is the 

second most popular method, 25%. The loading will be correctly defined if and 

only if the positions of the spheres are correct. Jasty et al. (Jasty et al., 1994b) 

used two universal joints in place of the spheres; conceptually the solution is 

identical. Fin lay et al. (Finlay et al., 1989) defined the position of the distal sphere 

to be 1/6 of the intercondylar distance from the medial aspect Unfortunately the 

constraint only allowed a low abducting force to be applied (Cristofolini, 1997). 
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Cristofolini et al. (Cristofolini, 1997) found that 23% of the femoral constraints 

were not isostatic. This implied that, under loading, the femur bends and the force 

components are uncontrolled and unexpected horizontal forces will eventuate. 

This uncontrolled situation will lend itself to unpredictable results. 

Cristofolini et al. (Cristofolini et al., 1994) investigated the vanous loading 

conditions and found that constraining the femoral condyles gives the most 

reproducible results when the abductor force is simulated. This was because of the 

accurate control of the plane of application of the system of forces around the 

longitudinal axis of the femur, provided there was an anatomical reference used 

when the femur was cemented. Finite element models are usually constrained 

distally and have the forces applied proximally (Huiskes et al., 1992). This 

experimental constraining method makes relating the finite element model to the 

experimental model achievable. Cristofolini et al. (Cristofolini, 1997) found this 

method of distal constraint preferable as a standard, as it is easily reproducible 

experimentally and theoretically in finite element modelling. 

The femur geometry changes due to surgical reconstruction. These changes are 

the offset of the head or the relocation of the greater trochanter. The simulation of 

the loading requires a lot of attention being paid to the set up and control to 

maintain the same loading application. In the in vivo environment, the surgeon is 

allowed a tolerance of several mm in relocating the head. In the in vitro 

environment, this will affect the strain distribution. Vasavada et al. (Vasavada et 
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al., 1994) investigated the effects of head position change and moment generating 

capacities of muscles. 

They found that the superior/inferior displacements of the femoral head were the 

most relevant. These displacements, say, 20 mm, gave a change of 50% in the 

moment generation. It is necessary to change only one variable at a time to allow 

in vitro comparison between intact and implanted femora or between two 

prostheses, so it is important to keep the geometry and the loading condition as 

constant as practicable (Cristofolini, 1997). 

Cristofolini (Cristofolini, 1997) reviewed literature concerning hip stem testing to 

find the most commonly shared opinion of femur loading. It was found that a 

minority of cases, 14%, used a set-up which assumed no relevant head position 

change would occur. This assumption resulted in the investigator assuming that 

the same force would apply to the same moments. 33% of the literature applied 

the same forces to the intact and reconstructed femora and 17% of the 

investigators in the literature applied the same moment to the intact and 

reconstructed femora. This was achieved by measuring the moment arm from the 

x-rays and assumed that the body centre of gravity did not change. The force to be 

applied was calculated from Inman's (Inman, 1947) theory for static single legged 

stance. The majority of the literature, 36%, did not describe how the problem of 

loading was controlled for either the intact or reconstructed femur. Another 

problem which may arise is the friction moment induced between the head and the 
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loading device. Generally this is different between the intact high osteoarthritic 

friction and reconstructed low friction femora. 

Maloney et al. (Maloney et al., 1989); Ferre et al. (Ferre et al., 1990) and 

Okumura et al. (Okumura et al., 1992) applied the same loads to intact and 

reconstructed femora while simulating the abductor force. Bobyn et al. (Bobyn et 

al., 1992) used the same procedure in their dog model. Okumura et al. (Okumura 

et al., 1992) found differences in the strain distribution distal to the implant which 

reached as high as 40% of the intact femur. This region should not be sensitive to 

the stem's presence. 

Strains measured along the diaphysis of the reconstructed femur are affected by 

the presence of an implant and by the changes in the applied system of loading. 

Strain gauges placed distant enough from the tip of the stem are insensitive to the 

presence of the implant; this is Saint Venant's Principle for Long Beams 

(Cristofolini, 1997). 

To minimise the errors induced by an altered system of lever arms and forces, 

Cristofolini (Cristofolini, 1997) recommended that the head position changes be 

kept minimal and to compensate for the always existing geometry changes, the 

reconstructed femur should be loaded to experience the same bending moment as 

the intact femur. These solutions will generate lower errors all over the femur. 
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The position of the strain gauge as well as the position and direction of the applied 

forces greatly affect the measured strain value. It is important to establish a 

reproducible reference system relative to which positions and directions can be 

defined. The location of the strain gauges is especially relevant when the 

comparison of different experiments is required (Cristofolini, 1997). 

Huiskes et al. (Huiskes et al., 1981) measured to better than 0.1 mm the strain 

gauge locations after preparation. Walker et al. (Walker and Robertson, 1988b, 

Walker et al., 1987) used a reproducible alignment jig. This jig aligned the strain 

gauge locations with respect to the femoral head and proximal diaphysis. Sumner 

et al. (Sumner et al., 1992) positioned the strain gauges on dog femora by using 

the x-rays and also located the strain gauges with respect to the centre of the 

femoral head. Noble (Noble, 1992) based his reference system for the 

morphological measurements on the centre of the lesser trochanter and the axis of 

the medullary canal at the isthmus. 

Strain gauging is one of the most commonly used methods of recording strain 

measurements. The advantage of strain gauging is its ease of use and site specific 

results which are crucial to implant design. Accurate results can routinely be 

obtained if care is taken to minimise experimental errors. The disadvantage of the 

strain gauging technique is that strain gauges do not give the full strain field 

(Cristofolini, 1997). 
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A technique used by Evans et al. (Evans et al., 1953) applied to femora is brittle 

coatings, "stresscoat". Another alternative to strain gauging, and a common 

technique, is the photoelastic coating technique. Several investigators have used 

this technique, Walker and Robertson (Walker and Robertson, 1988b); Finlay et al. 

(Finlay et al., 1991, Finlay and Hardie, 1994) to measure strain distribution in the 

femur and also to optimise the strain gauge locations. 

Errors are associated with the photoelastic technique. These are the reinforcing 

effect of the coating and also the stress gradient through its thickness. The 

hydration of the bone is also a problem with the photoelastic coating when used 

with cadaveric femora. Tissue exhibits different mechanical properties when it is 

dehydrated and normal coatings are highly sensitive to humidity (Cristofolini et 

al., 1994). 

Other techniques used by investigators are the holographic interferometry used by 

Ferre et al. (Ferre et al., 1990). A requirement of this technique is that only small 

displacements can be used, and thus only small loads can be applied. Stress 

Pattern Analysis by Thermal Emissions (SPATE), is another method of stress 

analysis. This is based on the local temperature variations and energy release, 

caused by the stress in that region. The emissions need to be recorded under cyclic 

loading conditions and a high sensitivity infra-red camera is required to detect 

these temperature changes (O.OOlK). 
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The flaws with the techniques mentioned are that the investigator can only obtain 

the strain information on the outer surface. Attempts have been made to measure 

the internal strains using a two and three dimensional photoelastic model, but the 

limitation here is the use of a homogenous and isotropic material to record strains 

from cortical and cancellous bone (Cristofolini, 1997). 

2.3 Bone - Structure and Function 

Bone has multiple functions. These include mechanical support and a structural 

framework to allow for the action of muscles, but as well, protective function for 

vital organs encased by the skull and the chest cavity and a metabolic function for 

mineral homoeostasis, particularly calcium. It is a living structure which adapts 

and is able to interpret mechanical loads and changes in these to alter its structure. 

2.3.1 Macroscopic bone structure 

Long bones, such as the femur, are divided into three sections (Figure 2-28). 

There is a diaphysis in the middle and a metaphysis at each end. The end of each 

bone, at the metaphysis, is covered with articular cartilage and forms a joint 

surface. The metaphyseal region consists of a loosely organised network of small 

bony struts, known as trabecular or cancellous bone. This trabecular network is 

surrounded by a thin layer of very densely organised cortical bone. In a growing 
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individual, a growth plate may divide the metaphysis into an epiphyseal portion at 

the very end of the bone. At the tennination of skeletal growth, the growth plate 

disappears. The epiphysis and metaphysis become confluent, being tenned 

together, as the metaphysis. The metaphysis may be filled with bone marrow or 

fat, depending on the age of the individual. 

ArtiCUlar Cartilage 

Oiapny,;s 

Ficure 1-18: Diagrammatic representation of a long bone (Answers.com, 2009) 

The diaphysis is a tube of cortical bone, which in the case of the femur is very 

thick, and an intra-medullary canal, a cavity, usually filled with fat in the adult. 

The inner surface of the cortical bone is continuous with individual trabeculae. 

This is tenned the endosteal surface. The outer surface is tenned the periosteal 

surface. 
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All bone surfaces are covered by specialised membranes. Periosteum covers the 

external surface, and endosteum the inner the surface. This membrane contains 

undifferentiated progenitor cells that can form bone during healing or trauma and 

growth. 

2.3.1.1 Neurovascular supply 

Long bones receive nutrition from several arteries. In the diaphysis, there is at 

least one nutrient foramen, often more which enters the intramedullary canal. 

After they enter they branch to supply the inner two thirds of the cortex. The 

remaining third is supplied by arteries from the periosteum, which enter at 

irregular intervals, often in association with muscles and ligaments. 

In the actual substance of the bone, blood vessels travel through channels termed 

Haversian canals, which run longitudinally and Volkmann's canals, which are 

transverse; the blood supply to the cortical bone and the blood supply to the 

cancellous bone are different. The cancellous bone blood supply is shown in 

(Figure 2-29) coming from the marrow spaces. 
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Ficure 1-19: Ultrastructure of compact bone and cancellous bone (SEER, 2009) 

l.3.l.l Woven bone tissue 

This type of bone is formed where there was no pre-existing bone, such as in a 

gap at a fracture site, within muscle after trauma, or in tumours. There is random 

organisation of collagen and mineral. Under normal circumstances, this would be 

remodelled into lamellar bone, forming either cancellous or cortical bone in due 

course. 

1.3.1.3 Trabecular bone strudure 

Trabecular bone tissue is organised into a network of plates and rods. Both of 

these structures have a maximum thickness of approximately 200~, which 

approximates twice the maximum distance that nutrients can diffuse into the bone 
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tissue. The macroscopic spaces between the struts make trabecular bone quite 

porous. The spaces between the struts are filled with bone marrow. The 

macroscopic porosity of trabecular bone varies from some 30% to 90% depending 

on anatomic location, health of the bone, gender and other factors. Trabecular 

bone architecture can be quantified using such clinical measures as the "bone 

volume fraction" (volume of mineralised tissue of the total volume of marrow and 

bone space), "trabecular number" (average number of trabecular struts in an area 

or volume), "trabecular thickness" (average thickness of the trabecular struts), and 

an "anisotropy" (the degree of orientation of the trabecular struts in three-

dimensional space) (Miller et al., 2007). 

Although bone volume fraction cannot be measured without biopsy, bone mineral 

density, such as dual-energy x-ray absorptiometry measurement (DEXA) is a 

surrogate measure used clinically. The number of trabecular struts and their 

thickness decrease in osteoporosis, contributing to weakness. In addition, patients 

with osteoporosis who had femoral neck fractures have an increased anisotropy of 

the trabecular bone in the femoral neck region compared with those found in the 

corresponding region in normal patients. 

2.3.1.4 Cortical lamellar bone 

This is compact bone, extremely dense, and has no macroscopic spaces. Porosity 

is very low. The macrostructure of cortical bone varies by anatomical location. Its 

primary function is load-bearing. 
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The geometry is different from that in trabecular bone. It is organised into osteons, 

cylindrical structures of concentric lamellae generally 3 to 6 mm long and ISOJ.l to 

200J.1 in diameter. At the centre of the osteons is the Haversian canal through 

which blood vessels and poorly myelinated nerve fibres pass. Transverse 

communication occurs through Volkmann's canals. These canals contribute a 

small amount of porosity, 5% to 10%, to the cortical tissue. Osteons have a 

specific orientation, depending on the mechanical demands of the bone involved, 

and are generally oriented along the mechanical axis. Each osteon is bounded by a 

cement line, a 1 J.l to 2J.1 thick structure which forms a boundary to the remodelled 

bone. Its function is unclear, but it may relate to stopping the propagation of 

micro-cracks. 

2.3.2 Mieroseopic strudure 

Bone tissue is primarily extracellular matrix, which is a combination of organic 

molecules such as collagen and inorganic mineral such as calcium. Living 

components of bone consist of osteocytes, cells which are embedded within this 

matrix and form bone, and osteoclasts, which are cells that resorb bone. 

2.3.1.1 Extracellular matrix 

This is formed by three components: collagen, mineral and water. Weiner (Weiner, 

1998) recognised seven levels of hierarchy in the organisation of the mineralised 

collagen (Figure 2-30). 
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Figure l-30: The seven stages of increasing complexity in organisation of the bone family of 
materials. Level I : isolated crystals from human bone, and an unstained collagen fibril from turkey 

tendon. Level 2: electron micrograph graph of a mineralised collagen fibril from turkey tendon. 
Level3: electron micrographs of a thin section of mineralised turkey tendon. Level4: fibril array 
patterns of organisation found in the bone family of materials. Level S: electron micrographs of a 

single osteon from human bone. Level 6: light micrographs of a fractured section through a 
fossilised human femur. Level 7: whole bovine bone (Weiner, 1998). 

Level one consists of the major components, hydroxyapatite Caw(P04)6(0H)2 

collagen and over 200 non-collagenous proteins. 
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The hydroxyapatite crystal is flat, with dimensions of 50 x 25 nm. The crystals are 

thin, from 1.5 to 4 nanometres for mature bone. Type I collagen is the most 

common in mature bone. The fibrils are approximately 80 to 100 nanometres in 

diameter. They tend to merge in length with surrounding fibrils. Each fibre is 

made up of three polypeptide chains, each approximately 1000 amino acids long. 

These are bound together in a triple helix with an average diameter of 1.5 

nanometres and lengths of 300 nanometres. They pack together in a stacked 

configuration with a gap at each end and the gaps are staggered. 

Water is the third major component. Mechanical measurements of dry bone are 

different from those of wet bone. Water is located within the fibrils, in the gaps 

and between the triple helix molecules. The volume proportions of each of the 

constituents alter the mechanical properties of the bone. Young's modulus of 

compact bone varies accordingly to the mineral content. 

The second level of organisation relates to the mineralised collagen fibril building 

block. The hydroxyapatite crystals are located within the collagen helix. The 

collagen network, therefore, controls and orients the crystal growth. It produces a 

stiff and strong structure. Young's modulus increases in proportion with the 

mineralisation (Figure 2-31 ). 
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Figure 2-31: Plot of calcium content versus Young's modulus for a large variety of bones (Weiner, 
1998). 

The third level relates to fibril arrays (Figure 2-32). Generally, fibrils are present 

in bundles and arranged along the length of the bone. Fibril bundles fuse with one 

another. The three-dimensional structure of the mesh is not entirely clear. 

Mineralised fibril arrays are anisotropic. The highest modulus values tension and 

compression being in the direction parallel to the fibril long axis. 
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a b 

Flprc ~1: Schematic representation showing (a) an arrangement of mineralised collagen fibrils 
alignment both with respect to crystal layers and fibril axes. This structure has orthotropic 

symmetry, (b) arrangement of minemlised collagen fibrils with only the fibril axes aligned. The 
structure has tmnsverse isotropy (Weiner, 1998). 

Level 4 relates to diversity in fibril array organisational patterns (Figure 2-33). 

The fibrils may be arranged in a large variety of patterns, such as parallel, woven, 

plywood and radial. The variety is a manifestation of the variety of the types of 

bone and functional requirements. 
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Ficure l-JJ: Four of the most common fibril array patterns of organisation. (a) Parallel fibrils. (b) 
Woven fibre structure. (c) Plywood like structure present in lamellar bone. (d) Radial fibril arrays 

(Weiner, 1998). 

The fifth level relates to osteons. The sixth level refers to cortical and cancellous 

bone, and level seven to the whole bone. 
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2.3.3 Cellular elements 

The cellular elements comprise osteocytes, osteoblasts, osteoclasts, periosteum 

and endosteal cells (bone lining cells). 

2.3.3.1 Osteoblasts 

The mature osteoblast is a cuboidal cell with an eccentrically placed nucleus, 

sitting on the bone surface. It has two clearly distinct roles: the first is to form 

bone matrix and the second to regulate the activity of bone removal by osteoclasts 

to balance the processes of bone formation and resorption. The osteoblast is 

efficient at synthesising and secreting large quantities of macromolecules found in 

the matrix. The molecules are synthesised at one end of the cell and pass out the 

other end of the cell, making the cell a polarised structure. The cells sense 

hormones and other signalling molecules at their apical surface and secrete matrix 

at their basal surface. This allows for a directional discharge of secreted molecules 

onto the bony surface where the cell is sitting and results in the lamellar pattern of 

matrix, the position seen in secondary or remodelled bone. They are also believed 

to play a role in matrix mineralisation. 

The mature osteoblast has a limited life span with a half life of approximately l 00 

days, and during this time it will continue to synthesise osteoid under the global 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 87 



LITERATURE REVIEW 

control of hormonal and mechanical influences. Ultimately the mature osteoblast 

has several potential fates: it may remain on the bone surface and transform into a 

bone lining cell, it can become embedded in the matrix that it has synthesised and 

become an osteocyte or it can die by programmed cell death (apoptosis). 

Regulation of apoptosis is an important factor in determining the balance between 

bone formation and resorption. Bone forming activity can be enhanced by factors 

such as insulin-dependent growth factor-1 and parathyroid hormone which 

prolong osteoblast survival. Because the mature osteoblast does not provide new 

osteoblasts to replace those with alternate fates, new osteoblasts must arise 

through differentiation of precursor cells into new osteoblasts or by activation of 

bone lining cells (Miller et al., 2007). 

2.3.3.2 Bone lining cells 

All bone surfaces are lined with cells. In areas of active bone formation the 

surface is lined with osteoblasts (Figure 2-34). In areas of bone resorption the 

bone surface is lined with osteoclasts. Most trabecular and endosteal bone 

surfaces are not metabolically active and these are covered by the bone lining 

cells. They are thin, flattened cells adhering closely to the surface of the bone. 

They are much less metabolically active than the osteoblast and have lost the cell 

volume, polarisation and synthetic machinery of their osteoblast precursors. The 

function of the bone lining cells is unclear. They may be reactivated as functional 

osteoblasts and may act as a reservoir for bone forming potential. In addition, by 
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covering the bone surfaces they may physically control the ability of osteoclasts to 

initiate resorption in bone remodelling. They may also play a role in remodelling 

by cleaning the resorption pits left by osteoclasts so that new bone can be 

deposited (Miller et al., 2007). 

osteocyte 

Fipre 1-34: A bony trabeculum showing within the bone an osteocyte, and on the surface and 
osteoblast (utmb, I 998). 

1.3.3.3 Osteocyte 

Approximately one third of the actively secreting osteoblasts become embedded 

in the mineralised matrix to become osteocytes. The triggering factor is not 

known. Osteocytes are the most numerous of the classic bone cells, making up 
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approximately 90% of the number. They reside in lacunae, spaces within the bone 

that accommodate the cells. These occur both in cortical and trabecular bone. 

Osteocytes differ both morphologically and biochemically from the osteoblasts. 

The osteocyte cell body is smaller than that of the osteoblasts. It is not polarised. 

It does not contain the high proportion of secretory organelles which the 

osteoblast contains. It is not as highly synthetically active, but it does produce 

small amounts of some matrix proteins. 

The most significant feature of the osteocyte is the numerous narrow cell 

processes that extend dendrite-like from the cell body. These travel through the 

bone substances via canaliculi to link up with similar processes arising from other 

osteocytes. They link via a synapse. There is signalling between the cells 

mediated by specialised protein complexes called gap junctions. These complexes 

form a small pause in the cell surface which allows small molecules such as ions, 

sugars and signalling molecules to pass between the connected cells. In this way, 

the osteocytes are connected, in a manner which is similar to a neural network. 

These extensive connections are not only between osteocytes but also include 

bone lining cells and osteoblasts on the bone surface. They may also extend into 

the marrow spaces (Figure 2-34). 

The full function of osteocytes is still unclear. The canalicular network comprises 

a very large surface area in which the cell processes are in close contact with the 

bone matrix and are bathed in the extracellular fluid of bone. Osteocytes could 
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possibly sense and monitor the condition of the matrix as well as the levels of 

calcium, phosphate, other nutrients or signalling molecules in the tissue fluid. The 

main theory of osteocyte function is that they participate in mechano-sensing. 

Unlike the osteoblasts, osteocytes can live for decades. Osteocyte death is at least 

partially regulated by apoptosis and this may constitute an important signal that 

allows osteoclasts to target resorption to an area of damaged bone or area 

experiencing an abnormal strain environment. Osteocytes may help to co-ordinate 

the function between osteoclasts and osteoblasts (Miller et al., 2007). 

2.3.3.4 Osteoclasts 

The osteoclasts are closely related to macrophages and arise from the bone 

marrow line of cells, rather than mesenchymal cells that give rise to the osteoblast 

line. 

These are large cells, which are multinucleated, varying in size from 20f.l to 1 OOf.l 

in diameter and containing from 3 to 20 nuclei. They are the result of fusion of 

multiple mononuclear cells. They are located on the surface of bone and function 

to resorb the mineralised bone matrix. They are unable to resorb unmineralised 

bone matrix. They contain large numbers of mitochondria and lysosomal vesicles, 

intracellular organelles that contain degradative enzymes. 
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They are characterised by a ruffied border adjacent to the bony interface, which is 

seen on electron microscopy (Figure 2-3S). 

Figure 1-3~: Osteocytes stained with RH 414 dye, show the widespread interlinkage network 
(Meyle, 2001). 

The area of resorption, a depression in the bony surface, is termed "Howship's 

lacuna". In this area, the cell is tightly applied to the bony surface. It secretes acid 

and degradative enzymes. Intracellular carbon dioxide is converted to carbonic 

acid and pumped across the ruflled border to resorb the bone. 

The osteoclast half life is approximately 10 days. They are mobile, and can move 

from one resorption side to another. They may die or revert to mononuclear cells. 

Their eventual fate is unclear. 
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2.3.4 Bone remodelling 

The dynamics of bone involves three distinct phases. These are growth, modelling 

and remodelling. The first two occur during childhood and early adult life. Peak 

bone mass is achieved at about the age of 25. It is dependent on multiple factors, 

including genetic makeup, hormonal factors, physical activity and nutrition. It is 

normally 20% to 25% higher in men than women. 

From approximately the age of 25, bone mass begins to decline. The removal and 

replacement of bone tissue in the same location is referred to as remodelling. The 

remodelling process is a very active and results in a complete turnover of an 

individual's bone mass every 4 to 20 years. The rate of turnover in adult bone is 

approximately 5% per year but varies with age and varies with different locations 

within the skeleton. Turnover in children is at a much higher rate than in adults, 

with trabecular bone turnover of approximately 25% per year and cortical bone 

turnover of 2% per year. 

Turnover is critical to the function of bone as a structural element. As bone tissue 

ages it becomes progressively more brittle because of changes in its mineral phase. 

Mechanical demands placed on bone can cause damage to its structure so that in 

the absence of remodelling the damage accumulates over time and can degrade its 

mechanical integrity. An ongoing remodelling, a bone maintenance process 
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allows this damaged bone as well as the brittle older bone to be removed and 

replaced with new more structurally sound bone. 

2.3.4.1 The remodelling cycle 

The remodelling cycle begins with the initiation of osteoclastic resorption (Figure 

2-36). The trigger for this is not known. Once the bone has been removed by the 

osteoclast, a pit is left, and osteoblasts appear on the eroded surface where new 

matrix is secreted and mineralised. This phase of the remodelling cycle is 

termed"reversal" and the junction between the old and the new bone is marked by 

a cement line. The osteoblasts lay down new bone. Some of the osteoblasts 

become encased in the extracellular matrix and become osteocytes. Once the 

lacuna is refilled with new bone, the new surface becomes covered with bone 

lining cells. This takes approximately 1 0 days, consistent with the half life of the 

osteoclast while the restoration process may take some months, consistent with 

the half life of the osteoblast. 

In trabecular bone this occurs on the surface of the cancellous mesh (Figure 2-36) 

but in cortical bone, the high density and low porosity requires a different process. 

Osteoclasts form a tunneling process, termed a '"cutting cone" (Figure 2-37), a 

group of osteoclasts penetrating to the bone. A blood vessel and osteoblasts 

follow into the gap and a new osteon is formed. Circumferential bone is laid 

around the edges of the lamellar type. This then becomes a new Haversian canal. 
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In such a way, remodelling is carried out. with the new osteons appearing as 

complete circular structures, and, on the periphery, remnants of previous osteons 

can be seen (Figure 2-38). 

Fipre l-36: Scanning electron micrograph showing osteoclast resorbing bone (Society, 2008). 
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Figure 2-37: Cycle of cancellous bone remodelling (Mosekilde, 1999). 
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Jllpn l-31: Cortical bone remodelling, showing a cutting cone with leading osteoclasts followed 
by cuboidal osteoblasts in the channel. Villanueva Mineralized Bone Stain I OOx (Villanueva, 

2009). 

Flpre l-39: A group of osteons, with the older, remodelled osteon fragments between the 
circular, new or osteons. Arrow points to an osteon remnant stop (Michigan). 

1.3.4.1 Control of remodellin1 

Bone "remodelling" refers to the process where bone resorption and formation are 

balanced and bone mass is held constant. Bone is removed and replaced with the 

same amount of bone at the same site, so that the overall mass and shape are 
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maintained. "Modelling" is the process that occurs during growth and in the repair 

phase of a fracture. The result is a change in shape or mass of the bone (Figure 

240). 

Mode ling 

Earlier position 
t'lf'ltk! endo,;teal 
or p:riiJIIit~tl 
memhr<tnl.l 

Haversian 
Remodeling 

Scl-oodary 
·•· Osteon!i 

Figure l-40: Diagrammatic representation of the difference between modelling and Haversian 
remodelling. Modelling involves periosteal and endosteal activity, while Haversian remodelling 

with the production of secondary osteons, affects the porosity of the bone (Pearson and Lieberman, 
2004). 

It is unclear what factors determine the onset of bone remodelling. Periosteum or 

endosteum covers bony surfaces and prevents the access of osteoclasts to the bone 

surface. Osteoclasts need to access the mineralised surface before resorption can 

take place. The retraction or removal of these cells is required to allow osteoclasts 

to contact the mineralised surface. Parathyroid hormone has been shown to 

promote bone resorption and retraction ofthese lining cells. An alternative would 

be that osteocytes, through their extensive interconnections, including to the bone 

lining cells, may be able to modulate this process (Miller et al., 2007). 
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Rates of bone turnover vary greatly between sites. Of the order of 5% of the bone 

mass in a long bone cortex is removed and replaced each year in adulthood. Rates 

of trabecular bone turnover can average 25% per year in humans (Martin et al., 

1998). 

It is believed, (Miller et al., 2007) that in the constantly remodelling normal bone, 

initiation of resorption may occur in a random constant fashion resulting in a 

generalised turnover of bone on a regular basis. In addition to this, other factors 

may result in remodelling being targeted to a specific location. Some bones are 

remodelled faster than others. Micro damage to the bone matrix close to an 

osteocyte generates a signal to the nearby bone lining cells, causing the initiation 

of the remodelling of the site. Osteoclasts and osteoblasts are found in close 

proximity to each other and co-ordinate activity through a complex system of 

factors. 

Mechanical factors are also important in regulating modelling and remodelling. 

The mechanical environment is responsible for determining the original bone 

shape as well as maintaining bone mass and optimising bony architecture. 

2.3.5 Mechanical regulation of structure 

The importance of environmental effects on bone morphology and adaptation was 

first described by 19th Century anatomists and currently quoted as "Wolfrs law". 

"Every change in the form and function of bone or of their functional role is 
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followed by certain definite changes in their internal architecture, and equally 

definite alteration in their external conformation, in accordance with mathematical 

laws" (Wolff, 1986). 

However, the ability of bone to respond to external environmental factors has 

been known for thousands of years. The ancient Chinese custom of binding the 

feet of aristocratic girls, to produce small feet, was thought to be highly desirable. 

Ju1ius Wolff(l836-t902) was not the first to note the adaptive character ofbone. 

As far back as the time of Galileo, this characteristic of bone was noted (Martin 

2007). During his study of medicine, Wolff came under the influence of 

Langenbeck, a prominent surgeon at the time. Wolff was advised to study the 

regeneration of bone and his thesis was "The Law of Bone Transformation". It 

was largely based on preceding work of Henri-Louis Duhammel du Monceau, 

John Hunter and Jean Marie Pierre Flourens (Golding, 2005). Wolfffound that the 

periosteum was only weakly osteogenic. He confirmed the findings of John 

Hunter that the shaft of the bone actually expanded with time so that the bone 

cells grew apart as interstitial bone formed. Flourens understood that bone was 

plastic, mouldable and alive. Hunter had studied the shape of the neck of the 

femur and Wolff continued that work. The anatomist von Meyer and the engineer 

Culmann had noted the relationship between structure and function and the 

adaptability of bone earlier (Huiskes et al., 2000). 
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Culmann studied von Meyer's drawings and concluded that the architecture of the 

trabeculae was a perfect mathematical design for the transfer of weight (Golding, 

2005). WoltT then showed that in a deformed bone the internal structure was 

radically altered as a response to the static forces acting on it. A normal bone will 

alter to meet a change in its function. 

The principal features of this concept are that form follows function. Bone is 

deposited and resorbed to achieve optimum balance between strength and weight. 

Trabeculae in cancellous bone tend to line up with the directions of principal 

stresses that they experience, and both phenomena occur through self-regulating 

mechanisms that respond to mechanical forces acting upon bone tissues (Pearson 

and Lieberman, 2004). 

Wolffs contribution in 1892 was the proposal that trabecular bone tended to be 

formed during growth and development in orientations that corresponded to the 

principal mechanical stresses. He proposed hypothetical mathematical laws that 

could explain this process. 

Intrinsic in this observation is the assumption that bone cells are able to assess the 

mechanical environment in which they function. Significant criticism, however, of 

this model has been made, because of its overly simplistic approach (Cowin et al., 

2003) (Figure 2-41 ). 
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I. Applied load 

/ 

Figure l-41: Responses of bone to loading. 

2.3.6 Mechanical environment 

Bones are required to resist mechanical forces, either through an application of 

weight or muscle force. The two most important parameters are stress (a), defined 

as force per unit area, and strain (&), defined as change in length. Stress can be 

either compressive or tensile, but most bones are exposed to a combination of the 

two, as well as twisting, bending and shear forces. The ways bone responds vary 

significantly, depending on the force applied. Because of its structure, bone 

behaves as a two phase substance. The combination of collagen and mineral 

creates a high degree of stiffness and strength in response to the applied forces. At 

low stresses and strains there is essentially a linear behaviour of bone, described 

as Young's modulus (N/m2
) . Within this linear range, bone behaves in an elastic 

fashion, returning to its original size and shape after the loading has been removed. 

Above the yield point (Figure 2-42) pennanent defonnation occurs. Intrinsic 
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factors which can affect Young's modulus include degree of mineralisation and 

tissue organisation, such as porosity and histological structure (Pearson and 

Lieberman, 2004). 

A B 
I JO c:ycleslscc 
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Flpn l-41: Diagram A shows a simple stress strain curve, identifying the linear relationship 
portion, for which Y ouns's modulus can be calculated, and the area where the linear relationship 

breaks down .. Diagram B shows the influence of cyclic frequency on the stress strained 
relationship, demonstratins increase in stiffness with increase in cycles (Pearson and Liebennan, 

2004). 

Extrinsic factors include the direction of the strain, bone being stronger in 

compression than in tension, the duration of strain and the rate of strain 

application. It is noted that as the strain rates increase, Young's modulus also 

increases. Strain has a deleterious effect on bone structure because of creep and 

fatigue, which contribute to the development of microfractures. Cyclic stresses 

produce fatigue and promote creep. Creep can also happen as a result of 

continuously applied loads, and tensile and compressive loads produce different 

effects. Typically bones loaded within their elastic range at sufficient intensities 

suffered damage. Microcracks develop, and these grow and propagate. The 

number of these and the rate at which they progress depend on the structural 
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characteristics of the bone. If enough occur, and coalesce, mechanical failure can 

occur. However, the development of microcracks themselves decreases the bone 

stiffness making the bone less susceptible to further fracturing (Pearson and 

Lieberman, 2004). 

Bone strength also depends on the type of bone that it is. Whether it is cortical or 

cancellous bone and the amount of bone that is present is important. The amount 

of bone usually increases during growth, reaches a maximum in young adult life 

and decreases with age, so that by the age of 80, some 60% of the young adult 

bone mass has resorbed (Smith et al., 1989). The size and shape are important, as 

well as the distribution of bone tissue within the space that the bone occupies. 

Doubling of the outside bone diameter while keeping the same amount of bone in 

cross-section so that the cortex becomes thinner increases the bending strength 

approximately eight times (Frost, 2001). 

It is often thought that the heaviest loads the bones have to support are those of 

weight and the effects of gravity. However, muscles work in a disadvantageous 

lever system, so the loads supported may be several times body weight. In the hip, 

the abductors may have to exert three or more times body weight, during gait, to 

support the body. This load is transmitted through the femoral neck. 

The process by which the living bone responds to mechanical loading is termed 

mechano-transduction. This is the process by which cells sense mechanical 

stimuli and then translate the information into a signal that can potentially alter 
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the cell behaviour locally or in other cells. The most popular hypothesis is that the 

processes radiating from the osteocytes act as a transducer, responding to 

mechanical loads (Cowin et al., 2003). Within the context of fluid flow within 

bone, strain appears to be particularly important as a stimulus to the osteocytes. 

Strain measured in the body ranges from zero, in static loads, to more than 60 Hz 

depending on the activity level. Skeletal muscles have the capacity to contract at 

frequencies from 15 to 60 Hz, much higher than what occurs during physical 

activity, such as walking (McMahon, 1984). 

A further hypothesis is that osteocytes and osteoblasts sense strain in their plasma 

membranes which contain stretch-activated ion channels (Davidson et al., 1996). 

These permit a calcium flux, which may initiate other changes. A further 

hypothesis is that strain-induced fluid flow within the bone matrix generates small 

changes in electrical charge, strain generated potentials, inducing a change in cell 

behaviour (Cowin et al., 2003). It has been suggested that the interstitial fluid flow 

is essential for nutrition of the osteocytes and that even 24 hours ofunloading can 

lead to a substantial increase in osteocyte hypoxia and death. This may initiate 

remodelling (Dodd et al., 1999). 

A unifying theory has been proposed in which the bone lining cells will trigger 

remodelling spontaneously. This activity can be inhibited by signals from 

osteocytes, through mediators such as nitric oxide and prostaglandin, produced in 

response to mechanical stimulation. Therefore, anything which damages the 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 105 



LITERATURE REVIEW 

osteocyte network interferes with this inhibition, allowing a more active 

remodelling process (Martin, 2000). 

A further theory proposes a model to explain how mechanical deformations, 

through the formation of multi-protein complexes, can transfer signals from the 

extracellular matrix into the cells, into the nucleus, and lead to gene activation 

(Pavalko et al., 2003). 

The effect that mechanotransduction has at the cellular level is poorly understood. 

Within minutes of in vivo loading, osteocytes exhibit an increase in uptake of 

metabolites, in proportion to the magnitude of strain (Skerry et al., 1989). In 

addition, pulsating fluid flow and in vivo strain increase levels of intracellular 

calcium and enzymes in osteoblasts and osteocytes, which in turn stimulate the 

release of nitric oxide and prostaglandins (Pavalko et al., 2003). In addition to 

strain and fluid flow, the rate of loading is important in eliciting new bone 

formation. High loading rates are effective in doing that. 

The duration and spacing of loading events are also important, as bone cells 

appear to become saturated after 30-36 cycles of loading. Accordingly, 

intermittent bouts of loading provoke a greater response than one single episode 

(Robling et al., 2002). 
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The exact involvement of osteoclasts in the initiation of bone remodelling is not 

known. It is thought that soluble signal chemicals produced by the osteoblasts 

react with osteoclast membranes to produce activation of the cell (Pearson and 

Lieberman, 2004). 

Ageing appears to affect the sensitivity to which mechanical signals affect bone 

resorption. The endosteal surface of the tibia, in one study, showed an increased 

threshold for generating an osteogenic response for the older cells: 1700 

microstrains for the older cells versus 1050 for the younger (Turner et al., 1995). 

In another study, involving cultured human cells, the osteogenic response 

indicated that older humans may not respond to strain that elicit a response in the 

younger ones (Stanford et al., 2000). 

2.3. 7 Proposed mechanisms for bone remodelling 

The underlying mechanisms to initiate, monitor and control remodelling are not 

clearly understood. Several proposed mechanisms have been described. Although 

these proposed mechanisms relate primarily to age changes as opposed to locally 

generated remodelling, such as fracture, they provide an insight into the currently 

proposed mechanisms. The factors which play a role in bone remodelling include 

mechanical ones and also, nonmechanical factors such as hormones, diet, gender, 

age, gene expression and occupation. 
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2.3.7.1 Descriptive model 

This model is useful for interpreting variations in cross-sectional anatomy. In this 

model, it is proposed that the more bone that is present and acquired during young 

adult life, the more is present as a reserve stock. The gradual loss of bone with age 

then, acting on a higher initial bone stock, would result in a better maintained 

level of strength in later life. This model is based on the observation that in youth 

additional amounts of subperiosteal cortical bone is deposited and endosteal 

cortical bone is resorbed more slowly in response to strenuous mechanical loading 

(Ruff et al., 1 993). Adults who become active after a sedentary childhood tend to 

slow the rate of endosteal cortex resorption but are not able to add substantial 

amounts of new subperiosteal cortical bone. The implication of these different 

responses to similar stimuli is that mechanical loads prior to skeletal maturity will 

result in greater external dimensions of a long bone's shaft and a narrower 

medullary cavity. However, mechanical loads during adulthood have little effect 

on the external dimensions of long bone diaphyses, but result in greater cross-

sectional areas from smaller medullary cavities. Biomechanically the adult pattern 

of diaphyseal response is less efficient because the contribution of a given unit 

area to a cross-section increases bone strength in proportion to the square of its 

distance from the neutral axis (Wainwright et al., 1976). 

2.3.7.2 Equilibrium models 

These models attempt to interpret variable responses among different regions of 

the skeleton and are used to test hypotheses relating form and function. They 
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attempt to explain many structural variations that maintain bone stiffness and 

strength within some threshold range at particular sites. Equilibrium models are 

predictive models which hypothesise that the cortical bone's responses to external 

forces act to maintain a mechanically stable system, keeping bones within a 

certain range on the stress-strain curve. These models focus on periosteum and 

endosteal cortical growth and resorption. They do not make predictions regarding 

Haversian remodelling which has a significant effect on bone strength. 

The best-known equilibrium models are the related hypotheses of dynamic strain 

similarity and dynamic equilibrium (Rubin and Lanyon, 1985, Biewener et al., 

1986). The authors proposed that bones alter their cross-sectional geometries 

during growth to keep peak strains and stresses below some threshold. These 

models, however, do not consider the effects of age following skeletal maturity. 

A comprehensive equilibrium model, the mechanobiological hypothesis, predicts 

variable interactions between intrinsic growth and responses to loading on bone 

modelling, involving gene expression over a period of time (Carter and Beaupre, 

200 I). According to this model bone growth can be divided into two portions, a 

biological component, and a mechanobiological component. The biological 

component of bone growth is thought to reflect mostly "intrinsic" growth, as 

determined by genes and hormones. The mechanobiological component of the 

rate of bone growth incorporates the hypothesis that bones model to attain an 

optimum level of strain in response to expected mechanical loads (Bertram and 
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Biewener, 1988, Rubin and Lanyon, 1984 ). As genetic expression progresses over 

time this becomes increasingly important and is thought to vary in order to 

maintain daily strain stimulus at each skeletal location within a "lazy zone" 

estimated to be approximately 30 to 70 MPa per day. Within the "lazy zone" 

increased or decreased levels of strain are predicted to stimulate little apposition 

or resorption. Above the "lazy zone" or below, increased loads will trigger 

apposition in proportion to the total daily strain energy, while decreases in loading 

induce resorption in proportion to the shortfall in the daily expected strain energy. 

Thus, according to the model, decreased or increased loading later in life will 

primarily affect the rates of periosteal cortical bone deposition and endosteal 

cortical resorption. 

The mechanostat model (Figure 2-43) (Frost, 1987, Frost, 1990) includes 

Haversian remodelling in its hypothesis. Loads that generate strains above some 

threshold on the stress-strain curve stimulate growth and inhibit Haversian 

remodelling, whereas loads that generate strains below some other threshold on 

the stress-strain curve inhibit growth and stimulate loss of bone, including 

Haversian remodelling. Between these thresholds is a predicted equilibrium range 

in which loading stimulates neither modelling nor remodelling. The mechanostat 

specifically predicts high rates of Haversian remodelling in under-strained bone, 

increasing porosity and leading to decreased stiffness and strength. While high 

strains often elicit modelling and low strains elicit resorption, (Martin et al., 1998) 

high strains frequently stimulate Haversian remodelling in cortical bone 

(Lieberman et al., 2003). 
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Fi1ure 2-43: Conceptual representation of mechanostat function. The bone, at the top right ofthe 
tigure, represents the anatomical shape. The box below the bone represents the interior of the bone 

with the various factors influencing remodelling, either internal or surface (Frost, 1987). 

In Figure 2-43, the bone's anatomical structure determines the stress at any given 

location produced by the external force and the bone's tissue elastic modulus at 

that point determines the local strain. If the strain is too high micro-damage is 

produced. To the left, in the diagram, the osteocyte mesh (syncytium) is 

represented. It is thought to activate remodelling in response to either low strain or 

micro-damage. The setpoint relates to the "lazy zone", and, if the mechanostat 

point and the setpoint do not agree, remodelling is instituted and this can occur 

either on the surface of the bone, geometric changes, or internally, bone density 

changes (Martin 2007). 

Modified from Frost (Frost, 2001 ), Figure 2-44 depicts the combined modelling 

and remodelling effects on bone strength and mass. The bottom horizontal line 
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identifies the cortical bone strains, from zero at the left margin to fracture at the 

far right (Fx). In the intervening areas, remodelling (MESr), modelling (MESm), 

and micro-damage (MESp) locations are identified. The horizontal axis represents 

no net gains or losses of bone. The lower dotted line, in the DW range, suggests 

how remodelling would remove bone when strains stray below the remodelling 

(MESr) threshold but otherwise would tend to keep existing bone and its strength. 

The upper dashed line, in the MOW range, suggests how modelling would begin 

to increase bone strength where strains enter or exceed the modelling (MESm) 

range. The dashed outlines, on the POW range, suggest the combined modelling 

and remodelling effects on a bone's strength. At and beyond the micro-damage 

threshold (MESp), woven bone formation usually replaces lamellar bone 

formation. 
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Figure 1-44: Diagram with reference to discussion in text. Fx"' the fractures strain range centred 
near 25,000 Microstrains. DW"' disuse window; A W= adapted window as in normally adapted 

young adults; MOW = mild overload window as in healthy growing mammals; POW= pathologic 
overload window (Frost, 2001). 
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2.3.7.3 Optimisation models 

Optimisation models attempt to predict how cortical bone in different regions of 

the skeleton modulates modelling versus remodelling in response to loading. It is 

proposed that if bones optimise strength relative to the cost of adding mass, and 

Haversian remodelling repairs or prevents micro-damage, then proportions of 

modelling versus Haversian remodelling responses to loading should vary at 

different skeletal locations and ages in relation to their costs and benefits. From a 

mechanical viewpoint the major benefit of modelling is to strengthen the bone by 

increasing surface area around the axes in which applied bending forces generate 

deformation. In limbs, modelling requires the import of additional energy to 

accelerate added mass during locomotion. The long-term cost in terms of energy 

consumption of adding bone mass is exponentially higher in distal versus 

proximal elements, which may account for the general phenomenon of limb 

tapering. 

The proposed benefits of Haversian remodelling included replacing and 

strengthening fatigue damaged bone, increasing elasticity, and halting microcrack 

propagation, without adding mass or changing shape as well, temporarily reducing 

bone mineralisation which increases its toughness and heterogeneity, both of 

which can halt crack propagation (Currey, 2002). 
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However, Haversian remodelling produces a transient increase in porosity, and 

incurs higher long term metabolic costs than modelling by leaving the bone 

insufficiently strong to resist further strain damage requiring subsequent growth or 

remodelling (Martin, 1995). Accordingly, using this model, Haversian 

remodelling responses to loading are predicted to be higher in areas where stresses 

and strains are higher, creating more micro-damage, and where the cost of 

modelling is high, such as in distallimb locations (Lieberman et al., 2003). 

Further, this model also attempts to describe how age affects rates of remodelling. 

Osteo-progenitor cells decline in number, and become less sensitive to 

environmental stimuli including those from mechanical loading, with increasing 

age (Chan and Duque, 2002). In vitro studies indicate that in older individuals, 

osteoblasts are less responsive to strains than osteoblasts in growing individuals 

(Donahue et al., 2001 ). Comparative studies looking at the effects of exercise on 

the skeleton in different age groups show that mechanical loading stimulates 

periosteum growth mostly prior to skeletal maturity, and primarily acts to slow 

down the rate of bone loss in older individuals (Kohrt, 200 l ). If modelling 

responses to strains decline as the skeleton ages then Haversian remodelling rates 

should increase in proportion to strain magnitude for all individuals but the rate of 

increase should be higher for older individuals if Haversian remodelling functions 

to repair or prevent fatigue damage (Lieberman et al., 2003). 
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Table l-l: Taken from Pearson (Pearson and Lieberman, 2004) describes the different proposed 
mechanisms, for bone remodelling. 

Effect of loadin1 on modelling Effect of loading on 
Haversian remodellin2 (HR) 

Juveniles Adults Juveniles 
I 

Adults 

I. Descriptive Increase Minor increase 
models (Ruff et periosteal in periosteal 

al. (1994) deposition, deposition, but 
slows endosteal slows endosteal 

resorption. resorption or No prediction 
causes 

endosteal 
deposition. 

11. Equilibrium Periosteal and endosteal 
models modelling in both growth and 

Dynamic strain adulthood to keep peak strain 
similarity (Rubin within a particular range. 

and Lanyon, Juveniles and adults are similar, No prediction 
1984); dynamic but equilibrium in adults is not 

equilibrium continuously disrupted by somatic 
(Biewener et al., growth. 

1986) 

Mechanobiology Growth- rm (mechanical+ rb No prediction, but presumably 
hypothesis (biological) components. Bones HR is heavily influenced by rb 
(Carter and model to experience optimum (biological component) and 

Beaupre, 2001) strain levels. rb is more important changes during life span. 
in growth and thus during 

juvenile period. 

Mechanostat High strains simulate deposition High strains inhibit HR. Low 
(Frost, 1987, (modelling). Low strains strain promote HR. 

1990)1 stimulate resorbtive modelling. 

Ill. Optimization Modelling varies by skeletal HR varies by skeletal location. 
models location. High strains produce High strains induce HR, but 

Trade-off model modelling, but mostly in more more HR will occur in distal 
(Lieberman and proximal bones in a limb.2 bones in a limb.2 

Crompton, 1998) 

I. These models apparently conceptualize physiological components of processes of growth and 

development as extrinsic to response that bone tissue displays in response to mechanical loading. 

2. Ontogenetic age alters strength of modelling and Haversian remodelling responses (Lieberman 

et al., 2003; Lieberman and Pearson, 2001). 
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Although these proposed mechanisms are related primarily to age changes as 

opposed to locally generated remodelling, such as fracture, they provide an insight 

into the currently proposed mechanisms. 

The above models deal primarily with cortical bone and Haversian remodelling. 

Cancellous bone, however, is governed by similar principles. The volume of 

remodelling in cancellous bone, being much higher, some 25% per year, would 

imply a much more active process. Modelling has confirmed that the cancellous 

bone behaviour can be explained on a similar mechanical feedback mechanism, 

acting on the same biological processes (Huiskes et al., 2000). Appropriately, 

computational models tend to simulate the processes mentioned above, modelling 

and remodelling. However, both modelling and remodelling are often classified as 

remodelling, making it often confusing. It should be noted here that the alteration 

of bone geometry is brought about by modelling is termed suiface of external 

remodelling. And the change in porosity and ultimately stiffuess, E, due to 

remodelling is called internal remodelling (Frost and STRAA TSMA, 1964). This 

is shown in Figure 2-43. In order to model both processes would be an enormous 

computational task particularly if applied to whole skeleton and taking into 

account the large surface area of trabecular bone. Most simulations include only 

one of these remodelling processes. The internal remodelling process can be 

described mathematically by a change in apparent density using an objective 

function as described by Weinans (Weinans et al., 1992). 
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Table 2-2 summarises the different models for bone modelling and remodelling 

emphasising the differences between them. There is controversy as to which 

model describes bone behaviour best. Depending on the type of bone behaviour 

being studied, it would appear that some models are more appropriate than others. 

For example, the growing skeleton versus age changes versus post-traumatic 

remodelling. 

2.3.8 The cellular environment 

The way that the load transmitted through bone is interpreted at the cellular and 

subcellular level is unclear. The widespread interconnections between the cellular 

elements in the bone would appear to be of major importance (Figure 2-34). 

2.3.9 Mechanical properties of bone 

The mechanical properties are determined by structural properties and material 

properties. The structural properties of the whole bone are dependent on shape, 

size and architecture. As the architecture varies from one area to another, so 

would the mechanical properties. The material properties of bone are dependent 

on the mixture of organic and inorganic constituents and how they are organised. 
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Trabecular tissue is considered to be a composite material composed of multiple 

lamellae, cement lines, lacunae and cells which make up the composition of the 

trabecular struts. Cortical tissue is a composite material that includes multiple 

lamellae, cement lines, lacunae and cells with either an osteonal or interstitial 

bone geometry. 

2.3.9.1 Cortical bone 

The material properties vary with loading direction, tension or compression and 

anatomic location, as well as age. Typical stiffness values for cortical bone are of 

the order of 10 to 20 GPa and ultimate strength approximately 50 to 200 MPa. 

Cortical bone exhibits longitudinal anisotropy, with the stiffness and strength 

being greater when tested in the longitudinal as opposed to the transverse 

direction. This difference is related to the organisation of cortical bone, the 

direction, size and number of osteons. In cortical bone the maximum strength and 

stiffness are generally obtained in the direction of the osteons. Cortical bone is 

stronger in compression than in tension. It is a viscoelastic material. The 

mechanical properties are strain·rate dependent. The bone has a higher stiffness 

and strength at higher loading rates. 

As well as axial loads, torsional loads are commonly seen. The outer diameter and 

thickness of the bone determines its ability to sustain bending loads and it is 

characterised by the bending moment of inertia being proportional to the radius 

cubed. The ability to sustain axial loads is proportional to its cross·sectional area. 
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The ability of cortical bone to withstand torsional loans is characterised by the 

polar moment of inertia, which is also proportional to the radius cubed. 

2.3.9.2 Trabecular bone 

Trabecular bone has lower stiffness and strength than cortical bone. Its elastic 

modulus is approximately J- 20 GPa dependent on its pore size and the pore 

amount. Carter and Hayes in 1977 suggested that the compressive strength (G) of 

trabecular bone is proportional to: 

Equation l-l 

where, p is the bone density. However all the recent work suggests that exponent 

for compression strength and elasticity should be roughly quadratic (Currey, 

2002). Overall density is almost inversely proportional to the porosity. 

The yield of the trabecular bone occurs at I% to 4% strain regardless of its bone 

volume fraction. Trabecular bone specimens yielded when deformed by a specific 

amount independent of its mass or the applied load (Miller et al., 2007) because 

the stiffness of trabecular bone is strongly dependent on the bone volume fraction 

and stress at yield is also dependent on the bone volume fraction (Figure 2-45). 

Therefore, osteoporotic trabecular bone with a low bone volume fraction and 

normal trabecular bone with a higher bone volume fraction will deform the same 

amount before they yield, but normal bone takes a greater load or stress to make it 

deform to the yield point. 
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Figure l-45: The stress-strain behaviour of cortical and trabecular bone is shown for different 
densities (Miller et al., 2007). 

Trabecular bone is anisotropic. The direction in which the trabecular struts are 

primarily oriented has the greatest stiffness and strength. It is generally the same 

direction in which the bone is habitually loaded. 

2.4 Osteoarthritis 

There is no specific definition for osteoarthritis. It is not clear whether it is one 

single disease, or condition, or the end result of multiple possible pathological 

conditions. The condition is defined according to the criteria that led to the 

definition being required, such as epidemiology, pathology, radiology or clinical 

science. They have different features and characteristics emphasised in the way 

that osteoarthritis is defined (Nevitt, 1996). For the purpose of this study, 

osteoarthritis is a condition of synovial joints which involves the degeneration of 
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the articular surfaces, with changes in the bone and synovial tissue, leading to the 

clinical presentation of pain, swelling, and stiffness. At the articular surface, the 

chondral layer is destroyed and weight-bearing occurs on the subchondral bone, 

leading to the development of changes in the structure of the bony surfaces as a 

result of remodelling. 

2.4.1 Incidence 

Osteoarthritis has been described as the most common cause of severe long-term 

pain and physical disability, affecting hundreds of millions of people around the 

world (Woolf and Pfleger, 2003). The incidence of osteoarthritis increases with 

age and lifestyle factors, such as obesity as well as injury and disease. 

In Australia, (March and Bagga, 2004) symptoms of osteoarthritis are uncommon 

under the age of 40, being described in fewer than 5% of people. The incidence 

gradually increases to I 0% of men and 20% of women in the 45 to 65 age group, 

and more than 50% of women over the age of 85 are affected. Radiologically, 

however, the incidence is much higher with more than 50% of people noted to 

have radiological changes over the age of 65, and almost l 00% after 85 years. 

However, not all radiological changes are associated with clinical symptoms and 

not all symptoms are associated with disability. Because the condition is not 

reversible, the incidence increases consistently with age. 
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Worldwide estimates are that 9.6% of men and 18% ofwomen over the age of60 

have symptomatic osteoarthritis (Woolf and Pfleger, 2003). Hip osteoarthritis is 

not as common as knee osteoarthritis, with a prevalence of 1.9% among men and 

2.3% among women aged over 45 years (Danielsson and Lindberg, 1997). The 

respective incidences for men and women are shown in Figure 2-46 (Buckwalter 

et al., 2004). Osteoarthritis of the hip occurs more often in European whites than 

in Jamaican blacks, African blacks or Chinese (Woolfand Pfleger, 2003). 
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Figure 2-46: Incidence of osteoarthritis of the hand, hip, and knee (Oliveria et al., 1995). 

The risk factors associated with developing symptoms and disabilities are: female 

gender, lower educational level, obesity, poor muscle strength (Figure 2-47). 
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Figure 247: Risk factors in the pathogenesis of osteoarthritis (Felson et al., 2000). 

2.4.2 Aetiology 

Osteoarthritis may develop primarily where no precipitating factor is identified. In 

this situation, age, genetics, family history, female gender and race are considered 

important (Figure 2-47). 

In relation to age, deterioration of chondrocyte function has been suggested as a 

mechanism by which the degenerative changes occur (Buckwalter et al., 2004). 

Osteoarthritis which may result from, or be accelerated by, external factors or 

diseases affecting the joint is called secondary osteoarthritis. Fractures, infections, 

metabolic disorders such as gout, malformations, including slipped epiphysis, are 

among some of the conditions that can lead to an accelerated rate of loss to 

arthritic degeneration. 
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Many variables have been found to have an impact on osteoarthritis. Obesity has 

been associated with an increasing risk of developing osteoarthritis. Although this 

is more pronounced in the knee, a twofold increase has been described in relation 

to the hip (March and Bagga, 2004). The high incidence of osteoarthritis in 

women after menopause has suggested that, possibly, oestrogen deficiency might 

be a predisposing factor (Felson et al., 2000). While diminished bone mineral 

density is associated with a decreased rate of arthritic degeneration (Nevitt et al., 

1995) nutritional factors, such as Vitamin C and D deficiency, may increase the 

risk of developing osteoarthritis (McAlindon, 1996, Lane et al., 1999). 

Occupational factors, such as the heavy work involved with farming, mining and 

pneumatic drill operating, have been associated with an increased risk of 

osteoarthritis in the knee (Buckwalter et al., 2004). The data for hip osteoarthritis 

is not available. Recreational activities, such as body contact sports, long-distance 

running, etc, have demonstrated an increased development of osteoarthritis, 

particularly in the knee (March and Bagga, 2004). However, regular joint uses, 

such as recreational running, have not been shown to be a risk factor (Buckwalter, 

1997). 

Joint malformations and malalignments increase the risk of joint degeneration. 

The hip joint has been studied extensively. Malformations, such as hip dysplasia, 

have a strong correlation with the development of degenerative change (Maxian et 

al., 1995). 
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Any division between primary and secondary osteoarthritis, however, would seem 

to be artificial as evidence supports the relationship between the bad 

biomechanics and inflammatory mediators, the development of which and 

protection from which appear to be genetically determined factors (Figure 2-48) 

(Fermor, 2001). 

Molecular Pathogenesls of Osteoarthrltls 
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Fipre Z-48: Diagrammatic representation, of the interplay of multiple substances at the molecular 
level, which mediate the development and progression of osteoarthritic degeneration. In the 
diagram, cytokines, growth factors, proteases, and inflammatory mediators are shown, as a 

theoretical mechanism for the development of osteoarthritis. 

These various factors, genetic and extrinsic, influence the incidence and 

progression of osteoarthritis. The damage to the tissues is mediated by a large 

number of cytokines, growth factors, proteases and inflammatory mediators, such 
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as prostaglandins and nitric oxide (Figure 2-48). It is postulated that there exists a 

complex interplay between these factors, which leads to the observable changes in 

the osteoarthritic state. 

2.4.3 Pathology 

2.4.3.1 Maeroseopie 

The macroscopic appearance of the osteoarthritic hip shows in its gross form, 

complete loss of articular cartilage, exposed subchondral bone, often thickened 

and eburnated, and often associated with flattening and deformity of the femoral 

head. There is often a joint effusion and synovial inflammation. Osteophytes are 

often present, both on the femoral head and the acetabulum. There is capsule 

thickening around the joint (Figure 2-49 and Figure 2-50). 
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Normal Osteoarthritic 

Fipre 1-49: Diagrammatic representation of the changes occurring in an osteoarthritic joint, as 
compared to normal (Smith et al., 2000). 

Ebumated bone 

Osteophyte 

Fipre 1-~: Femoral head removed it surgery, for osteoarthritis. lt shows full thickness articular 
cartilage loss, ebumated bone, and osteophyte formation. 
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Bone remodelling results in a change of the shape ofthe bone. This is particularly 

evident in the femoral head, with flattening and mushrooming of the load bearing 

surface. Cysts form in the subchondral bone. These are areas fiiJed with fibrous 

tissue or fat, but not bone. Osteophytes form and can be quite large; large enough 

to limit movement. This process which involves a structural change is a response 

by the biological structures to an alteration in the joint mechanics. Bombelli 

(Bombelli, 1979) proposed a direct relationship between the loading to which the 

bone is exposed and structural alterations in response to this mechanical 

environment. When loading is reduced or increased, he proposed, bone reacts by 

decreasing or increasing metabolic function, producing osteoclastic stimulation 

and possibly bone collapse (Figure 2-51 ). In the grey area of Figure 2-51, which 

may be regarded as the area of"the elastic deformation", no permanent structural 

abnormality occurs with loading. Outside the zone, however, permanent structural 

abnormality develops (Bombelli, 1979). 
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Fipre l-Sl: The relationship between bone loading and remodelling. This is Bombelli's concept 
of how hip joint deformities associated with osteoarthritis develop in relation to abnormal loads. 
The bottom diagram a shows a femoral neck fracture. Diagram b is a normal hip configuration. 

Diagram c represents early arthritic changes, which have progressed in d and are very severe in e. 
The shaded area represents a "normal" region in which bone apposition and bone removal are 

balanced (Bombelli, 1979). 

2.4.3.2 Microscopic 

On light microscopy, disorganisation of the cell layers is noted, with patchy loss 

of staining. It is associated with the development of tangential flaking of the 

surface, progressing to deeper fissuring and fibrillation. There is proliferation of 
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the chondrocytes and increased production of matrix, but inadequate structural 

organisation with eventual complete loss of articular cartilage (Figure 2-52). 

Histology of Human Normal and Osteoarthritic Cartilage 

Figure l-51: Normal and osteoarthritic articular cartilage. The loss of the surface layer is visible, 
together with disorganisation of the cellular structure. H & E Stain (Abramson, 2007). The 

features of normal cartilage are contrasted with those of osteoarthritic cartilage. Of note is the 
breakdown of the superficial layers of the articular cartilage, with clefts extending into the middle 
zone. The staining is different, indicating loss of mucopolysaccharide. Increased cellularity is also 
present in the osteoarthritic cartilage, with clusters of cells being noted. The overall thickness of 

the cartilage is reduced. 

While these changes are occurring in the articular cartilage, the subchondral bony 

trabeculae become thickened. When exposed, the bone becomes polished and 

ebumated, and is often necrotic at the surface. Fibrocartilaginous new growth 

tends to occur in any exposed marrow spaces. Some of this new growth can be 

seen on the surface of the bone, shown in Figure 2-50. 
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2.4.4 Radiology 

Radiological criteria for osteoarthritis consist of joint space narrowing, osteophyte 

formation, sclerosis, cyst formation and deformity. Not all ofthese criteria need to 

be present for the diagnosis of osteoarthritis. Joint space narrowing is the most 

important criterion (Figure 2-S3). 

Fipre l-SJ: X-rays of normal and osteoarthritic hips identifying the changes characteristic of 
osteoarthritis (arrow -denser bone and no gap between head and acetabulum). 

2.4.5 Treatment 

Current technology does not allow the osteoarthritic process to be reversed or 

arrested. All treatment modalities are currently directed at relieving symptoms. 
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Pain is a major symptom in osteoarthritis. The mechanism of pain generation is 

complex and is likely to arise from multiple areas. Inflamed synovium is one 

cause. In the subchondral bone, increased intraosseous pressure or micro-fractures 

leading to the bone deforming may lead to pain. Osteophytes by their very 

presence may stretch periosteum, synovium or capsule. Muscles may spasm and 

the capsule may be stretched by fluid or deformity ofthejoint. 

Stiffness is a major sign of osteoarthritis. This may result from bone deformity 

and incongruity. Atrophy, spasm or contracture of muscles may lead to stiffness, 

as may capsular and ligament contracture. Mechanical problems, such as loose 

bodies, may cause locking and stiffness. 

Instability, essentially the opposite of stiffness, may be another sign of 

osteoarthritis, also resulting from bone loss, ligament incompetence and possibly 

muscle weakness and pain inhibition of muscle groups. 

Although the underlying condition of osteoarthritis will not resolve spontaneously, 

symptoms such as pain, swelling and loss of function may not progress, or at least 

not progress in a linear fashion. Symptoms may remain unchanged, or may 

progress slowly over many years, may improve temporarily, or progress rapidly to 

the point of disability within a few years (Cooper, 1998). 
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2.4.S.I Medieal 

Analgesic medications, such as acetaminophen (paracetamol), and non-steroidal 

anti-inflammatory medications, of which there are multitudes, have been used to 

relieve symptoms. Like all medications, potentially serious side effects can occur. 

Nutritional supplementations, such as the use of glucosamine and chondroitin 

have been popular. 

Injectable medications are either corticosteroids or sodium versions of hyaluronic 

acid. Long acting corticosteroids can provide pain relief for weeks to months. The 

hyaluronic acid injections have provided short-term relief of pain. 

The use of external walking aids may help improve symptoms significantly. 

Braces, walking sticks, and crutches can help improve pain, at the cost of some 

loss of mobility and agility. Strength and flexibility therapy, such as 

physiotherapy and hydrotherapy may help to diminish the effect of muscle 

wasting and stiffness of the joints. 

Other treatment options to modify the perception of pain, such as hypnotherapy, 

meditation, yoga, etc, have also been found to be useful in improving the quality 

of life of patients. 
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2.4.5.2 Surgical 

Reconstitution of the articular surface, using cultured chondrocytes in a scaffold 

has been performed, but it is unpredictable in an osteoarthritic joint as opposed to 

an acutely injured articular surface. Stem cells have been proposed as being a way 

to regenerate the surface. No widespread clinical use has as yet been undertaken 

(Korbling and Estrov, 2003). 

Surgical treatment of osteoarthritis has, up until now, relied on three groups of 

procedures. 

2.4.5.2.1 Arthrodesis 

This procedure involves the removal of the joint and obtaining a fusion between 

the two bones which previously made up the joint. The principle is that if the joint 

is destroyed, and movement is painful, and removal of the joint and abolition of 

the movement will improve the symptoms. Arthrodesis is effective at pain relief, 

but there is a dramatic loss of function and an increased level of stress on the 

joints above and below the fused joint, and on the contra-lateral joint 

corresponding to the one fused. These increasingly stressed joints tend to 

degenerate at a more rapid rate. Approximately 80% dissatisfaction rate has been 

reported at long term follow up (Sponseller et al., 1984). 
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Arthrodesis was popular in the last century, up until the development of joint 

replacements. Currently, it has a very low patient acceptance rate. 

2.4.5.2.2 lhtHIOIIfY 

Osteotomy is a procedure where a bone is divided and realigned with the aim of 

improving mechanics and load transfer across a joint. As a result of these changes, 

pain is improved, but because the underlying problem, the damaged joint articular 

surfaces are still there, pain relief is only variably improved (Figure 2-54). 

Fipre l-S4: The preoperative and post-operative x-rays are shown. In the post-operative x-ray the 
appearance of a joint space is noted where bone on bone contact was present (arrow). 
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At long-term follow-up, approximately 2/3 of the patients have a good or 

excellent result (Poss, 1984). 

2.4.5.2.3 Total hip replacement 

Improvements in surgical technique, asepsis, anaesthesia, prosthetic design, 

material technology and rehabilitation have led to a significant improvement in 

outcomes of prosthetic replacement of the hip joint. This will be dealt with in 

detail in the next section. 

2.4.5.3 Biological treatment 

Biological treatment, with replacement of the articular cartilage with cultured 

chondrocytes, periosteal grafts, Mosaic (combined cartilage and bone plugs 

inserted into the worn surface) grafts and artificial substances such as carbon 

mesh, to try and promote in growth of chondrocytes, have been tried, with very 

little success. Currently, these measures are not in general use for the treatment of 

symptomatic osteoarthritis. 
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2.5 Total Hip Replacement 

As osteoarthritis is fundamentally a failure of the bearing surface, biological 

reconstitution of this bearing surface would be the ideal solution. The technology 

and techniques for doing this at the moment are not available. Prosthetic 

replacement of the bearing surface or removal of one ofthe bearing surfaces, as in 

excision arthroplasty are the surgical procedures that can be carried out. 

Total hip replacement surgery is a combination of engineering and medicine, to 

relieve pain and restore function. Materials are selected for their properties, such 

as biocompatibility, durability and corrosion resistance. Surgical techniques are 

chosen to minimise risk and the time for rehabilitation, as well as to minimise 

pain and maximise patient satisfaction. Coventry (Learmonth et al., 2007) and 

Learmonth (Learmonth et al., 2007) referred to hip replacement as: "The 

Operation of the Century." There is a high degree of quality of life improvement 

(Ethgen et al., 2004) and cost effectiveness (Rissanen et al., 1997) of the 

procedure in therapeutic terms. Three groups of factors determine whether or not 

a joint replacement is going to be successful: 

a. Prosthetic factors 

• Design 

• Materials 

• Instrumentation 

• Technical Support 
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b. Patient factors 

• Compliance 

• General Health and Comorbidities 

• Activity Level 

• Bone Quality 

c. Surgical factors. 

• The surgeon's experience and technical expertise. 

• The surgeon's ability to select an appropriate patient to undergo the 

procedure. 

2.5.1 Prosthetic factors 

2.5. 1.1 Cemented prostheses 

2.5.1.1.1 The femoral component 

The pioneering work for total joint replacement starts with Themistocles Gluck 

(1853 - 1942) (Figure 2-55). He undertook medical studies in Germany under 

Virchow and von Langenbeck. His interest centred on tissue transplantation and 

replacement. After experimenting with autologous transplantation and 

heterologous transplants in animals he began to work with foreign materials. He 

used aluminium, wood, glass and nickel plated steel, but eventually settled on 

ivory as his material of choice. Using ivory cylinders to bridge bone defects in 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 138 



LITERATURE REVIEW 

animals, he then went on to treat fractures in patients using medullary plugs. 

These ivory cylinders were the forerunners of the Kuntscher nail, used for the 

treatment of femoral fractures from World War I. 

Flpre 1-!!: Themistocles Gluck (Eynon-Lewis et al., 1992). 

He also considered different methods of fixation of prostheses to the skeleton. He 

experimented with copper amalgam, plaster of Paris and stone putty (a mixture of 

rosin with pumice stone or gypsum). In his work, he predated Charnley by 65 

years. 

In 1890, Gluck was due to present his work to an international surgical congress 

in Berlin. By that stage, his work had included hip and knee prostheses, as well as 

ankle, shoulder, elbow and wrist prostheses. However, due to political 

interference, and malice from other surgeons, he was prevented from doing so 

(Eynon-Lewis et al., 1992). 
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Unfortunately, his implants failed, due to infection. Many of them were implanted 

for tuberculosis, and he came to the conclusion that infection was a contra-

indication to joint replacement. Because of the opposition of his colleagues, he 

stopped his work altogether. 

In the 20th century, Marius Smith-Petersen, ( 1886 - 1953) in 1938, performed an 

interposition arthroplasty of the hip, using a vitallium cup (Figure 2-56 and Figure 

2-51). Vitallium is an alloy of chromium and cobalt. ln the same year, Philip 

Wiles, a surgeon at the Middlesex Hospital, performed the first true total hip 

replacement. He used metal components fixed with screws. Unfortunately, these 

efforts were not successful. 

Figure 1-56: Acetabular cup of the Smith- Peterson type (Museum). 
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Fi1are 2-~7: Smith-Peterson cup in place (Gmbh, 2006). 

Sir John Chamley (1911 - 1982), with the development of the low friction 

arthroplasty revolutionised the surgical treatment of hip osteoarthritis (Chamley, 

1972). He developed a monoblock stainless steel femoral component, with a 22.25 

mm head. He used acrylic cement to fix the components to bone and used high 

molecular weight polyethylene as a bearing surface (Figure 2-58 and Figure 2-59). 

Fipre 2-~8: Charnley total hip replacement prosthesis (Charnley, 1972). 
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Figure l-S9: X-ray of Cemented Chamley total hip replacement in place (Chamley, 1972). 

He also introduced the concept of the clean air enclosure in order to minimise the 

risk of infection (Figure 2-60). 
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Figure 2-60: Clean air enclosure, with special air conditioning and airflow, at the Wrightington 
hospital, where Sir John Chamley operated (Chamley, 1972). 

Initial indications for hip replacement surgery were restricted primarily to old and 

infirm patients with limited mobility and other comorbidities. Five-year results 

showed a failure rate of almost 9% (Fender et al., 1999). Problems related to 

implant fracture (Charnley, 1975), aseptic loosening (Charnley, 1995), infection 

(Eftekhar, 1987), polyethylene wear (Wroblewski, 1985), and dislocation (Woo 

and Morrey, 1982). 

At that time, with the implants cemented, it became known as the Charnley 

technique. Cement has no adhesive properties. It is a grout, relying on 
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interdigitation into the cancellous bone, to achieve fixation through an interlock 

type mechanism. These implants require an adequate and complete cement mantle. 

With the recognition of the shortcomings of the initial stem design, further 

development of the stem led to the emergence of two groups of implant. The first 

was a taper-slip design. This involves a highly polished tapered stem which is 

designed to settle within the cement mantle, re-engaging the taper and optimising 

the load distribution. This is achieved by conversion of shear stresses into radial-

hoop stresses (Figure 2-61 ). 

Figure l-61: Exeter implant (Stryker) of the tapeNiip design, with an x-ray showing the implant 
in place. http://www.bonedoctor.eom.au/exerter-stem.html). 

The second type, a composite-beam or force-closed design relies on the shape of 

the implant and the composite fixation of the stem and cement to bone for its 
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function (Figure 2-62). Both of these types of design have had a highly successful 

track record, with 98% to 100% survivorship, in the Swedish arthroplasty register 

at S-1 0 years of follow-up (Malchau et al., 2002). 

Fipre 1-61: Spectron stem (Smith and nephew), an example of the composite beam type of 
cemented steam prosthesis. (Surgical guide for Spectron total hip replacement - Smith and 

Nephew, Memphis, Tennessee, USA). 

2.5.1.1.2 The acetabular component 

The Chamley technique involved the use of a cemented polyethylene acetabular 

component. The first implantation was carried out in November 1962. That 
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followed an unsatisfactory experience using Tetlon acetabular components. The 

design of this component has changed little over time. The addition of a flange, as 

a cement restrictor to enhance pressurisation, has been a useful modification. 

2.5.1.2 Uncemented hip replacements 

2.5.1.2.1 Femoral component 

The early failures of the cemented femoral components led to the development of 

uncemented components. The presence of osteolysis around the early cemented 

total hip replacements, leading to loosening and eventual failure, was termed 

"cement disease". Later, it became apparent that the osteolysis was the result of 

polyethylene particles leading to the bone resorption, rather than cement particles. 

The femoral stem designs had to incorporate a roughened or porous surface to 

allow bone ingrowth and fixation. In addition, the femoral component shape was 

designed so as to provide fixation and stability. 

Different design parameters arose, with primarily metaphyseal fixation of the 

femoral stem being one type, metaphyseal-diaphyseal junction fixation being a 

second type, and a diaphyseal fixation, a third type. A combination of all three 

types was also used. Many stem designs have evolved, but they can be divided 

into three groups, anatomic, tapered or cylindrical. 
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Anatomic stems incorporate anteroposterior curve to match the natural curve of 

the femur. The curved stem in a curved bone was to provide initial stability and a 

better physiological loading. By doing so, stress shielding and thigh pain would be 

reduced. However, subsequent data has shown an increased incidence of thigh 

pain with this prosthesis (McAuley et al., 1998). 

Tapered stems obtained fixation with proximal ingrowth and three-point contact 

within the femur. Thigh pain, although occasionally present, was much less than 

with anatomical or cylindrical stems. Good long-term results were obtained. 

Cylindrical stems relied on distal cortical support for immediate stabilisation. To 

achieve this, the prosthesis needed to be canal filling, requiring an implant of 

larger diameter. The presence of a large stiff femoral stem led to the development 

of thigh pain in a significant proportion of patients (Lavemia et al., 2004). In 

order to minimise the stiffness, modifications with coronal slots in the distal third 

ofthe stem, and longitudinal grooves were developed. 

Most fully porous coated tapered stems are made of cobalt chrome alloy. Some 

are made oftitanium. There has been no difference in survivorship of the different 

kinds (Learmonth et al., 2007). Titanium has a lower modulus of elasticity and is 

more biocompatible than cobalt chrome alloy. However, it is more notch sensitive, 

predisposing it to breakage if the component is scratched or chipped. 
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The addition of a hydroxyapatite surface coating has enhanced bony ingrowth in 

these types of uncemented implants. 

2.5.1.2.2 Uncemented acetabular components 

U ncemented acetabular components were designed to try and improve the rate of 

failure of the cemented polyethylene components. At 12 to 15 years Charnley 

reported the presence of a radiolucent line around the acetabular components in 

14% of patients (Learmonth et al., 2007). At 12 years follow-up in patients less 

than 50 years of age, 44% were noted to be loose (Barrack et al., 1992). 

The designs of uncemented acetabular components vary. Most are hemispherical 

in shape and are entirely porous-coated tbr bony ingrowth. Some have a flattened 

polar region without any ingrowth texturing. Stability is also by press fit 

implantation, with emphasis on rim fixation. Augmentation of the initial stability 

can be provided by flanges, spikes, screws or a threaded cup design. With the 

exception of the threaded cup design, these have shown good intermediate results 

(Udomkiat et al., 2002). The addition of a screw tbr acetabular component 

fixation improves the results to 96% survivorship at 10 years (Clohisy and Harris, 

1999). As in the femoral components, the addition of a hydroxyapatite coating has 

enhanced bony ingrowth for these components. 
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Problems with the uncemented acetabular components include accelerated 

polyethylene wear, locking mechanism failure between the supporting shell and 

the bearing surface, and osteolysis (Learmonth et al., 2007). 

The long-term results for uncemented total hip replacement are not as good as 

those for a cemented total hip replacement. In Figure 2-63, taken from the annual 

report, 2008, National Joint Replacement Registry, compiled by the Australian 

Orthopaedic Association, (Association, 2008) the differing revision rates are 

shown. "Cementless", refers to both the femoral and acetabular components being 

implanted without cement; "cemented", refers to both components being 

cemented. "Hybrid" refers to a cemented femoral component and a cementless 

acetabular component. It is noted that the hybrid and cemented lines on the graph 

are very close together. The failure rate for the cementless is noted to be higher. In 

the cemented and the hybrid group, the femoral component is cemented. The fact 

that the hybrid and cemented lines are close together indicates that the influence 

of the acetabular component in the revision rates is not high enough to register on 

the graph. The difference then would appear to be the influence of the femoral 

component, in the uncemented state, leading to the increased revision rate. 

Furthermore, the graph lines appear to be parallel beyond the first six months, 

indicating that the failures occur early and, beyond that, the failure rate in all three 

modes of fixation is quite similar. It would appear that the fixation of the femoral 

component in the first six months is the most important determining factor in this 

assessment. 
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Figure l-63: Cumulative percent revision of primary conventional total hip replacement by 
fixation (Association, 2008). 

2.5.1.3 Modula r ity 

There has been an increased use of modularity, both on the femoral and acetabular 

sides. This has increased the versatility of total hip replacement and allowed for a 

decrease in inventory. However, there has been an impact ofmodularity, from the 

point of view of bone loss, durability of fixation and incidence of revision 

(Chmell et al., 1995). Problems in relation to generation of particulate debris, 

fretting at the various joints, impingement and, on the acetabular side, the 

implantation of too thin a bearing liner, have been described as problems with 

modularity (Sa1vati et al., 1995). These difficulties were not seen with the 

monoblock implants which Chamley used. 
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However, with improvements in technology, metallurgy and manufacturing, as 

well as a better understanding of surgical technique, these problems appear to be 

receding. 

2.5.1.4 Bearing surfaces 

Osteolysis has not been resolved through the use of uncemented components. 

Histological evaluation shows that osteolysis is related to the macrophage 

response to polyethylene debris. It is the polyethylene particles, rather than 

cement particles, which were recognised as being the major limitation to total hip 

arthroplasty. 

Polyethylene wear and debris formation causing synovitis, joint instability, 

osteolysis and prosthesis loosening, caused implant failure. Alternative bearing 

surfaces have been developed to try and address this problem, particularly in 

young, or high demand active patients (Green et al., 1998). Metal-on-metal and 

ceramic-on-ceramic and the use of cross-linked polyethylene (D'Antonio et al., 

2005) have been introduced. 

Alumina ceramics were introduced in the 1970s. They have significant advantages, 

in that they have a low coefficient of friction, superior wear rates (Semlitsch and 

Willert, 1997), are scratch resistant, with no potential for metal-ion release, and 

the particulate debris is not very biologically active (Lerouge et al., 1997). 
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However, they are brittle and there is a risk of fracture of the component 

(Callaway et al., 1995). Good short-term results have been reported, both for 

ceramic on ceramic bearings and ceramic on polyethylene bearings (D'Antonio et 

al., 2005). 

Metal-on-metal bearings were first used widely in the 1960s. Design and material 

problems led to a high failure rate. Problems developed with the contact surfaces 

at the equatorial bearings, leading to binding and loosening of the components. 

The components that did survive, however, were the ones that had polar bearing, 

and these survived without any associated osteolysis for long periods (Jacobsson 

et al., 1996). Metal bearings have low wear rates, in the region of 0.004 mm per 

year, as compared to 0.1 mm per year for polyethylene. Metal is not brittle, and, 

unlike ceramic, the components do not have to be as thick as the ceramic ones do. 

So, for a given acetabular shell size, a larger head diameter can be accommodated. 

This enhances joint stability and range of hip movement. It also produces a fast 

sliding speed of the bearing, contributing to better lubrication. Metal-on-metal 

bearings are self-polishing, allowing for a smoothing action of any surface 

scratches. 

However, there is concern about the generation of metal ions, cobalt and 

chromium, which are detectable systemically (Brodner et al., 2003, MacDonald, 

2004). To date, no teratological effects have been reported (Harding et al., 2002) 

but cyst formation and osteolysis have (Pandit et al., 2008). Nevertheless in vitro 
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toxicity to fibroblasts has been shown and remains a concern. Maloney (Maloney 

et al., t 989) has shown a post-operative fibroblast response. This may affect 

component loosening. 

2.5.1.5 Bone conserving femoral implants 

As patient demand for increased function, not just pain relief and durability, has 

progressed over the last 50 years, it has become apparent that, often, one joint 

replacement will not suffice for the duration of the patient's life. Patients have 

developed a lower tolerance for disability early in life, leading to a tendency for 

joint replacement to be performed earlier and earlier. In addition, patients have 

become more active later in life, having the expectation of maintaining their level 

of activity, rather than achieving a level of pain relief, as being their goal. 

This has led to the development of a bone conserving philosophy. The idea is that 

the initial hip replacement may well be just one of a series of operations that will 

be required in the future. The more bone that is preserved the easier a future 

revision is likely to be. Shorter and smaller stems have been designed to address 

that aim. 

However, early in vitro studies ofthese stems have shown a more initial migration 

than standard stems. In addition, the technical challenge of inserting the implant is 
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greater. Rasp alignment when there is a short stem can be more difficult. The 

indications for use of one stem over another, at this stage, are unclear. As Kluge 

notes, the modern femoral implants should spare healthy femoral bone during 

implantation, load the neck and the metaphysis in a near physiological way, 

construct a biomechanically favourable offset without unduly lengthening the leg 

and favour less invasive soft tissue handling during implantation (Kiuge, 2008). 

2.5.1.5.1 Hip resurfacing 

In a hip resurfacing, little of the femoral head is lost. This surgical option will be 

addressed in detail in the next section. 

2.5.1.5.2 Birmingham mid-head resection prosthesis (Smith & Nephew) 

This is an uncemented short stem prosthesis, (Figure 2-64) designed primarily to 

address patients with avascular necrosis of the femoral head. McMinn (McMinn, 

2009a) described a higher incidence of failure when hip resurfacings of a standard 

type were used to address avascular necrosis of the femoral head. More of the 

femoral head is removed than in a standard hip resurfacing. Approximately 10 

mm of the head at the head-neck junction remains. The femoral component is 

totally uncemented, with a titanium stem designed for bony ingrowth (Figure 

2-65). 
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Early results, at four years from the designing surgeon, are encouraging. The early 

failure rate seen with avascular necrosis patients having hip resurfacing appears to 

have been addressed with this implant. 

Figure l-64: Birmingham mid-head resection prosthesis. 

Figure l-6S: X-rays of patient worth Birmingham mid-head prosthesis in possession. 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery ISS 



LITERATURE REVIEW 

2.5.1.6 The thrust plate prosthesis (Zimmer) 

This prosthesis uses metaphyseal fixation to transmit the load forces directly onto 

the femoral neck (Kiuge, 2008). A minimum five year follow-up of214 implants 

revealed a failure rate of 7% (Fink et al., 2007). Loosening and technical errors 

were responsible for the majority of the failures. Figure 2-66 is an x-ray of a 

patient with a thrust plate prosthesis in place. 

Figure 2-66: X-ray of a patient with a thrust plate prosthesis in place. 

2.5.1.7 Mayo conservative hip (Zimmer) 

This is a short stem prosthesis. There is multi-point cortical fixation supported by 

cancellous bone compression proximally. There is a straight double taper abutting 
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on the calcar. The implant tip is an implantation guide for alignment to the 

femoral diaphysis. The implant offers a medullary bone sparing solution 

particularly applicable in a complex deformity. Good results have been described 

(Morrey et al., 2000). Figure 2-67 shows an x-ray ofthis prosthesis. 

Figure l-67: X-Ray of Mayo short stem prosthesis (Kiuge, 2008). 

2.5.1.8 Tbe cut prosthesis (Eska) 

This prosthesis is similar to the Mayo. Problems described include aseptic 

loosening, thigh pain and migration (Figure 2-68) (Ender et al., 2007). 
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Figure 2-68: Photograph and x-ray of the Cut prosthesis in place (Decking et al., 2008). 

2.5.1.8.1 Proxima prosthesis (de Puy) 

This is a short stem anatomic prosthesis (Figure 2-69). The aim is to minimise the 

amount of intra-medullary bone removed as well as to preserve proximal bone 

stock. Good bone stock is required when implanting short stem prosthesis because 

migration of the component was observed when bone stock was compromised 

(Kluge, 2008). 
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Figure Z-69: X-rays of the Proxima prosthesis (left). An image of the prosthesis (right). 
(www.hipsforyou.com/proximahip.php). 

2.5.1.8.2 Silent hip (de Puy) 

This is a tapered, press-fit implant, seated within the femoral neck, and designed 

for ingrowth into the component. It is designed to duplicate physiological loading 

ofthe proximal femur (Figure 2-70). 
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Figure l-70: The Silent hip x-ray. 

2.5.1.8.3 Chendo hip 

To demonstrate that little is new under the sun, a patient presented with this hip, 

for review, some 40 years after implantation in Europe. By its appearance, it is 

uncemented, with a ceramic femoral head, and probably a ceramic acetabular 

bearing surface. The patient, in her 90s, was totally asymptomatic. 
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The design of this implant exhibits an understanding of the problems associated 

with stress shielding, problems associated with wear and possibly even an 

understanding of minimally invasive surgery. However, it does display a 

somewhat lesser level of understanding of revision surgery. The skeleton-like 

nature of the femoral stem of this implant would provide a greater level of 

difficulty in its revision, than a solid stem would under the same circumstances 

(Figure 2-71 and Figure 2-72). This may be one of the reasons why possibly this 

type of implant did not move into popular use. 

Figure l-71: Product information on the Chendo prosthesis (provided by the patient), showing a 
diagrammatic representation of the prosthesis. 
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Figure l-72: X-rays of the Chendo prosthesis, at approximately 40 years of follow-up. 

2.5.2 Acetabular component 

Acetabular components may be cemented or cementless, monoblock or modular, 

hard bearings or polyethylene. 

Cemented polyethylene acetabular components came into widespread use with the 

Chamley total hip replacement. Aseptic loosening, however, was a problem which 

developed and became increasingly troublesome with the passage of time. A 

radiolucent line developed between the cement and the acetabular bone and often 

progressed. A continuous radiolucent line was diagnostic of component loosening. 
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A biological cause for the loosening was postulated. It results from the effect of 

small polyethylene particles on the underlying bone, stimulating osteolysis. The 

polyethylene particles would be transported by joint fluid, eventually leading to 

erosion of the supporting bone, loosening and component failure. Schmalzreid et 

al. (Schmalzried et al., 1992) proposed a mechanism to explain this (Figure 2-73). 

The critical spot is the cement-bone interface of the acetabular component, which 

is bathed constantly in synovial fluid containing polyethylene particles and 

pulsated with the pressure of walking. 

I 

I 
I 

_) 

Fipre l-73: The Mechanism of Late Aseptic Loosening of Cemented Acetabular Components. 
(A) Bone resorption and membrane formation is initiated circumferentially at the intra-articular 

margin of the implant. Bone resorption and membrane formation then progresses, in a three
dimensional manner, toward the dome of the implant (B) Microscopic evaluation of the transition 

zone from an area with membrane interposition between cement and bone to an area of intimate 
cement-bone contact was characterised by a cutting wedge of bone resorption. The hallmark of this 

region is extracellular and intracellular polyethylene particles in macrophages, with active bone 
resorption by macrophages. This process is fuelled by small particles of polyethylene wear debris 

migrating along the cement-bone interface (Schmalzried et al., 1992). 

The problem of acetabular loosening and blaming cement as the cause led to the 

development after the 1970s of uncemented components, with fixation relying on 

bony ingrowth into a metallic shell. These however, also had their problems, 
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evolving through several generations as each problem became apparent was 

analysed, and addressed. 

The first generation of uncemented acetabular components achieved durable 

biological fixation, but fixation of the polyethylene liner to the metal shell was a 

problem, and failure at that site was common via increased backside wear and/or 

dislocation. Second-generation uncemented acetabular components retained the 

durable shell fixation to the underlying bone and achieved a stable contact 

between the bearing surface, usually polyethylene, and the metal shell, usually 

titanium, sometimes cobalt chrome alloy, but was troubled by impingement 

problems. 

These impingement problems related to contact between the neck of the femoral 

component and the edge of the acetabular component during some phases of hip 

function, leading to instability, and premature failure of the liner of the acetabular 

component, due to accelerated wear. 

Finally, the third-generation (Figure 2-74) of uncemented acetabular components 

has eliminated this final problem by recessing the liner below the metal rim and 

minimising the presence of sharp corners at the edges of the liner. The 

minimisation of screw holes in the acetabular components has decreased the 

exposure of the bony interface to particular debris. The incidence of osteolysis has 
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been favourably affected by this. Furthermore, technological improvements in 

polyethylene manufacture with cross-linking of the polyethylene molecules by 

radiation had produced a more resistant even if somewhat more brittle material to 

act as the bearing surface. This had also decreased the number of particular 

produced as a result of polyethylene wear. 

Figure l-74: Cross-section view of a third-generation modular uncemented acetabular prosthesis 
with a polyethylene bearing, demonstrating the features which are currently believed to be 

associated with the best results. The bearing surface is not elevated above the rim. The locking 
mechanism, arrows, is recessed into the interior of the shell to minimise the stresses (Ries, 2008). 

2.5.3 Outcomes of total hip replacement 

Undoubtedly, total hip replacement is a spectacularly successful procedure, but it 

is not perfect. Determining outcomes is difficult because of the number of 

variables and confounding factors. Young et al. (Young et al., 1998) carried out a 

meta-analysis to identify the patient-related factors which influence outcomes. 

They note, however, that, in the meta-analysis, there is a great deal of variability 

in the instruments used to measure outcome, the variation in the time of 

assessment and the enormous patient variability. However, they did reach some 

conclusions. They found that the data showed that patients at the younger end and 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 165 



LITERATURE REVIEW 

older end of the age spectrum, that is, younger than 45 and older than 75 years of 

age appeared to have a worse outcome in terms of function and prosthesis survival. 

They acknowledge, however, the confounding factors, such as comorbidities, 

activity level, post-operative functional goals and the underlying disease process. 

There was an effect of gender. They found that women generally have a better 

functional outcome and better prosthesis survival but the differences may in fact 

be related to variables such as educational level, age, marital status, weight, 

diagnosis and comorbidities. 

There was an effect of weight, with an increased weight associated with a poor 

outcome. There was an effect related to marital status and social support. Married 

patients reported better functional outcomes than unmarried patients. Patients with 

a higher level of depression and anxiety were associated with a greater functional 

impairment. Social support, or the perception of it, such as periodic phone calls 

being made to the patient, was also associated with an improvement in self-

reported level of functioning (Young et al., 1998). 

The Australian Orthopaedic Association National Joint Replacement Registry, 

however, presents a somewhat different picture (Figure 2-75 and Figure 2-76) 

(Association, 2009). The cumulative percent revision of primary conventional 

total hip replacements for women is shown in figure 2.75 and for men in 2.76. 
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Men appear to be quite a homogeneous group. Younger women have a higher 

revision rate than older women, and a higher revision rate than younger men, at 

eight years' follow-up. 
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However, the disparity between the information need not necessarily be mutually 

exclusive, as the different studies looked at different factors. 

Young et al. (Young et al., 1998) also commented that good pre-operative 

function appeared to improve the likelihood of good post-operative function, but 

had little value in predicting long-term prosthesis survival. The presence of 

comorbidities may have a significant impact on patient outcome. Comorbidities 

such as cardiac and neurological diseases may impair hip function, but with the 

underlying cause not being related to the hip itself. 

In their conclusion, they found that the best functional outcomes and prosthesis 

survival rates were in those patients who were between 45 and 75 years of age, 

weighed less than 70 kg, had strong social support, were at a higher educational 

level, had better pre-operative functional status, and no co-morbidities. 

2.5.4 Hip Resurfacing Arthroplasty 

2.5.4.1 History 

Hip resurfucing is not new. In fact its use predated total hip replacement. The 

guiding principle was to minimise bone loss. 
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Its overall history may be divided into two periods, the early period, when 

different bearing surfaces and modes of fixation were tried, and the present, with 

contemporary metal-on-metal bearings. 

Grigoris (Grigoris et at., 2006) details the development of the concept and its 

gradual progress through multiple iterations. The earliest resurfacing described 

was by Smith-Petersen (Figure 2-77) (Smith-Petersen, 2006). It was a hemi-

arthroplasty of the head of the femur. In France, the Judet brothers (Judet and 

Judet, 1950) (Figure 2-78) developed an acrylic implant for the femoral head. 

Excessive wear, however, soon lead to failure. Even a conversion to cobalt 

chrome was abandoned when early loosening occurred. Sir John Charnley 

(Charnley, 1961) subsequently tried a teflon-on-teflon bearing (Figure 2-79). He 

noted the significant low friction characteristics and it seemed like a good idea. 

However, the severe wear and osteolysis which followed led to early failure. He 

abandoned the idea and proceeded with a total hip replacement. 
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Figure 1-77: Smith-Petersen Vitallium hemiarthroplasty (Grigoris et al., 2006). 

Figure 1-78: Judet acrylic hemiarthroplasty (Grigoris et al., 2006). 
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Figure l-79: Chamley Teflon total hip resurfacing (Grigoris et al., 2006). 

In 1953, Haboush (Haboush, t 953) in New York used a metal-on-metal hip 

resurfacing with acrylic cement. Townley, (Townley, t 982) in 1960, in Michigan, 

used a polyurethane acetabulum component and cobalt chrome femoral 

component as a resurfacing (Figure 2-80). The acetabular component was later 

changed to polyethylene, but they both failed due to the level of wear. 
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Figure 2-80: Townley hip resurfacing (Grigoris et al., 2006). 

In 1967 Muller (Muller, 1995) in Switzerland developed a cementless metal-on-

metal resurfacing which had good early results, but most suffered early failure 

(Figure 2-81 ). In 1970, Gerard (Gerard, 1978) in France tried a bipolar metal-on-

metal resurfacing. Again, excessive wear and high friction led to early failure. 

Trentani and Vaccarino (Trentani and Vaccarino, 1978) in Italy developed a 

resurfacing using a polyethylene acetabular component and a stainless steel 

femoral component in 1971 (Figure 2-82). It was not successful. 
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Fipre l-81: Muller hip resurfacing (Grigoris et al., 2006). 

Figure l-81: Paltrinieri hip resurfacing (Grigoris et al., 2006). 

Freeman, (Freeman and Brown, 1978) in 1972 in London, developed a 

polyethylene acetabular component and cobalt chrome femoral component as a 

resurfacing, but again rapid wear occurred and the implant failed (Figure 2·83). A 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 173 



LITERATURE REVIEW 

similar combination by Wagner (Wagner, 1978) in Germany the same year also 

failed early (Figure 2-84). A metal-on-metal bearing was developed subsequently 

(Figure 2-85). Salzer (Salzer et al., 1978) in Vienna tried a ceramic-on-ceramic 

combination but there was a high rate of loosening and it was also abandoned. 

Figure l-83: Freeman hip resurfacing (Grigoris et al., 2006). 

Figure l-84: Wagner metal on polyethylene resurfacing (Grigoris et al., 2006). 
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Figure l-35: Wagner metal on metal resurfacing (Grigoris et al., 2006). 

A different concept was tried by Furuya (Furuya et al., 1978) in Japan. The 

resurfacing consisted of a polyethylene femoral component and a stainless steel 

acetabular component. However, rapid wear was still. a problem and the 

combination failed. Still in Japan, in 1972 Nishio (Nishio et al., 1978) tried a 

metal-on-metal bearing without success. 

In 1975, Amstutz (Amstutz et al., 1978) designed a total articular replacement 

prosthesis. There was an all polyethylene acetabular component and a cobalt 

chrome femoral component. They were both cemented. In 1983, he introduced a 

cementless resurfacing (Figure 2-86). Wear and loosening remained a problem. 

Fipre l-36: Amstutz cementless hip resurfacing (Amstutz et al., 1978). 
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Osteolysis related to excessive wear was the major cause of failure of these 

bearings, particularly the combination of a large femoral metal head on a 

polyethylene acetabulum. Concerns in relation to avascular necrosis related to the 

surgical approach did not appear to be confirmed by retrieval studies (Freeman 

and Brown, 1978, Howie et al., 1993). 

The most successful of the current implants in use is the Birmingham prosthesis. 

It is this prosthesis which has been modelled for the purpose ofthis thesis. 

McMinn describes the history of its development (McMinn and Daniel, 2006). 

Development of metal-on-metal resurfacing was started in 1989, with the first 

patient implantation in 1991. Three types of fixation were tried: press-fit smooth 

metal, hydroxyapatite coating and cement fixation on the acetabular and femoral 

components. Hydroxyapatite acetabular components and cemented femoral 

components were found to be the most successful, and have been used since 1994 

for this prosthesis. The device engineering and metallurgy was based on the 

successful history of the Ring and McKee-Farrar large head metal-on-metal 

bearings. The importance of high carbon content in the metal was emphasised. In 

addition, he emphasised that roundness, surface finish and clearance of the metal-

on-metal bearings were critical for a successful prosthesis. 
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2.5.5 The birmingham hip resurfa(:ing prosthesis 

l.S.S.l Metallurgy and manufadure 

The prosthesis is made of a high carbon content cobalt chrome alloy (Figure 2-87). 

Cobalt comprises 63o/e, chrome 31 o/e, molybdenum 6% and carbon 0.25%. As it is 

more than 0.2% carbon, it is classified as a "high carbon metal". It is 

manufactured through an investment casting process, allowing large blocks of 

carbide to form within the metal, conferring wear resistance for long-term 

performance. McMinn emphasises the importance of avoiding reheating of the 

metal, such as hot isostatic pressing, solution heat treatment and sintering, all of 

which involved heating of the metal to approximately l200°C, a process that 

decreases or removes the large carbide aggregates (McMinn and Daniel, 2006). 

Fipre 1-87: Birmingham hip resurfacing prosthesis. (Illustration provided by Smith & Nephew
Memphis, Tennessee) 
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The components are manufactured through a wax elution technique. Wax moulds 

of the implant are covered in ceramic (Figure 2-88 and Figure 2-89). The wax is 

melted out and the ceramic moulds are then filled with the molten metal (Figure 

2-90 and Figure 2-91). The implants are then finished by polishing and, in the 

case ofthe acetabular component, the application of hydroxyapatite to the surface 

facing the bone (Figure 2-92 and Figure 2-93). Strict quality control criteria are 

applied to ensure roundness and clearance standards are met. 

Fipre l-88: Wax moulds are assembled on to a ''tree", multiple moulds together . . (Illustration 
provided by Smith & Nephew- Memphis, Tennessee) 
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Fipre l-89: The wax moulds are covered in ceramic and baked to remove the wax. (Illustration 
provided by Smith & Nephew- Memphis, Tennessee) 

Flpre l-98: The ceramic is then a negative imprint of the final prosthesis. (Illustration provided 
by Smith & Nephew- Memphis, Tennessee) 
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Figure l-91: The ceramic moulds are filled with molten metal, and then the ceramic external shell 
removed .. (Illustration provided by Smith & Nephew- Memphis, Tennessee) 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hin after Hin Resurfacinsz Surszerv 180 



LITERATURE REVIEW 

Figare l-91: Honing and polishing. (Illustration provided by Smith & Nephew- Memphis, 
Tennessee) 
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Figure l-93: Final product ready for sterilization. (Illustration provided by Smith & Nephew
Memphis, Tennessee) 

2.5.5.2 Metallic components of the prostheses 

2.5.5.2.1 Cobalt 

Cobalt is considered to be an essential element, with a daily requirement of the 

order of 15 J.lg (Engel et al., 1967). Vitamin Bl2 requires Cobalt for its activity. It 

is absorbed through the gut, skin, and lung. It is stored in the kidneys, liver and 

pancreas (Helsen and JUrgen Breme, 1998). It is excreted through the urine. While 

it is regarded as being the main cause of hard metal induced pulmonary fibrosis, 

its carcinogenic potency for humans is unclear (Lison et al., 2001). 
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2.5.5.2.2 Chromium 

Chromium also is an essential element. A dietary intake of 0.10 mg per day is 

recommended (EMCA, 2002). Its toxicity depends on its oxidation state, where 

hexavalent chromium being more toxic than trivalent chromium. Hexavalent 

chromium is a potent carcinogenic agent (Helsen and JUrgen Breme, 1998). 

Absorption is through the gut, lung, and skin. It is accumulated in the liver, uterus, 

kidney, and bones. It is eliminated by the kidneys. It may produce an allergic 

reaction. 

2.5.5.2.3 Molybdenum 

It is considered to be an essential element with a daily requirement of 0.1 mg. It is 

responsible for some enzyme activity (Helsen and JUrgen Breme, 1998). 

Absorption is through the gastrointestinal tract (EMCA, 2002). 

2.5.5.2.4 Toxicity ranking 

The response of fibroblasts to various ions, assessing histamine release and 

judging that as being a sign of toxicity, the ranking of the above metals were 

shown to be: 

Co2+> Cr3+ > Mo5+ Equation 2-J 
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Cobalt is more toxic than chromium which is more toxic than molybdenum. This 

is the cellular response to the metallic ions and the dose concentration is not 

specified (Helsen and Jiirgen Breme, 1998). 

2.5.5.3 Surgical technique 

2.5.5.3.1 Pre-operative templating 

In this part of the technique templates are used as a means of carrying out a 

"virtual operation". The plastic templates mimic the sizes of the components 

which are thought to be the appropriate ones for implantation. In such a way, the 

appropriate position can be estimated, both for the femoral and the acetabular 

components (Figure 2-94). 
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Figure l-94: In the templating process, the anticipated position of the femoral component is 
determined, and measured (McMinn, 2007). 
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In the case of the femoral component it can be determined what the optimal 

position is, so that alignment, versus the tendency for notching, can be assessed. 

We know that a valgus alignment is desirable, but not too much valgus or 

notching will result, and that will weaken the femoral neck (McMinn, 2007). 

Certainly varus alignment ofthe femoral component is undesirable. Templating is 

a way of estimating size and position (Figure 2-95). 

a) b) c) 

Figure l-95: The aim of the templating process is demonstrated. With the templating, the 
alignment of the femoral component can be anticipated with a fair degree of accuracy. a) neutral 

alignment. b) varus alignment. c) marked valgus alignment with risk of notching. 
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In the case of the femoral component, once the appropriate position has been 

assessed on templating, it can be decided how much ofthe superior portion of the 

femoral head needs to be removed and where the alignment of the stem of the 

femoral component should be. That point is measured on the radiograph and an 

alignment pin is inserted at that corresponding point during the operation. 

2.5.5.3.2 The surgery 

Hip resurfacing surgery is usually carried out under general anaesthesia. While 

various approaches have been used, posterior, posterolateral and anterior, the 

designing surgeon has recommended a posterior approach because of the 

versatility and ease with which the hip can be approached (McMinn, 2007). 

I have used the posterior approach exclusively in these studies. Once the patient is 

positioned on the operating table, on their side, with the side to be operated on 

uppermost, the hip region is prepared with antiseptic solution and draped in such a 

way that the lower limb is free and can be manipulated during the operation. 

An incision is made, generally, along the posterior border of the proximal femur, 

extending I 0 cm below the tip of the greater trochanter, and I 0 cm above. The 

superficial fat layer and deep fascia are divided, and the iliotibal band is exposed 

and divided. The split is extended towards the anterior aspect of the gluteus 
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maximus muscle, which is split along its fibres. That gives access to the deeper 

layer of muscles. An incision is made above the pyriformis muscle, extending 

distally dividing the pyriformis, gemelli and obturator internus muscle. Usually, 

the deep posterior quarter of the gluteus attachment to the femur is also divided, to 

minimise the risk of traction on the sciatic nerve. 

The capsule of the hip is then divided at the site of the pyriformis muscle. The 

capsule is then opened inferiorly and superiorly, in a T fashion. That exposes the 

hip joint. The labrum is removed, and the hip dislocated, by an adduction, flexion 

and internal rotation manoeuvre. As the capsule is the main limiting factor in 

mobilising the hip, a capsulotomy is carried out circumferentially. That allows the 

femoral head to be displaced antero-superiorly. With the retractors in place, the 

acetabulum is accessed and is prepared to receive the acetabular component. 

Then the femoral preparation proceeds. The femoral head is replaced in the 

acetabulum. During the pre-operative templating, a measurement was made to 

align the femoral component in the desired degree of valgus. Now, that 

measurement is noted, and the distance from the greater trochanter to that point is 

determined. A pin is drilled at that point, and the femoral component alignment 

jig is positioned (Figure 2-96). 
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Fipre 1-96: Positioning of guide pin, and femoral cutting guide (McMiM, 2007). 

A guide wire is then prepared. The femoral alignment jig is positioned, so that the 

guide wire would travel down the middle of the femoral neck. Once the 

appropriate position is determined, the guide wire is drilled into place. A pilot pin 

is positioned and a barrel reamer used for the initial cylindrical cut (Figure 2-97). 

Care is taken that a notch in the superior femoral neck is not created. 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 189 



LITERATURE REVIEW 

Figure l-97: The femoral head and the jig are connected. The jig is used to detennine angle of 
component placement and to ensure that notching will not occur. 

Next, the head-neck junction is detennined. Once that point is detennined, the 

amount offthe top of the femoral head that needs to be removed can be measured. 

The top of the femoral head is then shaved off (Figure 2-98 and Figure 2-99). A 

chamfer cut is then carried out. Templates are used to ensure the accuracy of these 

cuts. 
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Figure l-98: Head preparation proceeds. The barrel reamer is used to prepare the femoral head. 
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Figure 2-99: The steps involved in preparation of the femoral head (McMinn, 2007). 

Any residual articular cartilage is removed. The cysts are curetted out. All fibrous 

tissue is removed. Any sclerotic bone is drilled to allow cement penetration. The 

prepared bone is then lavaged copiously with saline to remove fat and debris. It is 

then ready for implantation. 
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The appropriate femoral component is made ready. Methylmethacrylate cement, 

highly liquid in type and cooled to 4°C, is mixed. The femoral component is then 

filled almost to the rim (Figure 2-100). Just when the cement is viscous enough to 

not tip easily out of the component, the component is impacted into the bone. It is 

impacted in until fully seated (Figure 2-l 0 l ). 

Fi&are 1-100: Femoral component filled with cement in preparation for impaction into position. 

Fipre 1-101: Impaction of the femoral component at surgery. 
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The cement is carefully removed from the edges. The head component is cleaned 

meticulously to remove any residual cement. Osteophytes around the head are 

removed to minimise impingement (Figure 2-l 02). The acetabulum is checked for 

loose bone fragments. The hip is then reduced, before the exothermic reaction has 

started. This allows the acetabular component and the pelvis to act as a heat sink, 

and to minimise the thermal trauma to the femoral head. 

Figure l-102: Sequence of steps from the initial osteoarthritic head, to the resurfaced head. 

Concentric reduction is checked. Soft tissue impingement and bony impingement 

are checked. Once a satisfactory situation has been determined, the capsule is 

closed. The pyriformis and short external rotators muscle are repaired, as is the 

detached portion of the gluteus tendon attachment to the femur. Fat and skin are 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 194 



LITERATURE REVIEW 

closed. The patient is taken to the recovery room, where careful monitoring until 

fully awake is carried out. 

In order to minimise the potential for post-operative complications, an accelerated 

post-operative rehabilitation program is used, which has been described elsewhere 

(Kerr and Kohan, 2008). 

Post-operative reviews are carried out at two weeks, six weeks, three months, six 

months, 12 months and then annually. Annual x-rays and bone mineral density 

assessments are carried out, as well as questionnaires to determine joint function 

and quality of life. 

2.5.5.4 Results of hip resurfacing 

The published data of the resurfacing procedure when performed by the 

developing surgeons has been nothing short of spectacular. The survival rate of 

the prosthesis, at a minimum of five years, was 98%, and if aseptic loosening 

revision only were considered, the results were 99% (Treacy et al., 2005). These 

results, however, reflect the experience of a highly skilled group of surgeons using 

one implant, the Birmingham hip resurfacing prosthesis. 

The results of resurfacing generically, vary. In the Australian Joint Registry 

(Association, 2008), there is demonstrated a large degree of variation between 

prostheses (Table 2-3). 
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Table l-3: Revision rates of primary total resurfacing hip replacement (Association, 2008). 
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Although the method of calculation in the Australian Joint Registry is different to 

that used in McMinn's (McMinn, 2007) study, nevertheless, one can see an almost 

threefold difference in revision rates between components. This reflects many 

variables, including surgeons, their experience, patient selection criteria and 

prosthetic variability. There are a multitude of implants available for use. Grigoris 

has summarised their differences in Table 2-4 (Grigoris et al., 2006). There, it can 

be seen that there is a variation in the manufacturing process, surface preparation 

of the components and the preparation required of the femoral head. 
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Bearing Acetabulum Femur 

System Year Process Heat Range of Size of Shape Surface1 Range of Size of Cement Stem 
Treatment1 diameters increment diameters increment mantle 

(mm) (mm) (mm) (mm) (mm) 

Conserve 1996 Cast HIP and 46-64 2 Truncated Co-Cr 36-54 2 l ±load 
plus, Wright SHT hemisphere beads, bearing 

Medical sintering, 
Technology ±HA 

BHR, Smith 1997 Cast None 44-66 2 Hemisphere Co-Cr 38-58 4 0 Not 
&Nephew beads, defined 

cast in, 
±HA 

Corm et 1997 Cast HIP and 46-64 2 Equatorial Ti, VPS, 40-56 4 0 Not 
resurfacing SHT expansion ±HA (cementless defined 
hip system, option) 

Corin 
Medical 

OUR OM, 2001 Wrought- NIA 44-66 2 Truncated Ti, VPS 38-60 2 1 Non-load 
Zimmer forged hemisphere bearing 

ASR3
, 2003 Cast HIP 44-70 2 Truncated CO-Cr 39-63 2 0.5 Non-load 

DePuy hemisphere beads, bearing 
Orthopaedics sintering, 

±HA 
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ReCap, 2004 Cast None 44-66 2 Hemisphere Ti, VPS, 36-54 2 0.5 Not 
Biomet ±HA ( cementless defined 

option) 

Icon hip 2004 Cast None 44-66 2 Hemisphere Co-Cr 38-58 4 0 Not 
resurfacing, beads, defined 
International cast in, 
Orthopaedics ±HA 

Adept hip 2004 Cast None 44-66 2 Hemisphere Co-Cr 38-58 2 Minimum Non-load 
system, beads, bearing 

Finsbury cast in, 
Orthopaedics ±HA 

I HIP, hot 1sostat1c pressmg, SHT, solution heat treatment, N/A, not applicable. 

2 HA, hydroxyapatite; VPS, vacuum plasma spraying. 

3 ASR, articular surface replacement 
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Hip resurfacing itself has a higher revision rate in the above-mentioned joint 

registry than total hip replacement surgery. The increased rate of revision appears 

to be primarily in the first 12 months after surgery, after which, the rate of 

revision appears to be comparable, over the period of time observed, to total hip 

replacement (Figure 2·1 03). There is no description of patient function or 

satisfaction in these studies, just the incidence of any component removed for any 

reason. This is the only aspect that the joint registry monitors. 

No 
- lata "t!IIIIIDII - c-.-....... r ..... -

0.0 1.0 l.D J.C 4.0 5..0 -.o 70 ILO 

TIA<IJ ... ,.,,,.,, .. ••llllo_,Oih•ool '1111<11 
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Fipre l-103: Taken from the 2009 edition of the Australian joint registry report, the cumulative 
percentage revision of primary conventional total hip replacement and total resurfacing 

replacement, excluding infection, is shown (Association, 2009). 
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Joint registries, however, do have a significant limitation, as far as the 

interpretation of the data they provide is concerned. These are not outcome studies, 

and the limitation of these data bases is well-known (Choong, 2009). In relation to 

hip resurfacing itself, the ease of revision surgery may itself be a factor in the 

incidence when compared to standard total hip replacement surgery. It is much 

easier to revise a hip resurfacing, if there is any problem, as compared to, say, an 

uncemented well fixed total hip replacement which is causing an equal amount of 

problems. 

2.5.5.5 Problems associated with hip resurfacing 

Specific data was retrieved from the Australian National Joint Replacement 

Registry, in 2007, which was analysed in relation to 8361 resurfacing procedures, 

looking at the revisions. Data in that series showed that 2.4% of the resurfacings 

had been revised. Collection ofthe data started in 1999. 

I undertook an in-depth breakdown of these revisions. The data is shown in Table 

2-5. 
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Table 1-!: Analysis of revisions of total hip resurfacing procedures, using data from the 
Australian National joint replacement Registry, 2007. A breakdown by gender and age (M= Male 

and F= Female). 

%Total %femoral %Femoral %Acetabular ' %Allergy-
revisions revisions fractures revisions me tall os is 

1.8 1.1 0.8 0.3 0 
5S-64 1.9 1.5 1.1 0.1 0 1) I 

65--74 4.0 3.2 2.9 0.1 0 
75-84 6.8 6.8 6.8 0.0 0 

3.5 1.9 1.3 0.5 0.3 (4) 
5.2 2.7 2.0 0.7 0.4 (4) 
6.3 3.2 2.1 2.1 0 
25.0 25.0 12.5 0.0 0 

Femoral fracture was the commonest cause for revision. This was most frequent 

in women and tended to increase in both genders with increasing age. Acetabular 

revisions were less common. Allergy and metallosis were most infrequent. 

Femoral neck fracture was described as occurring in 1.46% of hip resurfacings 

(Shimmin and Back, 2005). As seen in Table 2-5, there is a significantly increased 

incidence in women over men and in old people over young people. Factors that 

contribute to the incidence of femoral neck fracture were noted to be notching of 

the femoral neck at the time of the operation and a varus alignment of the femoral 

component. Possibly, early mobilisation full weight-bearing may have had a 
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bearing on producing this complication, as a result of stressing a weakened 

femoral neck. 

Femoral neck fracture, however, is not a condition which is unique to patients 

having hip resurfacing surgery. There is a naturally occurring rate of femoral neck 

fracture, which is associated with age, gender and bone mineral density. If an 

accurate assessment of the femoral neck fracture risk was to be made in relation to 

hip resurfacing surgery, the naturally occurring rate would need to be subtracted 

from the observed rate after hip resurfacing surgery, in order to obtain an 

appropriate assessment of the risk of femoral neck fracture after resurfacing. 

There is no data in the literature, addressing this point. 

Figure 2-104 shows the six-year incidence of fracture in women, for each given 

age range, and hip T- score as assessed by bone mineral density measurements. 

For men, the same curve is applied, but the men are 10 years older at each line. A 

70-year-old man would carry the risk of a 60-year-old woman (Nordin et al., 

2008). 
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Six-year fracture risk in women aged over 50 years 
without prevalent fractures 

Age (years) 
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76-80 
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Hip T-score 

Fi&ure l-104: The risk within six years, of sustaining a femoral neck fracture, in women, with 
different bone mineral densities as assessed by DEXA (Nordin et al., 2008). 

Other femoral complications include the production of avascular necrosis. The 

most commonly used surgical approach, the posterior, sacrifices the posterior 

circumflex artery. This can produce significant ischaemia. However, in spite of 

this, avascular necrosis is quite a rare complication implying, therefore, that the 

ischaemia which is produced has no great bearing if any on this complication. 

Explanation for this may relate to a possible increased medullary circulation in the 
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proximal femur in osteoarthritis (Freeman and Brown, 1978), or the very strong 

possibility that the bone at risk is removed during the preparation process at the 

time of femoral component implantation (M cM inn, 2009b ). Whatever the reason, 

avascular necrosis is not a frequent problem. 

Acetabular component loosening is the next commonest complication. Technical 

difficulties in relation to the seating of a monobloc component, the general lack of 

screw fixation and a possible higher initial torque on mobilising may explain this 

(Morlock et al., 2008). 

Elevated metal ions in the blood (Shimmin and Back, 2005), metallosis, allergies 

and pseudotumour formation (Pandit et al., 2008) are complications of great 

concern, and responsible for a great deal of discussion in the literature. However, 

based on the joint registry data mentioned above, they did not present a high 

frequency of complications, at least not at this point in time. 
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3 Methodology 

"Measure what is measurable, and make measurable what is not so. " 

Galileo Galilei 
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3.1 Introduction 

In this chapter the two aspects of the methodology will be discussed. Initially, the 

computer modelling methodology will be described. Subsequently, the analysis of 

radiographs will be described. 

A. Computer modelling 

The methodology used in this thesis is the Theory Construction Research 

approach. This involves beginning with a method and ending with a theory. In this 

thesis the methodology will be to end with a conclusion (Lewins, 1992). 

The variables will be applied in an experimental environment, which in this case 

will be a finite element model. Once the results are available, the conclusions will 

be drawn. 

Bone change and particularly resorption around a prosthesis has been well 

described (Aidinger et al., 2003, Arabmotlagh et al., 2003, Gibbons et al., 2001 ). 

The adaptive response of bone may predispose to implant failure due to loss of 

support around the prosthesis and in addition, the possible loss of surrounding 

bone, compromising any revision surgery which may be required. 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 206 



METHODOLOGY 

In this study we aim to determine the effect of a resurfacing component's 

orientation on the adaptive behaviour of the underlying bone in the human 

femoral neck, using a verified adaptive bone remodelling theory, coupled with 

finite element analysis. The remodelling analysis was run for an equivalent of 36 

months. 

Femoral computed tomography (CT) scans were digitised, so that the bone density 

of each individual segment was known. A three-dimensional computer model was 

then created, to which finite element analysis was applied. This model was loaded, 

in a standard manner, and in conjunction with the known remodelling behaviour 

of bone, through a number of iterations. The anticipated changes in the bone were 

noted. The model was then converted back into its digitised form, so that the bone 

density of each segment could be reassessed. The changes due to remodelling 

were then noted. The variables applied were: 

• Alteration in valgus/varus alignment 

• Alteration in anteversion 

• Alterations in seating ofthe component 

• Alteration in the cement thickness 
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B. Analysis of radiographs 

X-rays of patients were examined, comparing the immediate post-operative x-ray 

with the x-rays four, five and six years post-operatively, and the changes noted. In 

particular, we noted the changes in the femoral neck morphology as shown on the 

x-ray, to see how the remodelling over this period of time correlated with the 

computer model. 88 patients were available and these patients are analysed in this 

study. 

For the x-ray analysis, we initially considered the patients 48 months post-

operatively, in order to be consistent with the finite element study. However, the 

numbers were small, and in order to improve the statistical relevance and the 

power ofthe data, a larger sample size was required. The patients who were added 

to the study group were those with a longer post-operative period to ensure that 

the remodelling changes, if any, had been completed. The finite element analysis 

data showed that by 48 months the values have become asymptotic from the bone 

remodelling point of view, stable, with little likelihood of further change 

occurring. Accordingly, the study group number was increased by looking at 

patients with a longer follow-up period. 
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3.2 Computer Modelling 

3.2.1 Model generation 

Computed tomography (CT) scans of an intact femur were obtained from a visual 

human data (VHD) set, (VHD, NLM, Bethesda, Maryland). The voxel slice 

density was a 512 x 512 matrix. Each slice had a Hounsfield unit (HU) assigned to 

it that quantified the relative attenuation to air. Slices were taken at 2 mm 

intervals with no inter-slice distance through the proximal femur to the distal end 

of the femur. The CT file was then read into a contour extraction program. The 

contours were then saved into an IGES (Initial Graphics Exchange Specification) 

file and read into the pre-processor PATRAN (MSC Software, Los Angeles, 

California). The IGES points cloud was then utilised to develop the femur's 

geometry. The femur was meshed with I 0 node modified tetrahedral elements. 

The I 0 node tetrahedral elements were modified in order to remove hour glassing 

effects, the cause of spurious numerical solutions, and to be able to obtain contact 

pressures and corner nodes (Fianagan and Belytschko, 1981) at the interface 

between the implant's fixation concept and bone .. 

Two models were developed: an intact femur and a reconstructed, post-operative 

femur. The reconstructed femur has a bone volume (element set) that is removed 

and replaced by the prosthesis, this is the same as the bone volume that is 

removed during clinical surgery. In the finite element (FE) model the element set 
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is replaced in the reconstructed run by the prosthesis. The model was set up so 

that the desired elements used in the remodelling algorithm retained the same 

element numbers in both analyses, intact and post-operative. 

From this geometry a three-dimensional FE mesh was created for each model. 

Second-order modified 10 noded tetrahedral elements were used with an element 

edge length between one mm and five mm, depending on the position on the 

femoral neck (Figure 3-2), with an average of three mm overall. To minimise the 

number of total elements in the model and the corresponding analysis time, only 

the proximal half of the femur was meshed. Examples of the finite element mesh 

for the intact and the reconstructed models are shown in Figure 3-1 and Figure 3-2. 

L L 

(a) (b) 

Figure J-1: (a) Intact in bone geometry (b) Reconstructed bone geometry 
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(a) (b) 

Figure J-1: Finite element mesh for (a) the intact model and (b) the reconstructed model. 

The element integration points with their respective co-ordinates were written out 

to a material data file, via a data check run. Each Hounsfield (HU) value and its 

co-ordinates were extracted from the Computer Tomography (Cl) files and 

mapped to element integration points and their respective co-ordinates. This, in 

theory, allows each element that may cross the boundary of cortical and 

cancellous bone to take into account the material property change by having up to 

four material properties. A steep material property gradient is taken into account 

by averaging the HU values about the integration point's coordinates in the CT 

file. The HU values are then converted to an apparent density using Equation 3-1 

(Rho et al., 1995) assuming the density range was from 0.1 - 2.0glcm3
• 

Papparatt = 0.801HU + 173.5 Equatioa J-1 

Surgical Aspects, Finite Element Analysis and x-ray COITelation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 211 



METHODOLOGY 

Young's modulus was calculated according to Carter and Hayes (Carter and 

Hayes, 1977), Equation 3-2. 

Equation 3-2 

where E is the elastic modulus (MPa), e is the strain rate and Papparent is the 

apparent density (g/cm3
). For this relationship to be able to calculate the Young's 

Modulus, a value of strain rate must be assumed. Bone is normally subjected to a 

strain rate ranging from 0.001 for slow walking up to a value ofO.Ol for vigorous 

activity (Bostrom et al., 1995), hence the stiffness of bone can vary up to as much 

as 15% during normal activity (Figure 2-42). A strain rate of 0.01 is regularly 

used and was applied in this study (Skinner et al., 1994a). 

A pre-analysis of the intact femurs was performed to define the physiological 

normal stress and strain state (Figure 4-23). The muscle forces for the femur 

models were developed by Duda et. al. (Duda et al., 1998) and were used for all 

analyses (Figure 3-3, Figure 3-4 and Table 3-1 ). 
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Figure 3-J: The fixed base is shown. The hip joint contact force is applied to the (a) intact model 
and the (b) reconstructed femur model with the femoral component in place is shown. 
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Figure 3-4: Muscle forces applied to the femur. As described by Duda, all thigh muscles, 
abductors, adductors, and iliotibal band were included in the modelling (Duda et al., 1998). 
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Table 3-1: Magnitude and direction of applied muscle forces. 

Muscle X [N] y [N] z [N] 

Joint reaction -466.34 -962.62 -1911.22 

Gemelli 7.07 35.18 37.27 

Gluteus maximus 35.18 145.60 161.27 

Gluteus medius 111.23 179.68 221.39 

Gluteus minimus 186.22 193.69 92.98 

Iliopsoas 115.24 62.89 114.50 

Pectineus 1.30 1.01 1.12 

Tensor facia latae 51.42 40.07 -40.04 

Vastus intermedius 9.13 -5.01 -62.06 

Vastus lateralis 69.58 25.70 -215.72 

Vastus medialis 2.93 -0.02 -8.09 
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Figure 3-5: The gait cycle, with the arrow indicating the 45% point, at heel strike, where the 
measurements are made for the analysis (Goodship, 1992). 

The heel strike phase of gait was the load case simulation chosen for all models 

analysed, based on the work of Goodship et al. (Goodship, 1992). Material 

properties, which were calculated using HU values from the CT data and 

converted to Young's modulus using Carter & Hayes' theory, were read from the 

material file and applied to each element's integration points (Figure 3-6) (Taylor 

et al., 2002). 
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Flpre U: CT (left) converted to mapped material properties (right). 

The normal values of the remodelling stimulus were written out to the stimulus 

file. A large number of stimuli have been proposed in the literature (Frost and 

STRAATSMA, 1964, Huiskes, 1993b, Weinans et al., 1992) regulate bone 

adaptive elastic theory using the strain tensor, strain energy density, energy stress, 

failure stress, von Mises stress, average principal stress and equivalent strain. In 

this study, the remodelling signal was the direction-invariant scalar equivalent 

strain proposed by Stulpner (Stulpner et al., 1997) shown in Equation 3-3. 

- J 2 2 J e = e 11 + Eu + e 9 
Equation 3-J 

The choice of signal is also based on the possibilities that cellular responses may 

correlate with coordinate-invariant mechanical quantities (Humphrey, 2001 ). The 

process of remodelling the bone required the material properties to be updated in 

the reconstructed femur by iterating the model through a number of steps. This 
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process involved obtaining the reconstructed stimulus and comparing the 

difference between the intact and the reconstructed stimuli with the tri-linear 

remodelling curve (Huiskes et al., 1987) (Figure 3-7). A change in the loading 

environment will generate an "error" signal. The physiological effect of this is to 

alter osteogenesis or resorption in such a way as to restore the physiological 

normal signal at that site and eliminate the "error" signal. This curve details the 

rate of bone resorption and deposition based around the curve's constants and 

clinical data; the rate of resorption is twice the deposition and the dead zone width 

is set at 0.6, or ±60% of the natural strain (Turner, 2004). The change in bone 

density was then applied to the element and the subsequent Young's modulus 

recalculated; the updated element properties were then used in the next step ofthe 

remodelling process. Bone mineral density loss and gain were limited to a peak 

value of 0.8% of the original pre-operative bone mineral density per week 

(McCarthy et al., 2000). 

CI.ITent 

mechcvlical 

Change 

in bone 
- - -density --- . 

Reso:rbtion 

Error 
slpl 

Deposition 

Equivaleat 

normalsi~l str3ia eJTOr 

Dead zone 

Figure 3-7: Bone remodelling stimulus. The current mechanical signal as shown in this 
example (blue arrow), will result in the decrease in bone density proportional to the error 

signaL In this instance the proportionality factor is the slope of the resorption curve. 
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The simulation was run with sliding contact, using the classical Lagrangian 

multiplier method, in regions where there is no cement-bone interface. Sliding 

contact was applied along the alignment stem section of the BHR™, where the 

friction coefficient of 0.9 was the multiplier (Gillies et al., 2008). Bone cement 

was applied to the rest of the bone/implant interface with a mean uniform 

penetration depth (3mm) into the bone based on retrieved clinical specimens 

(Figure 3-9). In one of the experimental trials, however, the depth of the cement 

was standardised, and thickness varied, so as to determine the bone remodelling 

response. Table 3-2 presents the material properties applied to the BHR™ and 

bone cement. 

Figure 3-8: Cross-Sections of the Femoral Component• femoral head composite, arrows showing 

variability in the cement layer. 
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Table 3-2: Properties of bone, cement mantle, and the Birmingham resurfacing prosthesis 
(Huiskes and Verdonschot, 1997). 

Properties Bone Cement mantle BHR prosthesis 

Elastic Modulus, Emin = 3MPa 

2GPa 220GPa 
E Emax= 25 .6GPa 

Poisson's ratio, u 0.3 0.3 0.3 

The results of the adaptive bone remodelling have been extracted from grey scale 

image outputs (virtual x-rays) from the remodelling simulation (Figure 3-9). The 

x-rays have been assessed at time zero, steps 5, I 0, 20 and 30. Thirty steps has 

been shown to be equivalent to 36 months post-operative, that is 1 step is 

equivalent to 1.5 months (Turner, 2004). Regions of interest, zones 1 to 9, (Figure 

3-1 0) have been analysed for changes in bone mineral density (BMD). The 

analysis of the images was performed using Global Lab Image 2 (Data Translation, 

Inc. Marlboro, MA). Statistical analysis (SPSS Inc, Chicago, IL) has been used to 

compare the results of each orientation where appropriate. 
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Figure 3-9: Flow chart demonstrating the adaptive bone remodelling algorithm. 

Figure 3-10: The regions of interest in the femoral neck analysed for changes in the bone mineral 
density. 
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3.2.2 Finite element model application 

3.2.2.1 Case description 

A reference case was created and all subsequent additional models were created 

by variation of this reference model. 

The implant used as the reference model (Birmingham Hip Resurfacing, Smith & 

Nephew, Memphis, Tennessee, Figure 3-11) was positioned so that the bearing 

surface of the implant corresponded to the surface ofthe intact femoral head bony 

contour. The configuration was consistent with that expected to be used during the 

course of clinical surgery. In the sagittal plane, the stem was oriented parallel to 

the endosteal surface of the inferior cortex of the femoral neck, but not in contact 

with it. It was well clear of this endosteal surface. In the coronal plane, version 

(anteversion or retroversion) was positioned in the neutral plane, central in the 

femoral neck on the lateral projection. 
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Figure 3-11: Computer model of the Birmingham hip resurfacing component and the real 
component. 

J.l.l.l Analysis 

An adaptive bone remodelling analysis is perfonned in two stages. The first stage 

is an analysis of the intact model. This is often referred to as the "pre-analysis" 

stage. The second stage is referred to as the "bone remodelling" stage and is an 

analysis of the reconstructed femur. Both the analysis stages were carried out 

using ABAQUS/Standard. 

3.2.2.2.1 he-analysis stage 

The pre-analysis stage calculates the nonnal loading environment of the bone. In 

particular, the physiological nonnal or "reference" signal under the specified 

loading at each material point is calculated and stored. The pre-analysis was 
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carried out in two static steps. In the first step the bone properties were applied 

and the loads were increased linearly from 0 to full load. In the second step the 

loads were held and the reference mechanical signal at each material point was 

written to file. The mechanical reference signal used was equivalent strain. 

3.2.2.2.2 Bone remodelling stage 

In the bone remodelling analysis, the bone properties of the reconstructed femur 

(Figure 3-12) were altered in response to a change in the loading environment 

from the normal loading environment established in 3.2.2.1. 

Figure 3-11: Virtual femur with the virtual prosthesis in place. 
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The bone remodelling stage analysis was performed in a number of static steps. 

During the first step the material properties were applied, the file containing the 

reference mechanical signal from the preliminary analysis was read in, and the 

loads were increased linearly from zero to full load. All subsequent steps were 

remodelling steps in which the model was subjected to a number of constant 

magnitude load repetitions and the bone properties were altered in response to the 

new loading environment (Figure 3-3). The stimulus for the bone remodelling was 

proportional to the difference between mechanical signals, or "error", in the 

reconstructed and physiological normal states as shown in Figure 3-3. 

During the preliminary analysis and selected steps of the remodelling analysis -

those corresponding to post-operative times ofO, 6, 12, 24, 36 and 48 months- a 

virtual x-ray of the proximal femur was created. These x-rays were used to 

calculate the change in bone mineral density. 

On each virtual x-ray, nine (9) regions of interest (ROis) were created as shown in 

Figure 3-10. Two pairs of four ROis were aligned along the length ofthe implant 

stem while the remaining ROI was located at the distal tip ofthe stem. ROI one, 

two, five and six, are situated under the shell of the femoral component, while the 

remaining ROis project distally into the femoral neck and the proximal femoral 

metaphysis. All ROis were placed as close as possible to the region of the stem 

for the purpose of analysis. The stem has been removed from the image to prevent 

interference with the density calculation. 
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The percentage change in BMD was performed using an image analysis program. 

With this program the average grey scale value over each ROI was calculated for 

each virtual x-ray, which is the same method for calculating a real density used by 

DEXA machines. For each case, a percentage difference from the physiological 

normal femur model (0 month post-operative) was calculated and plotted in an X-

Y graph. 

All bone mineral density plots are shown in the results. A separate chart has been 

created for each configuration. The ROis used are positioned adjacent to the 

implant stem, not relative to the femoral neck shape, the implant was removed 

from the image to prevent the metal interfering with the density measurement. 

This makes a direct comparison between ROis difficult, so comparison is done 

using the other presentation methods. 

The ROis have been assessed for normalised changes in bone mineral density. All 

time-points were compared back to the time zero measurement. Image analysis 

was carried out using GlobalLab image/2 (Data Translation,Inc. Marlboro MA, 

USA). Statistical analysis (SPSS Inc, Chicago, IL, USA) has been used to 

compare the results of each configuration, where appropriate. 
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3.1.1.3 Boundary fonditions 

The following boundary conditions were used in the finite element analysis (for 

both the intact model in the preliminary analysis and the reconstructed model in 

the subsequent remodelling analysis): 

3.2.2.3.1 Loading 

The hip joint contact force and the muscle forces applied correspond to 45% of 

the gait cycle (heel strike) for normal walking. The hip joint contact force was 

applied through the centre of the femoral head and the muscle attachments were 

set up. The muscles considered were the gluteus maximus, gluteus medius, 

gluteus minimus, pectineus, gemelli, pyriformis, iliopsoas, the vastus medialis, 

vastus intermedius and the vastus lateralis (Duda et al., 1998). The hip joint 

contact force is shown in Figure 3-3. 

All forces were distributed over a number of nodes to minimise any tendency for 

local remodelling effects. 

3.2.2.3.2 Fixation 

The distal end of the proximal femur was fixed to prevent translation as shown in 

figure 3.4. The proximal half of the virtual femur only was used for analysis. 
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3.2.2.3.3 Contact 

The contact at the implant-bone was modelled as sliding with a coefficient of0.9, 

implant-cement and cement-bone interfaces was modelled as fully bonded, or 

"tied", allowing no relative movement between the contacting surfaces at that site. 

3.2.2.4 Material properties 

The following material properties in Table 3-2 were used in the finite element 

analysis: 

3.2.2.4.1 Bone material properties 

The apparent bone density, Papp. was assigned to the model using an ABAQUS 

subroutine based on CT scans ofthe femur. The elastic modulus, E, of the bone at 

each material point was calculated from the apparent density and adjusted so that 

the minimum and maximum values of E were approximately 3MPa and 25.6 GPa 

respectively, corresponding to cancellous bone and cortical bone with bone 

densities of O.lg/cm3 and 2.0glcm3 respectively. These are also reflected by the 

asymptotic regions on the graph in Figure 3-7. 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 228 



METHODOLOGY 

3.2.2.4.2 Cement material properties 

The cement mantle was modelled as an isotropic linear-elastic material with an 

elastic modulus ofE=2GPa and Poisson's ratio ofu= 0.3. 

3.2.2.4.3 Implant material properties 

The resurfacing implant was modelled as an isotropic, linear-elastic material with 

an elastic modulus ofE=220GPa and a Poisson's ratio ofu= 0.3 corresponding to 

cobalt-chrome-molybdenum alloy. The mechanical properties have been 

summarised in Table 3-2. 

3.2.3 Variables 

The variables examined were: 

• Alignment in the sagittal plane 

• Alignment in the coronal plane 

• The effect of incomplete seating of the femoral component 

• The effect of altering the cement mantle thicknesses 

• The effect of cement-filled voids in the femoral head 

3.2.3.1 Alignment in the sagittal plane 

Seven alignment configurations, looking at varus/valgus orientation were 

modelled. Two of these, the reference case, identified as 0°, and the extreme case, 

28.5° ofvarus, are shown in 
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Figure 3-13. 

deg. rotation) 

_ _L Maximum Valgus J 

(a) Posterior- anterior view (b) Lateral- medial view 

Figure 3-13: The geometry of the reconstructed femur is shown, with a reference model, and a 
varus alignment model in 28.5° of varus tilt away from the reference case. 

The list of examined alignments is as follows: 

o degree AP rotation- Reference case (maximum valgus) 

o 5.0° varus rotation 

o 10.0° varus rotation 

o 13.5° varus rotation 

o 18.5° varus rotation (centre of neck of femur) 

o 23.5° varus rotation 

o 28.5° varus rotation 
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These models were generated by taking the reference case, maintaining the centre 

of rotation of the femoral head and rotating the femoral component about this 

centre of rotation to achieve the desired angle, starting with the maximum valgus 

alignment, the reference case, and calling that 0°. The alignment at right angles to 

this provided the anteversion/retroversion of the component. For this part of the 

study, the version was kept in neutral, the stem of the femoral component being in 

the centre of the femoral neck. 

3.2.3.2 Alignment in the coronal plane (anteversion/retroversion) 

• oo rotation-neutral-reference case (5° varus alignment) 

• 5° anteversion of the femoral stem with respect to the position in 

2.1.3 

• 5° retroversion of the femoral stem with respect to the position in 

2.1.3 

For this group, a different reference case was chosen. The so varus alignment was 

chosen (Figure 3-14). The reason for this was that, when the reference case, the 0° 

case was modelled, the stem of the component impinged on the bony contour of 

the neck of the femur. This so varus alignment away from the maximum valgus 

position ensured no contact of, or removal of bone from the femoral calcar. 
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±5 degrees 

rotation 

(a) Posterior- anterior view (b) Lateral- medial view 

Figure 3-14: Geometry of reconstructed femurs showing reference model (5.0 degrees varus 
rotation case), 5.0 degrees anteversion case (green) and 5.0 degrees retroversion (blue). 

3.2.3.3 The effect of incomplete seating of the femoral component 

The reference case is used for this series. In all cases, the femoral component is 

cemented. The offset implants were created by repositioning the whole implant 

along the axis of the stem according to the desired gap away from the prepared 

top ofthe femoral head. Measurements are in millimetres (mm). 

• The component is fully seated. 

• The component is left 1 mm from the top of the prepared femur. 

• The component is left 3 mm from the top of the prepared femur. 

• The component is left 5 mm from the top of the prepared femur. 
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This gap we termed offset, for the purpose of this study. 

Offset 

(a) Posterior- anterior view (b) Lateral - medial view 

Figure J-15: Geometry of reconstructed femurs showing reference model (Omm offset) and the 
5mm offset case. Other offset cases lie intermediate to these two cases. 

3.2.3.4 The effed of altering the cement mantle thicknesses 

The cement mantle was created by removal of bone from the surface of the 

prepared femoral head by the desired thickness of cement to be modelled. The 

component alignment was as in the reference case. 

The cement mantle thickness was varied as follows: 

• Zero cement mantle (cementless implant) 

• l mm cement mantle. This is the reference case. 

• 3 mm cement mantle 

• 5 mm cement mantle. 
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(a) Cementless (b) 1 mm cement mantle 

(c) 3 mm cement mantle (d) 5 mm cement mantle 

Figure J-16: Variation in cement mantle thickness included a (a) Omm cement mantle, (b) 1 mm 
cement mantle, (c) 3 mm cement mantle and (d) 5 mm cement mantle. 

3.2.3.5 The effect of cement-filled voids in the femoral head 

It is assumed, for the purpose of this study, that the cement mantle is uniform in 

distribution and thickness. We do know, however, from the retrieval specimens 

that neither of these assumptions is borne out in real life. In retrieved specimens, 

marked variations in cement penetration into bone are noted. There are often 

voids, such as cysts, which are filled with cement, factors which lead to marked 
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variability in thickness (Figure 3-9). However, for the purpose of this study, 

uniformity is assumed. 

3.3 Analysis of Radiographs 

In order to determine the effect of the remodelling process in the clinical situation 

we assessed the x-rays of patients who had had Birmingham hip resurfacing 

surgery. In order to allow the full effect of the remodelling process to occur, we 

selected patients who had had surgery four, five and six years previously. 89 

patients with 90 hip resurfacing procedures were available from the data base. 

These patients were contacted, and asked to have up-to-date x-rays taken. The 

potential risks of x-rays were explained to the patient and ethics committee 

approval for the study had been obtained previously. Of this group of patients, 34 

responded. 

Of the 89 patients with 90 operated hips, there were 22 females and 67 males. In 

the study group of 34, there were nine females and 25 males. The two groups, the 

responders and non-responders, were compared for gender distribution, age 

distribution and BMI, using a paired samples t-test, and no significant difference 

was found between the total group of 89 patients, and the 34 who responded. 
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Of this group of 34 patients, one patient did not have x-rays which were of 

adequate quality to allow accurate measurements of the area being studied, and 

was excluded from the study. Of the remaining 33 patients, with operated hips for 

analysis, 22 patients had contralateral hips which were "normal", without any 

obvious pathology, neither clinically or radiologically, and had no abnormal 

inflammatory markers on blood test investigations. This contralateral hip had not 

undergone any surgical treatment either, and served as a "control" on which to 

determine the changing shape of the femoral neck, if any, through the ageing 

process, in the absence of a prosthetic component. The two groups of patients, the 

ones with bilateral prostheses, and the ones with unilateral prostheses were 

compared, using a paired samples t-test and no statistically significant difference 

was found between the two groups. This data will be presented in the results 

chapter following. 

The femoral neck was measured in two places on the operated side. The first was 

just below the skirt of the femoral component. In the absence of any loosening of 

the femoral component, no movement may be expected, and the position of 

measurement would be constant through time. At this point, the proximal neck 

width was assessed. 

During the course of surgery, all patients have a cannula inserted through the 

lesser trochanter for suction, in order to minimise the risk of fat embolus into the 

head of the femur and to minimise the risk of avascular necrosis of the femoral 

head. The drill hole is a constant feature from then on, and is visible on x-rays 
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subsequently. It provides a point from which we could measure the distal femoral 

neck width, the second measuring point. 

The 89 patients with 90 resurfacings were analysed. There were 22 resurfacings in 

women (24.4%) and 68 in men (75.6%), with a mean age of 52 years (range: 25 to 

64). All patients had the underlying diagnosis of osteoarthritis. In patients who 

responded, 9 were women (27.3%) and 24 men (72.-rYe). The age and gender 

distribution is shown in Figure 3-17. The study subgroup is shown separately 

from the total group of patients who had the operation over this period oftime. 

Patient Age-Gender Distributions 
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Fipre 3-17: Age and gender distribution of the patients whose x-rays were evaluated. The total 
group of patients is shown in the light pink and light blue columns for women and men 

respectively. The subgroup studied, the patients who were able to be followed up, is shown in the 
dark red and dark blue columns for women and men respectively. 
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In addition to the gender and age data, data also collected involved the patient's 

bone mineral density index (BMI), (Figure 3·18) and the prosthesis size used in 

the operation (Figure 3·19). The commonest component combination used was a 

54 mm femoral component and a 60 mm acetabular component. 

To ensure that the study group of 33 responders was a representative sample of 

the entire group of 89 patients, the gender, age, and body mass index were 

compared, using a paired samples t-test, and no significant difference was found 

at the p<0.05 level. It was then assumed that the study group of 33 responders was 

comparable to the total group of 89 patients. 
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Figure J-18: Body mass index and ages of the patients whose x-rays were evaluated. The light 
green bars refer to the total group of patients surveyed, and a dark green referred to the responders, 

the patients whose x-ray data was available for study. 
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Component Size 
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Fipre 3·19: Breakdown of component sizes used in the operations evaluated. 

The radiographs used for the evaluation were taken in the immediate post-

operative period and at four, five, and six years post-operatively. Radiographs 

were analysed with the aim of measuring femoral neck widths. All radiographs 

taken in the study were standardised anteroposterior (AP) views of the pelvis 

centred at the pubic symphysis. The x-ray tube was positioned one metre above 

the x-ray plate. These x-rays were used for evaluation (Figure 3-20) 
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Figure 3-lO: Method of calculation of inferior make width. 

The x-rays were performed accurately, so that the inferior border of the femoral 

component was a straight line, and not oval shaped, indicating that the plane of 

the open end of the component was parallel with the x-ray beam. The corners 

between the component spherical edge and the straight inferior edge were sharp 

(Figure 3-20). A line was then drawn along the axis of the prosthesis. 
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In order to maintain consistency within the radiological analysis of the neck width 

(N) the lesser trochanter vent drill hole (performed during all resurfacing 

procedures) was set as a datum point of reference. From this point we measured 

10 mm proximally parallel to the previously drawn axis, (Figure 3-20). The neck 

width (N) was measured from this axis to the neck bony contour edge 

perpendicular to the axis line. This measurement was used, rather than a total 

transverse neck diameter measurement, because to include the lateral distance 

would have involved measurement of the trochanteric area, which, we feel, would 

have confused the issue. To take the measurement more proximally, would have 

involved coming to close to the inferior border of the prosthesis. This way, the 

bony remodelling at the distal end of the femoral neck was assessed. 

The neck width at the junction of the femoral component (NS) (Figure 3-20) was 

also measured. The measurement was from the external contour on both sides. 

The bony remodelling just below the prosthesis was assessed. 

To correct for variations in magnification we measured the axial length (IC) of the 

prosthesis on the radiograph and derived a ratio (R) by dividing this result by the 

known prosthesis length (IT) on the template (Equation 3-4). The template for the 

prosthesis was 115% of the actual prosthesis size and we corrected this to 100% 

prosthesis size. The ratio obtained provided a correction factor and allowed 

determination of the actual neck (AN) (Equation 3-5) and actual neck junction 

(AJN) (Equation 3-6) widths from the radiograph. 
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R= JC 
IT 

AN=NxR 

AJN=JNxR 

METHODOLOGY 

Equation 3-4 

Equation 3-5 

Equation 3-6 

To assess variations in neck width thickness a control group was taken comprising 

of patients without a bilateral procedure and without any other surgical procedure 

to the contralateral side within the four to six year follow-up period (Figure 3-21 ). 

On the control side, the axis of the femoral neck was established, and then a 

measurement was taken at its narrowest point. Having established this transverse 

line, its distance from the lesser trochanter, the point at the corner of the 

trochanter, Figure 3-22, was measured at the initial evaluation, on the initial post-

operative film and this distance used at the follow-up measurement, at the six-year 

time point. The same measurement correction technique was applied as for the 

operated side. 

The results were then analysed using a two-tailed t-test, with P<0.05 as the 

measure of significance. A power analysis was also performed (Faul et al., 2007). 
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Figure 3·11: Femoral neck axis established on the control side. 
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METHODOLOGY 

Figure 3-ll: Measurement of neck width on the control side. The point on the lesser trochanter of 
the non-operated side, used as a reference point is shown. 

Statistical analysis of the results was undertaken, using a paired samples t-test, 

and a statistical power analysis (Buchner, 2009). 

lntraclass measurement consistency was confirmed by repeating the radiological 

measurements in a random sample of 10. Pearson's bivariate correlation 

coefficient was used to measure consistency. A value of p= 0.602 was obtained, 

indicating no significant difference within the measurement groups. 
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RESULTS 

4 Results 

"It is a capital mistake to theorise before one has data". 

Sir Arthur Conan Doyle, "A Scandal in Bohemia" in "The Adventures ofSherlock 

Holmes" ( 1892) 
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Two different types of results will be presented. In the first section, the results of 

the finite element analysis on the various configurations of the femoral component 

positioning will be presented. In the second section, analysis of the observed 

remodelling of the femoral neck, as seen on x-rays, will be presented. 

4.1 Finite Element Results 

4.1.1 Presentation of results 

The analysed results are presented here using three different methods. This has 

been done to provide a high level of detail, whilst also allowing a comparison of 

the relative performance between the various cases using the same data in a 

simplified form. Clinically, a DEXA scan is used to measure the metabolic 

changes occurring in the bone. Typically regions of interest (ROis) are chosen and 

a measure of the image's density is taken. This can then be investigated by 

calculating the change in density or mass over time { (ROitime zen/ROitime-point) 

xlOO%}. The following graphs show the ROis chosen and the changes that have 

occurred at chosen time-points over a time period up to 4 years. 

(1) Method 1- Bone mineral density plots: The first method is an X-Y plot of 

the change in bone mineral density (BMD) over nine regions of interest 

(ROis). This method provides the greatest level of detail in that it provides 

the percentage change in BMD for each ROI over a time period of 4 years 

of virtual post-operative remodelling. 
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(2) Method 2- Bone mass change time history plots: This data presentation 

allows the comparison between the models to be made. In this method, the 

total mass of bone loss and the total mass of bone gain was calculated over 

the entire model of the proximal femur. Each region of interest was 

assessed to determine if the density had increased or decreased. If it had 

decreased, then the volume of that material point was multiplied by the 

change in bone density to give the loss of bone mass. This was performed 

for all material points in the femur model to give a total of the bone mass 

lost. Similarly, a total of bone mass gained was calculated by summing the 

increase in mass at each material point. 

This total of bone mass lost and bone mass gained was calculated at each 

remodelling step, providing a time history of the change in mass. Separate 

plots have been created for bone loss and bone gain. These plots are shown 

after the bone mineral density plots in each section. Although this method 

provides a time history ofthe total bone mass loss and gain, the location of 

this change in mass is not provided. 

This method of presenting the data focuses attention on the areas of large 

change. Bone resorption is more likely to lead to implant failure through 

loosening than bone apposition. In addition, if a large density gradient 

exists, caused by local remodelling, then failure could occur due to 

fracture at this location. 
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(3) Method 3 - Bone mass change equilibrium plot: This is an overall 

summary of the different configurations of femoral component alignment. 

Method 3 is a line graph of both the total bone mass loss and the total bone 

mass gain taken once equilibrium has been reached. 

By arranging the results in terms of bone mass loss, such that the case with 

the greatest bone mass loss is located at the bottom of the graph and the 

case with the least bone mass loss at the top of the graph, a performance 

ranking is created (Figure 4-24). 

4.1.1.1 Bone mineral density plots 

4.1.1.1.1 Varus/valgus alignment 

Figure 4-l shows the nine regions of interest. The BMD results for the varus I 

valgus alignment are shown in Figure 4-2 to Figure 4-8. 
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Fipre ~1: Virtual x-ray showing nine regions of interests (ROis) around the stem used to 
calculate the change in bone mineral density. The mesial head of the prosthesis is not shown for 

ease of observation. 
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28.5 degrees rotation 
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Figure 4-8: BMD changes at 28.5 ° varus from the reference angle. 

Typically ROis 1, 2, 5 and 6 exhibits a decrease in BMD and ROis 4, 7 and 8 

always exhibit a decrease in BMD. This appears reasonable as ROis 5 and 6 are 

located directly beneath the metal shell of the femoral component and superior to 

the stem and ROis 4, 7, and 8 are located around the tip of the stem. Stress 

shielding occurs at ROis 5 and 6 as the load path bypasses this volume of bone 

and instead passes directly to the stiffer stem. ROis 4, 7 and 8 exhibit bone 

deposition as a result of increased loading. 

The maximum bone loss and gain was approximately 85% (ROis 1 and 5) and 

60% (ROI 4) respectively. 
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It is interesting to note that the other ROis directly under the implant head, ROis 1 

and 2, only exhibit an increase of BMD for the 18.5° and 23.5° rotation cases. At 

these angles, the load path must not pass totally into the implant stem, but rather 

load the bone in these ROis, to some extent. 

From these figures, it is difficult to compare the relative performance of each case. 

It appears that as the angle of rotation from the reference case increases the 

number ofROis exhibiting bone resorption decreases until the 23.5° rotation case 

and then increases once more. For example, for 0° and 5°, four ROis are showing 

resorption, for 10° and 13.5° rotation, three ROis are showing resorption, for 

18.5° and 23.5° rotation, two ROis are showing resorption and for 28.5°, again 

three ROis are showing resorption. This suggests that the optimal orientation to 

minimise bone resorption ofthe stem is between 18.5°-23.5 ° from the reference 

case. 

4.1.1.2 Varus/valgus bone mass change time history plots- bone mass change time 

history plots 

It appears that the mass of bone lost tends to increase the greater the rotation 

(varus or valgus) away from the 23.5° rotation case (Figure 4-9 and Figure 4-10). 

The location of the implant stem is in the medullary cavity of the femur for the 

23.5° rotation case, away from the cortex. The worst performing case is the 

reference case, which has its stem closest to the cortex, and removing part of the 
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calcar, the cortical bone projecting into the neck from the inferior cortex (Figure 

2-7). 
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Figure 4-10: Graph of bone mass loss for different varus I valgus alignments. 

All cases showed a rapid change in the first six months with equilibrium reached 

at 12 months. The 23.5° varus rotation (from the reference case) shows the least 

bone loss, approximately 3.1 g. Next, in the 18.5° and 28.5° rotation, at 

approximately 3.3g, and the 13.5° rotation, at approximately 4.lg. The 10° 

rotation lost approximately 4.5g, the 5° rotation approximately 5.8g, and the 0° 

reference case approximately 8.2g. 

Table 4-1 summarises the changes in bone mineral density by region. In two 

regions there was no change in bone mineral density. Bone mineral density 

decreased in regions five and six. These always exhibited a decrease in bone 

mineral density. Regions five and six are superior, and under the metal femoral 
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component. Regions one and two are also under the metal femoral component, but 

did not always lose bone density. 

Table 4-1: A summary of the regions which gained, lost, or were unchanged, in relation to bone 
mineral density, when orientation of the femoral component was changed. The various areas are 

shown with bone deposition (Green), no change (yellow), and bone resorption (red) for the various 
alignment configurations of the femoral component. 

+ 0 -

(ROI) (ROI) (ROI) 

Reference 4, 7, 8 and 9 1,2,3,5and6 

50 3, 4, 8 and 9 2 1, 5, 6 and 7 

10 ° 2, 3, 4, 7, 8 and 9 1, 5 and 6 

13.5 ° 2, 3, 4, 7, 8 and 9 1, 5 and 6 

18.5 ° 2, 3, 4, 7, 8 and 9 1 5 and6 

23.5 G 1,2,3,4, 7,8and 5 and6 

9 

28.5 ° 2, 3, 4, 7, 8 and 9 l, 5 and 6 

The maximum bone loss was approximately 85% (approximately -8.2 grams), and 

involved the regions one and five. The maximum bone gain was some 60%, in 

Surgical Aspects. Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 257 



RESULTS 

region four. Regions one and two exhibited an increase in bone mineral density 

only for the 18.5° and 23.5° configurations. 

The reference case, 0°, was the most valgus configuration of the component, with 

the stem of the femoral component as close to the medial border of the neck. A 

drop in bone mineral density occurs in this configuration, but the loss in bone 

mineral density with decreasing valgus alignment improves, until it reaches its 

optimal level, at the 18.5° and 23.5° level, and then deteriorates again. This data is 

summarised in Figure 4-11. 
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Figure 4-11: Summary ofBMD change per zone at 12 months. 
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4.1.1.3 Anteversion I retroversion alignment 

The BMD results for the anteversion I retroversion alignment are shown in Figure 

4-12 to Figure 4-16. 

Typically all ROis underneath the implant head, ROis 1, 2, S and 6, consistently 

exhibited a decrease in BMD and all ROis around the tip ofthe stem, ROis 4, 7, 8 

and 9, consistently exhibited an increase in BMD. The so anteversion case 

appeared to give the most favourable performance and the so retroversion case 

appeared to result in the greatest decrease in BMD. Anteversion refers to the 

position of the stem of the component within the femoral neck. The centre of 

rotation of the femoral component remains in the centre of rotation of the femoral 

head in all cases, and there is no translocation, anteriorly or posteriorly, of the 

component on the native bone. 

All cases showed a prominent change within the first 6 months with equilibrium 

reached at 12 months. The so anteversion case showed the least bone loss 

(approximately S.1g); followed by the neutral reference case (approximately S.8g) 

and the so retroversion case (approximately 7.8g). 

It appeared that an anteversion rotation of the stem resulted in a decrease in bone 

loss, while a retroversion rotation of the stem resulted in a greater bone loss. 
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RESULTS 

-ROI 1 

__._ROI 2 

-1r- ROI 3 

o ROI 4 

--+-ROI 5 

--.ROI 8 

---ROI7 

• -+- • ROI8 

-tr-ROI 9 

-ROI1 

__._ ROI 2 

-1r- ROI 3 

o ROI 4 

--+-ROI 5 

-----ROIB 

ROI7 

• -+- • ROI8 

-tr-ROI 9 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 260 



~ 
Q 
:I 
ID 
.5 
& c .. 
.c 
u 

80% 

80% 

40% 

20% 

0% 

-20% 

-40% 

-60% 

-60% 

-100% 

~ 
• • • E 

I 
ID 

5.0 degrees retroversion 

ot-""·-+········+········+········ 

. - ...a--~--- -i-----t-----
"' 

12 24 38 

Time (Months) 
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Figure 4-16: Graph of bone mass loss for the different torsion rotation. 

Table 4-1: Summary of the response in terms of bone mineral density change, versus the region 
where it is measured, for each of the component variations. 

+ 0 -

(ROI) (ROI) (ROI) 

S0 Anteversion 3, 4, 6, 7, 8 and 9 1, 2, 5 and 6 

Reference 3, 4, 8 and 9 2and 7 I, 5 and 6 

S0 Retroversion 2, 3, 4, 7, 8 and 9 1, 5 and 6 

Table 4-2 summarises the response in terms of bone mineral density change, 

versus the region where it is measured, for each of the component variations. It is 
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a summary of the regions which gained, lost, or were unchanged, in relation to 

bone mineral density, when version of the femoral component was changed. 

Regions one, five, and six consistently showed a decrease in bone mineral density. 

Although more regions decreased their bone mineral density in the anteverted 

configuration, the total bone mass lost, as shown in Figure 4-16, when combined, 

was the greatest for the retroverted position. Overall, so of anteversion of the 

femoral stem appeared to give the most favourable result, and so of retroversion, 

the least favourable result in terms of bone mass lost. 
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4.1.2 Implant head offset 

The BMD results for the implant head offset are shown in Figure 4-17 to Figure 

4-22. A summary ofthe data is shown in Table 4-3. 

Typically ROis 1, 5, and 6 (all located underneath the head of the implant) 

consistently show a decrease in BMD and the ROis located at the tip of the stem, 

ROis 4, 8 and 9, consistently show an increase in BMD. It is interesting to note 

that ROI 2, the remaining ROI underneath the head), exhibits bone gain for the 5 

mm offset case only. 

A trend can be established by counting the number of ROis exhibiting resorption 

in a similar way to the varus I valgus alignment cases. For the 0 mm and 1 mm 

offset cases five ROis exhibited resorption, for the 3 mm offset case four ROis 

showed resorption, and for the 5 mm offset case three ROis showed resorption. 

This suggests that increasing the offset value results in a decrease in the bone loss. 
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Figure 4-ll: Graph of bone mass loss for various stem offsets. 
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Table 4-3: Summary of bone mineral density response. 

+ 0 -
(ROI) (ROI) (ROI) 

Fully seated 4, 8, 7 and 9 1, 2, 3, 5 and 6 

lmm 3, 4, 8 and 9 1, 2, 5, 6 and 7 

3mm 3, 4, 7, 8 and 9 1, 2, 5 and 6 

Smm 2, 3, 4, 7, 8 and 9 6 1 and 5 

Table 4-3 summarises the response in terms of bone mineral density change, 

versus the region where it was measured, for each of the component variations. 

The regions 1, 5 and 6 showed a decrease in bone mineral density in all but the 5 

mm offset configuration. Regions 4, 8, and 9 showed a consistent increase in bone 

mineral density. Region 2, under the femoral component, showed an increase only 

in the maximally unseated position. 

Figure 4-20 and Figure 4-22 show that the maximally off seated position (5 mm), 

exhibited the least bone mineral density loss and the maximal bone mineral 

density gain. This position also took the longest time for the remodelling to 

stabilise, particularly in Region l, at 24 months. The remainder had stabilised by 

18 months. 
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The 5 mm offset displays the least bone loss (approximately 5.6g), followed by 

the 3 mm case (approximately 7.3g), I mm case (approximately 7.6g) and 0 mm 

offset case (approximately 8.2g). There appears to be a trend that total bone mass 

loss is decreased as the offset distance is increased. The femoral head preparation, 

however, is the same. Simply there is a thicker cement layer at the top of the 

femoral head to sit the component proud. 

The consequence of this is that the results for the Smm and 3 mm offset cases 

would appear more favourable in comparison to the l mm and the 0 mm offset 

cases than they already do. 

The progressive offset increase has the potential to decrease the stability of the 

component by decreasing the area of contact between the component and the host 

of bone. In an effort to assess this effect, the stresses on the femoral neck were 

examined in the various configurations of component seating. Figure 4-23 shows 

the minimal principal stresses, the compressive stresses, in the native hip. Figure 

4-24 shows the maximal principal stresses, the tensile stresses, as well as the 

minimal principal stresses, the compressive stresses, in the prepared proximal 

femur, with zero offset, and 1 mm, 3 mm, and 5 mm of offset of the femoral 

component. I mm of cement mantle is allowed for in each configuration at the 

periphery. Thicker mantles are present at the top of the prepared femoral head to 

al1ow for the offset. 

Surgical Aspects. Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 269 



RESULTS 

Figure 4-13: Compressive (Minimal Principal) stresses. Native hip. Units are in MegaPascals. 
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Tensile stress Compressive stress 

Omm offset 

1 mm offset 

3mm 

offset 

5mm 

offset 

Tensile stress Compressive 

Figure 4-14: Stem in maximal valgus (reference case). The femoral compooent is fully seated for 
the initial case, and then progressively left unseated, I mm, 3 mm, and 5 mm, with progressively 

more cement at the proximal end of the femoral head, but the standard I mm of cement around the 
rest of the component. Scale is in megapascals. In this diagram of the most extreme case, the 5 mm 

offset configurations, the stresses within the extra thick cement mantle at the top of the femoral 
head can be seen. 
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As the femoral component is left progressively more unseated, both the tensile 

and the compressive stresses increase. 

The effect of these changes in seating, on the bone resorption signal and the bone 

deposition signal, are shown respectively, in Figure 4-25 to Figure 4-28. For the l 

mm offset configuration, the bone resorption signal, shown in Figure 4-25, is 

consistent with the data presented previously in this chapter. Zone I appears to be 

the more severely affected, and the change occurs over the first 12 months, and 

then from the 36 month point there is little further change in the femoral head 

resorption, and any tendency for resorption around the stem has resolved. For the 

5 mm offset configurations, the point of maximum resorption signal has moved 

from zone one to the region of zone five and the distribution of the bone 

resorption signal has changed, more between the 12 and 36 month time points 

than in the I mm offset configuration. The bone depositions signals, for the l mm 

and 5 mm configurations, do not appear to be very different. So, the main effect in 

terms of bone deposition or resorption signals, with their different configurations, 

appears to be one of increasing resorption effect underneath the femoral head in 

the l mm configuration, and a changed distribution of this signal away from zone 

one, and involving a smaller volume. 
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Fipre 4-16: Bone Resorption Signal (units in equivalent strain). 
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1 mm offset 

Time 0 12 mths 36nehs 

Figure 4-17: Bone Deposition Signal for I mm offset (units in equivalent strain). 

5mm offset 

Figure 4-18: Bone Deposition Signal for Smm offset (units in equivalent strain). 

4.1.3 Physical displacement and changes in tensile strain 

To further examine the effect of this, the displacement of the bone under the 

femoral component, with these various changes in seating was modelled. These 
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results are shown in Figure 4-29 for the 1 mm offset configuration, and Figure 

4-30 for the 5 mm offset configuration. The potential for increasing displacement, 

due to increasing the lever arm on the femur, is much higher for the configuration 

where the offset is maximal. Figure 4-31 shows this. There is minimal change in 

displacement of the femoral head component with loading until this reaches a 3 

mm unseated position. After this, the change in displacement increases. The 

cancellous bone strain, however, that increases immediately the femoral 

component is left unseated reaching a level of 5000 microstrain at 5 mm of an 

unseated femoral component. 
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Figure 4-19: System displacement for I mm offset. Scale is in millimetres of displacement. 
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Fi1are 4-Jt: Graphic representation in modelled femoral component displacement with varying 
degrees of offset of the femoral component (blue line and left hand scale). Changes in tensile 

strain are shown by the red line (right hand scale). 
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4.1.4 X-ray eorrelation 

X-rays of patients post-operatively were examined to see whether these modelled 

changes could be seen clinically. Most of the femoral stems appeared to be well 

seated in the femoral neck, with bone apposing the metal stem, but no other 

change noted (Figure 4-32). Some femoral stems showed remodelling at the tip, 

with cancellous bone of trabeculae seeming to radiate out from the tip (Figure 

4-33), implying the transmission of load at that point. In both of these situations, 

however, bone is apposed to the metal stem, without any radiolucent line being 

visible. 

Some stems showed the presence of a symmetrical radiolucent line, indicating 

movement of the stem, within the femoral neck (Figure 4-34). The symmetrical 

nature of this line suggested that the movement of the stem within the femoral 

neck is occurring rather than the collapse and loosening of the femoral component 

which may be seen with avascular necrosis of the femoral head (Figure 4-35). 

This increased mobility is consistent with the increased mobility predicted by the 

finite element analysis (Figure 4-27 and Figure 4-28) and may indicate incomplete 

seating of the cemented femoral head component. 
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Figure 4-32: Well seated femoral component. There is minimal bony reaction. A minor degree of 
density increase at the base of the femoral stem is seen. Bony apposition to the stem is present 

without any lucent line. 
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Figure 4-JJ: Well seated femoral component. Bony reaction around the femoral stem tip is seen 
(arrows). This would indicate at least some degree of load shedding from the stem to the 

surrounding bone at this point. There is no evidence of lucency around the stem. 
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Figure 4-34: Radiolucent line around the femoral stem indicating possible increased mobility 
(arrows). On the inferior aspect, a lucent line is noted and on the superior aspect and area of 

sclerosis is present. 
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Figure 4-35: The femoral stem in a patient with avascular necrosis and loosening of the femoral 
component. Asymmetric lucency around the femoral stem is noted. 

4.1.5 Cement mantle thi~kness 

The BMD results for the cement mantle thickness are shown in Figure 4-36 to 

Figure 4-41 and summarised in Table 4-4. 

All cases showed a prominent change in the first 6 months with equilibrium 

reached within 18 months. Typically all ROis underneath the implant head, ROis 

1, 2, 5 and 6, consistently exhibited a decrease in BMD and all ROis around the 

tip of the stem, ROis 4, 8, and 9, consistently exhibited an increase in BMD. 
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Based on the percentages of all ROis showing resorption, it would appear that the 

most favourable result is given by the 5mm cement mantle thickness case, 

although the difference is not great. 

The 5 mm cement mantle displays the least bone loss (approximately 4.4g), 

followed by the 3mm case (approximately 6.2g), 1mm case (approximately 8.2g) 

and cementless case (approximately 8.4g) (Figure 4-41). Within the first few 

months post-operatively, the lmm case displayed more bone mass retention than 

the cementless case, however, at equilibrium (greater than 6 months) the total 

bone loss for the cementless case had exceeded that of the 1 mm case. 

There appeared to be a trend that increasing the cement mantle thickness results in 

a decreasing mass of bone loss. However, the bone mass change time history plots 

for cement mantle thickness may be misleading, because the amount of bone 

removed from the head of the femur increases as the cement mantle increases. 

Therefore, for thicker cement mantles there is less bone present and hence less 

potential to lose bone mass. The graph of bone mass loss shown in Figure 4-41 

presents a more favourable result for greater cement thicknesses, however, the 

BMD plots (Figure 4-42) indicated that there was little difference in the 

percentage of BMD loss between all cases, with the 5mm thickness case giving a 

slightly more favourable result. 
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Fipre 4-37: BMD changes for 1 mm cement mantle thickness. 
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Figure 4-38: BMD changes for 3 mm cement mantle thickness. 
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Figure 4-39: BMD changes for 5 mm cement mantle thickness. 
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Figure 4-40: Graph of bone mass gain for various cement mantle thicknesses. 

Table 4-4: This summarises the area is where bone mineral density is gained, or lost, with 
variations in cement thickness. 

+ 0 -

(ROI) (ROI) (ROI) 

Fully seated 3, 4, 8 and 9 1, 2,5,6and7 

lmm 4, 7, 8 and 9 1,2,3,5and6 

Jmm 4, 7, 8 and 9 1, 2, 3, 5 and 6 

Smm 3, 4, 8 and 9 1, 2, 5,6and7 
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Figure 4-41: Graph of bone mass loss for various cement mantle thicknesses. 

4.1.6 Bone mass change equilibrium plots 

The bone mass change equilibrium plot is shown in Figure 4-42. The legend of 

this chart has been arranged to give an overall performance ranking of the 

different implant orientations, offsets and cement mantle thicknesses. The highest 

ranking implant case is that which results in the least amount of bone mass loss -

which was the 23.5 varus I valgus rotation case. The lowest ranking implant case 

is that which results in the greatest amount of bone mass loss - which turned out 

to be the Omm cement mantle thickness case (cementless implant), in the 

reference configuration (maximum valgus). 
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This is a summary and a comparison of the bone mass change time history plots. 

It is noteworthy that in one of the scenarios the change in bone mass was not all 

related to remodelling. Specifically in the cement mantle thickness study, the 

increasing thickness of cement mantle was created by extra bone removal, and not 

by penetration of cement into pre-existing bone. Accordingly, the thickest cement 

mantle involved the removal of most bone. Figure 4-42, then, needs to be 

interpreted with these criteria in mind. These qualifications only affect the left-

hand side ofFigure 4-42, the area which deals with bone loss. The data in relation 

to bone gain, on the right-hand side ofthe graph, is unaffected. 
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Figure 4-41: Change in mass bone density for each case. Bone deposition and bone loss are 
shown on the right and left of the vertical axis (Y axis) respectively. 
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4.2 B. Results of x-ray Examination in Relation to Neck Width 

Measurements 

4.2.1 Time effects 

Analysis of the x-rays on the operated side, with the hip resurfacing components 

in place was undertaken. 

The group of patients examined had undergone a unilateral resurfacing. We 

looked at the change in neck diameter high in the femoral neck and lower down 

towards the lesser trochanter on the operated side. To examine the effect of time 

and the ageing process, we also looked at the change in femoral neck width on the 

unoperated side (control). Not all patients had control x-rays good enough to 

assess, so we also compared the groups with a control side and those without a 

control side to ensure that these two groups were comparable. 

33 femoral necks were available for study at five to six years of follow-up. The 

measurements were in two groups. The first, superiorly, was at the level of the 

skirt of the femoral component. At this site, there was average loss of neck width 

of 1.41 mm (a loss of 3.51% of the diameter). The standard deviation was 1.63 

mm. 

The paired samples t-test, showed a P=O.OOO. This is statistically significant, at the 

P <0.05 level. Statistical power for this measurement was 23% (Buchner, 2009). 
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Measurements at the distal point, I 0 mm above the lesser trochanter vent hole 

marker point, along the line of the axis of the component, showed a neck width 

change, a widening, of 0.63 mm with a standard deviation of 1.09 mm (a gain of 

3.73% of the diameter). For the paired samples t-test the value was p=0.002. 

Statistical power for this measurement was 12% (Buchner, 2009). 

Figure 4-43 plots all the data points for all patients. Figure 4-44 shows the data for 

the group of patients who had their contralateral hip used as a control. 
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Figure 4-43: This graph plots the percentage change in neck width at the superior and inferior 
measuring points for all the patients with a hip resurfacing prosthesis (red for the superior 

measuring point and blue for the inferior measuring point), and the control group of hips, the 
young operated hips in those patients who had had an operation on the contralateral side (Green). 
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Figure 4-44: Data points, showing the percentage change in neck width at those superior and 
inferior points for measurement on the operated side, and at the narrowest point of the femoral 

neck on the control side. Only the patients who had a control hip to be measured are shown in this 
graph. 

The group of patients who had control hips, 22, were analysed separately. In this 

group, at the superior measuring point on the operated side, the average change in 

neck diameter was a decrease of 1.40 mm (a loss of 3.52% of the transverse 

diameter) with a standard deviation of 1.68 mm. The paired samples t-test showed 

a value ofP = 0.00 I. The statistical power was 22%. 

At the inferior measuring point, the average neck width change was a widening of 

0.48 mm (3.13% of the transverse diameter), with a standard deviation of 0.81 

mm and a paired samples t-test value of P=O.O 11 . The statistical power was 9o/o. 

Looking at the control side, the average neck width change was a narrowing of 
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0.16 mm, with a standard deviation of l. 71 mm. The paired samples t-test showed 

a value of P=0.667, showing no significant difference at the P < 0.05 level. The 

statistical power was 5%. 

On the operated side, there was significant narrowing at the proximal end and 

widening at the distal end of the femoral neck, while no significant change occurs 

on the operated side. The studies, however, are underpowered. 

The group with contralateral controls and the group without contralateral controls 

were compared to check for consistency. The readings at the superior measuring 

point were compared using a paired samples t-test, with a P value of 0.454 and a 

statistical power of 5% in the immediate post-operative period measurement, and 

at the evaluation point, four to six years post-operatively. The t-test score value 

was P=0.490 with a statistical power of 5%. For the inferior measuring point, the 

initial measurement was P=0.596 with a statistical power of 6%, and at the end of 

the evaluation period, the value was P=0.499 with a statistical power of l 0%. 

The two groups were not statistically different, although the study was 

underpowered. 
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4.2.2 Influence of body mass index 

In the previous analysis, the change in the neck diameter over time was examined. 

Next the change in neck diameter, in relation to the patient body mass index as 

measured at the time of the index operation, was analysed. Figure 4-45, shows the 

data points. 
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Figure 4-45: The change in the width of the proximal femoral neck (blue dots) and the base of the 
neck (red dots) in relation to the BMI is shown. Correlation coefficient lines are shown. 

Percentage change in neck diameter is shown, rather than in mm, as the 

percentage change, as this may more accurately reflect the physical response of 

the femoral neck, decreasing the influence of the anatomic neck diameter size. 
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There is a greater response in the widening at the base of the femoral neck with an 

increasing BMI, whereas the narrowing at the proximal aspect under the femoral 

component does not appear to be related to the BMI. A correlation coefficient of 

0.13 1 for the inferior neck measurement and 0.003 for the superior measurement 

is seen. A paired samples t-test showed a P value of P <0.05, identifying the 

proximal neck remodelling response as being significantly different from the 

distal neck remodelling response. 

4.2.3 Influence of age 

The percentage change in the neck diameter, superiorly and inferiorly, was also 

assessed, in relation to the age of the patient at the time of the index procedure. 

Figure 4-46 shows this data, with correlation analyses, as being 0.0073 for the 

inferior neck and 0.0047 for the superior neck; that is no significant relationship, 

with respect to age being seen. 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 293 



30.00 

25.00 • 
20.00 

~ 
Ill 

15.00 
110 
c • Ill 

10.00 .s: 
V 
.s: 
-i5 5.00 ~ 
~ 

~ 0.00 z 

• 
• . , 

• • • • 
;,!~ ii.Q 3S ~ if45 50 

-5.00 
• • 

-10.00 

-15.00 

• 

• 

• 

5!.1 
• 
•• 
• ; 

• • • • . ---. ... 0.0073 

IJ•· • . 6 • 
• . ... 0.0047 

5 

RESULTS 

• ~rior 

• Inferior 

-Linear (Inferior) 

- Linear {~rior) 

Figure 4-46: The percentage change in neck diameter, superiorly (blue) and inferiorly (red), in 
relation to the age of the patient at the time of the initial operation. Correlation analysis is shown. 

There is no correlation with respect to age. 
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5 Discussion 

"When the mind is in a state of uncertainty the smallest impulse 

directs it to either side. " 

(Lat., Dum in dubio est animus, paulo monmento hue illue impellitur.) Terence 

(Publius Terentius Afer), Source: Andria (1, 5, 32) 
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5.1 Changes in Bone Mineral Density 

Bone remodelling theory and finite element analysis were used to calculate 

changes in the BMD due to the different loading environments in the 

reconstructed femur and identify regions of resorption and generation of bone. 

The bone remodelling results showed that significant resorption, up to 92%, 

occurred directly underneath the medial bearing surface (at ROI 1) of the hip 

resurfacing implant when a varus alignment was present, and bone deposition of 

up to 62% occurred near the tip of the implant stem (in ROI 9). The majority of 

this change occurred within the first 6 months post-surgery, with the remodelling 

process overall reaching equilibrium after about 12-18 months. On average the 

total mass of resorbed bone was four times greater than the total mass of deposited 

bone. 

A change in bone density indicates a change in the loading environment. The 

resorption directly below the metal shell of the implant together with the 

deposition observed near the stem tip indicates that the load path has been altered 

such that the load passes from the bearing surface, through the stem (bypassing to 

a significant extent the bone beneath the bearing surface) to the bone (primarily) 

midway along the stem, and finally into the cortical bone distal and inferior to the 

femoral neck. Therefore, the load is increased in the bone near the tip of the stem 

resulting in an increase in bone density, particularly in ROis 4, 8 and 9. Load 
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bypassing the bone underneath the bearing surface of the implant has results in 

significant bone resorption in that area, mainly in ROis 1, 2, 5 and 6. 

Harty et al. (Harty et al., 2005) reported no evidence of stress shielding at the 

proximal femur in the BHR replacements. Similarly, Kishida et al. reported 

preservation of BMD at the proximal femur in the BHR (Kishida et al., 2004). 

They noted that load was transferred in a more physiological manner in the BHR 

system compared to total hip arthroplasty and hence stress shielding in the regions 

of interest was prevented. Cordingley (Cordingley, 2005) examined the changes in 

bone mineral density as measured by DEXA over a period of 24 months in a 

group of resurfacing patients. These patients were post-operative BHR surgery, 

with the same selection criteria, and performed by the same surgeon as the 

patients studied by x-ray in this thesis. She found, over this period of time, no 

significant difference in bone mineral density in the volume examined by DEXA. 

The area of bone which was examined, however, was much larger than the nine 

localised areas evaluated by finite element analysis in this thesis. These findings 

varied somewhat with the results of the current study, but more related to detail, 

rather than the broad thrust of their conclusions and some of the differences could 

be explained as follows: 

• All three studies used DEXA to calculate BMD changes. The use of any x-

ray based method prevents examination of the bone underneath the metal 

shell of the implant, which is obscured on the x-ray due to the 

comparatively high density of the implant. Results presented by 
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Cordingley, Harty et al. and Kishida et al. (Cordingley, 2005, Harty et al., 

2005, Kishida et al., 2004) were therefore restricted to the area of bone 

around the implant stem which was not obscured by the implant. In the 

current study, no bone loss was observed in this area either. In this respect 

our results agreed. 

• Size, shape and location of the ROis analysed would also contribute to a 

difference in results. The use of large ROis will tend to underestimate the 

results, particularly if an inadequate follow-up period is used (as bone 

tends to resorb at an increased rate in comparison to bone deposition) 

(Figure 2-44 and Figure 3-7). Instead of 6 ROis used by Harty et al. and 

Kishida et al. (Harty et al., 2005, Kishida et al., 2004) 9 ROis were taken 

in this study to allow a greater specificity and sensitivity to localised BMD 

changes. The current study also considered a larger target area (the volume 

of bone underneath the implant head) but in smaller increments to analyse. 

• In Cordingley's (Cordingley, 2005) study, a much larger area of femoral 

neck bone was evaluated than in the other two studies. It was not possible 

to discriminate between changes in the bone at one end of the volume 

evaluated, as opposed to the other end. In the current work, it is noted that 

the proximal end of the femoral neck, just underneath the skirt of the 

femoral component, was exposed to bone resorption influences, while at 

the base of the neck bone deposition stimuli occurred. This is particularly 

apparent in the data presented in Table 4-1, in the results chapter. It is also 

seen in the graph representing the x-ray evaluation (Figure 4-43). 

Cordingley also noted that in the post-operative situation, a significantly 
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increased level of physical activity was undertaken by the patients, as 

compared to their pre-operative leveL Physical activity has a significant 

effect on bone mineral density and a change in physical activity cannot be 

discounted as being a significant contributor to the bone mineral density 

measured (Shibata et al., 2003). This aspect is not accounted for in the 

other studies mentioned, or in the analysis of the data for this thesis. 

However, it may be a significant factor. She notes that the contralateral 

side did increase in bone density, but only in the male patients. In our 

analysis of the x-rays of the small group of patients' control hips, the non-

operated side of the patients who had had a unilateral hip resurfacing, 

there was no change in the neck diameter at the points we measured 

(Figure 4-44). We would expect exercise-induced changes to occur in both 

hips, and as there was no detectable change on the nonoperated side, we 

assume that there would be little if any change stimulated by exercise on 

the operated side, within the timescale under study. 

The above-mentioned papers, in their analysis, did not break down the component 

positioning, to try and relate the bony response to that. We note that other factors 

may affect post-operative remodelling of the operated side, such as disturbance of 

vascularity. Surgical trauma may limit remodelling potential within the timescale 

of the study, and this may be a confounding factor. As the finite element analysis 

results show a significant difference in bony response to component positioning 

may be expected, it is difficult to draw a reliable conclusion from those studies 

without consideration of component positioning as a variable. ln our x-ray 
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analysis study, however, all of the components ranged from neutral to a valgus 

alignment i.e. from the reference position, the most valgus to the 18.5° position. 

While this is not the degree of precision that would be ideal, the variation is more 

limited than in other studies, so we assume that the data is more reliable. 

It is one of the goals of resurfacing surgery to avoid or at least minimise the loss 

of bone density, in order not only to prevent implant loosening but also to 

minimise the risk of fracture, particularly along the superior femoral neck where 

crack initiation leading to fracture is most likely to occur in our experience and on 

cadaveric testing (Vail et al., 2008). Stress shielding may, in part, be reduced by 

matching the stiffness (a function of both material and geometry) of the implant 

system to the bone and ensuring that the implant stem carries minimal load and 

load does not bypass the bone. However, the beneficial effects of a stem, such as 

initial guidance on implantation and initial stability during early weight-bearing, 

need to be considered when looking at the possibility of removing it. Possibly, the 

use of a dissolvable stem or a flexible stem may be a viable compromise. 

5.1.1 Effect of varus I valgus alignment 

The position of the femoral implant is a major determinant of bone resorption and 

implant function. The closer the implant stem is to the centre of the femoral neck 

axis, the less bone loss occurs. Loughead et al. compared femoral alignment in 

total hip arthroplasty and resurfacing hip arthroplasty (Loughead et al., 2005). 
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They found that varus alignment increases femoral offset and tension on the 

femoral neck, and suggested that the femoral stem should be in neutral or valgus 

alignment to decrease the fracture risk on the resurfaced hip. In a cadaver 

analysis Vail(Vail et al., 2008) showed that increasing varus alignment by 10° 

beyond neutral increased strain on the superior aspect of the neck by 19-23%. 

The biomechanical principles proposed by Pauwels (Pauwels, 1976) (Figure 5-l) 

in relation to the treatment of fractures, and as a guideline for the planning of 

osteotomies, advocated the positioning of implants, such as plates or screws, 

considering the lines of stress, as determined by mechanics, and as visualised by 

the presence of trabeculae within the femoral neck (Figure 5-2). Freeman, (Figure 

5-3) (Freeman and Brown, 1978) advised that the femoral resurfacing component 

be positioned perpendicular to the primary compression trabeculae in the femoral 

neck, taking the plane of the mouth ofthe femoral component as the reference. In 

situations where there is no protruding stem from the femoral component, such an 

alignment may be practical. The Freeman and the Wagner components were of 

such a design. The risk of femoral neck notching, however, still remained. 

Loosening and early failure occurred. Metallurgy, engineering and design were 

totally different then and undoubtedly related to the high incidence of failure. 
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Figure 5-1: Biomechanical analysis of the loads across the weight-bearing hip."R" is the resultant 
force across the hip joint, produced by the etTects of gravity, and the counterbalancing torce of the 

hip muscles (Pauwels, 1976). 

Figure 5-2: Body weight resultant force, depicted on a cross-section of the hip, showing how the 
primary compression trabeculae are lined up along this vector (Garden, 1961 ). 
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Figure 5-3: From Freeman's article, (Freeman and Brown, 1978) showing his concept of optimal 
femoral component alignment. 

However, when there is a stem to the component, an attempt to align the femoral 

component parallel to the primary compression trabeculae not only risks notching 

the femoral neck superiorly, but also, of removing significant bone from the calcar 

region of the femoral neck and, possibly, notching the neck internally. It is 

technically difficult if not impossible for this degree of valgus alignment, 

perpendicular to the primary compression trabeculae, to be achieved with a 

stemmed resurfacing femoral component. 

This study has shown that when using a stemmed femoral component, there is an 

optimal position within the femoral neck where bone loss is minimised, and the 

risk of removing load-bearing bone is minimised. This emphasises the importance 

of the individual variability of various prosthetic components. These conclusions 

can only be applied to the Birmingham design. Other designs, with shorter or 

absent femoral stems, are likely to give different results. 
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In analysing hip resurfacing failures, Shimmin identified femoral neck notching 

and varus alignment as being two factors associated with early failure of the BHR 

prosthesis in hip resurfacing in clinical use (Shimmin and Back, 2005). Other 

authors have emphasised the importance of alignment (Davis et al., 2008, Anglin 

et al., 2007). A neutral or valgus alignment is recommended in these cadaveric 

studies. They note that attempting a valgus alignment can increase the risk of 

notching. 

Brown (Brown, 2009) has shown that proximally displacing the centre of rotation 

of the femoral head component has a significant beneficial biomechanical effect 

in minimising the stresses across the femoral neck. In our study, the centre of 

rotation was maintained, coincident with the centre of rotation ofthe femoral head 

as it would be in a spherical configuration. However, clinically, it is often the 

situation that, due to conflicting priorities, namely to achieve a valgus alignment, 

while at the same time minimising the risk of notching, a superior displacement of 

the centre of rotation of the femoral component is carried out. This may be only a 

few mm, but Brown has shown that even a small proximal displacement improves 

femoral neck loading. In reality it is a combination of component alignment, 

offset and cement thickness as well as location of the centre of rotation that 

determines overall loading of the femoral neck and subsequent remodelling. 

From the current results, a neutral alignment is recommended. In certain 

anatomical configurations, such as a very narrow neck, a deformed neck or 

possibly a neck with other implants within it, it may be desirable to use prostheses 
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with a short thin stem, or with no stem at all, in order not only to address the 

requirements of component positioning in the acute stage, at surgery, and the 

immediate post-operative period, but also to consider the bone loss involved in 

allowing for a stemmed component to be inserted (Figure S-4). While this may 

give added flexibility to the surgeon with clinical imperatives to consider, the 

finite element analysis as presented in this thesis, with the Birmingham prosthesis 

stem would not apply. The influence of the stem is simply too great to ignore or 

make assumptions about (Heijink et al., 2008, Gillies et al., 2008). 

Figure 5-4: Eska femoral component, with a modular stem left, and the Binningham prosthesis, 
righl The stem can be removed completely on the Eska device or a short stem can be applied. The 

Binningham has a solid, thicker and longer stem. 

5.1.2 Effect of anteverted and retroverted alignment 

In this study, variation in version angle showed that a slightly anteverted stem 

within the femoral neck is preferred as bone loss is minimised. This faces the 
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component a little posterior (centre of rotation remains unchanged). A neutrally 

positioned stem is aligned with the femoral neck axis. It has the same anteversion, 

with respect to the femoral epicondyles, as the femoral neck itself. A little further 

anteversion of the stem (retroversion of the bearing surface) may alter the load 

path such that load is distributed from the bearing surface to the surrounding bone, 

and less through the stem, better loading the bone beneath the bearing surface. 

This may be the result of diminishing the effect of anteversion of the femoral neck. 

Cameron and McTighe found that the optimal angle is 10° - 15° anteversion 

(Cameron, 1989). This calculation, however, relates to the femoral neck 

anteversion in total hip replacement surgery. The prosthesis femoral neck 

anteversion is much more easily controlled in a total hip replacement, where the 

head and neck are removed. In a resurfacing, this is not the case and the degree to 

which version can be altered is much more restricted. In a cadaver study, Vail 

(V ail et al., 2008) analysed the effect of component version and found significant 

changes in loading patterns. However, there was no significant difference in neck 

breaking strength. Their study identifies the immediate effect of version on strain 

tolerance of the femoral neck. It does not allow for remodelling. In our analysis, it 

is remodelling which may be adversely affected by anteversion of the articular 

surface and this needs to be considered in addition to the effect that that Vail 

found, on the loading pattern. The loading pattern would not be expected to 

change in time, as the remodelling developed. 
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In a much more detailed analysis of the issue of anteversion, Dorr et al. (Dorr et 

al., 2009) consider the combined contribution of the femoral and the acetabular 

components in producing a total anteversion, which determines the prosthesis 

performance in a more comprehensive way than the analysis by Cameron. Dorr 

recommends a combined anteversion, that of the femoral neck plus that of the 

acetabulum, of between 25° and 50°. Although the issues are different, it does 

stress the point that version is a combined attribute of the femur and the 

acetabulum and cannot be dealt with separately. The concern is component 

impingement, and his recommendations relate to total hip replacement prostheses. 

In a total hip replacement, the femoral head-neck ratio is much more favourable 

than in a hip resurfacing. Accordingly, the constraints are likely to be tighter in a 

hip resurfacing than in a total hip replacement. By slightly retroverting the 

femoral articular surface (anteversion of the stem through a fixed centre of 

rotation) the load transmission may be improved. It is clear that in the clinical 

situation of a slipped upper femoral epiphysis (marked anteversion of the femoral 

articular surface) the mechanics of the joint are disturbed and osteoarthritis 

develops (Goodman et al., 1997). It may well be that a slight decrease in the 

anteversion (and that is all that can be achieved in a resurfacing given the 

constraints of the femoral neck) the biomechanics are improved. We plan to 

investigate this further. 

This study, however, only looked at the femoral side. The variation in femoral 

component alignment, as determined by the study, is superimposed on the 

naturally occurring femoral neck anteversion. It is assumed, in our model, a 

standard anteversion of 15° (McKibbin, 1970). It is further assumed that the 
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morphology of the proximal femur is normal. We do not allow, in our model, for 

deformities such as slipped upper femoral epiphysis, Perthe's disease, post-

fracture or developmental deformities. All of these configurations have a different 

anatomical shape and would require different modelling before a reasonable 

conclusion would be reached as to the acceptable boundaries of component 

positioning. 

Not taking into account the large anatomical variation, and based on the data from 

this study, if an attempt is made to alter the anteversion of the femoral component 

in a resurfacing, a slight degree of anteversion is preferable to a slight degree of 

retroversion. The femoral neck is highly constrained, as far as allowing the 

positioning of the femoral component stem. If the femoral neck is not going to be 

perforated, then very little adjustment in version is possible. The adjustment that 

is possible, however, should be in anteversion or neutral with respect to the stem 

of the prosthesis. Retroversion of the stem is the least desirable alignment. This 

produces further anteversion of the bearing surface. It can be noted that stem 

retroversion tends to reproduce the configuration seen in a slipped upper femoral 

epiphysis. Not only would the mechanics of the hip joint be altered in an 

undesirable fashion, but also the bone remodelling data would be adversely 

affected. From the current results, a neutral or slightly anteverted positioning of 

the femoral stem would be recommended. 

If, however, the starting point of the deformity is a slightly excessive femoral 

neck anteversion, attempting to correct that by retroversion of the femoral 
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component may not be desirable. There is no data to show that such an alignment 

would improve the joint mechanics. McMinn (McMinn, 2007), in a personal 

communication, described a desirable combined anteversion (femoral neck 

anteversion plus acetabular anteversion) alignment as being less than 45°. If the 

combined alignment exceeds this, he recommends either undertaking a derotation 

osteotomy of the proximal femur or abandoning resurfacing in favour of a 

standard total hip replacement which would allow a greater freedom of rotational 

alignment ofthe component. 

In the final analysis, however, the only conclusions that can be reasonably derived 

relate to a proximal femoral configuration using the components as in our 

modelling. Under those circumstances and fortunately, the majority of hips fall 

into this group, a neutral or slightly anteverted alignment is desirable. 

5.1.3 Effect of implant offsets 

From the results, bone loss decreases with increasing offset distances. In this 

study, the term "offset" was used to mean the distance that the femoral component 

was left unseated from the prepared femoral head. The void was filled with 

cement. Accordingly, the offset distance which we measured in this study was 

partially composed of limb lengthening and true offset increase. Femoral offset 

distance is generally defined as the perpendicular distance from the centre line of 

the femoral shaft to the centre of the femoral head (Loughead et al., 2005, 

Asayama et al., 2005, Nishii et al., 2004). Greater femoral stem offset increases 
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the abductor moment arm and this decreases the abductor force needed for 

walking as well as the overall articulating reactive force at the articulating surface 

(Nishii et al., 2004). Niishi et al. (Nishii et al., 2004) found that femoral offset is 

not a significant factor for risk of dislocation, compared to anteversion of the 

acetabular cup. Michelotti and Clark (Michelotti and Clark, 1999) looked at any 

possible association of femoral neck length with the incidence of femoral neck 

fracture, and found none. Accordingly, these minor changes of seating should not 

predispose to either of these complications related to any altered biomechanics in 

these patients caused by the incomplete seating. 

Huiskes et al. (Huiskes et al., 1985) analysed the interface stresses related to the 

Wagner hip resurfacing (Figure 2-84 and Figure 2-85). This prosthesis is not 

comparable to the Birmingham hip resurfacing, being without a stem, and with a 

different internal contour and manufacturing criteria. As well, the femoral 

preparation is different. As noted previously, it had a high failure rate. However, 

Huiskes hypothesised that "failure initiation due to high initial stresses is not the 

significant denominator, but rather failure propagation due to a combination of 

mechanical effects (progressively increasing stresses and micro-motions through 

local failures) and the biological phenomena (gradual interface bone resorption 

through micromotion)". This hypothesis applies to this component configuration 

and its design peculiarities as well as to interface stresses in general. Further, he 

notes that the cement stresses observed under the Wagner prosthesis were not 

significantly different to those in intramedullary fixed femoral prostheses. That 

would suggest that given a well-fixed, stable prosthesis the stresses are within 
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acceptable limits and would not be expected to precipitate failure by loosening. 

As the BHR modelled with a stem and fully seated would appear to have a better 

degree of fixation, the interface stresses would at worst be comparable to his 

Wagner component analysis. 

From the current results an offset of 3-Smm appeared to be acceptable from the 

bone remodelling viewpoint. However, analysis of the displacement projected 

showed that the potential displacement of the component with gait would be 

unacceptably high (Figure 4-30). This cyclical potential displacement may of 

itself produce loosening of the component, particularly when combined with the 

stresses produced in the thicker cement mantle above the femoral head (Figure 

4-24). As the femoral component is left progressively more unseated, the contact 

area between the component and the supporting bone is diminished and the 

stresses at this reduced contact area are increased. 

Using the most extreme case as an example, the 5 mm offset case, the concern is 

that the potential increase displacement which is shown may become real, and that 

maintaining a neutral bone density or increasing the bone density in all of the 

zones with the exception of zone one and zone five will not provide enough 

stiffuess to control mobility of the component particularly as the zones 

immediately under the cement mantle at the top of the femoral head, zones one 

and five, are the ones which decrease bone mineral density most dramatically with 

time and use. 
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Whether or not mechanical failure is going to occur will depend to a significant 

extent on the starting material strength. Cancellous bone can vary enormously 

with trabecular porosity varying from 30% to more than 90% (Carter and Hayes, 

1977). Carter and Hayes (Carter and Hayes, 1977) showed that bone strength was 

found to be approximately proportional to the apparent density squared. A small 

drop in density led to a large drop in bone strength. With the stress shielding and 

drop in bone mineral density which is seen to occur in zones one and five, this 

diminished bone strength would appear to be less able to counteract the mobility 

in the component induced by its increased offset. Fortunately, in the clinical 

situation, an incomplete seating of the femoral component would most likely 

occur when the femoral head is highly sclerotic, or very dense, making the 

component difficult to seat. It is in this situation when it is difficult to seat the 

component, whether cemented, with the attendant difficulty of squeezing out the 

cement during the seating process, or uncemented, where the friction between the 

component and the femoral head is increased so that the component is left not 

fully seated. In this clinical situation, the bone stock would appear to be 

favourable, allowing some subsequent loss of bone mineral density to be tolerated 

mechanically. This may explain why, clinically, incomplete seating is not a 

greater problem than it is. Of greater concern, however, is the tendency, when 

being faced with a component which is incompletely seated, to continue to 

hammer it in with increasing vigour, thereby exposing the femoral neck to a great 

deal more trauma, and possibly precipitating a femoral neck fracture. Analysis of 

femoral neck fractures associated with hip resurfacing does show that incomplete 

seating is a not uncommon occurrence, as manifested by excessive cement at the 
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superior pole of the prepared femoral head, under the femoral component (Figure 

3.15) (Morlock et al., 2008). However, it is unknown in what proportion in 

successful resurfacing patients the component is not fully seated and continues to 

function well without problems. This type of fracture when it occurs is, in our 

experience, an event which occurs within six months of surgery, and not the 

result of remodelling, which may be expected to result in fractures beyond the 

six-month mark, when the remodelling reaches a maximum. Other studies have 

noted the stress shielding of the bone within the femoral component (Huiskes et 

al., 1985, Taylor, 2006). Taylor (Taylor, 2006) modelled the ASR prosthesis 

(DePuy International, Leeds United Kingdom), significantly, the stem is thinner 

and shorter and is over-reamed, (therefore debonded) whereas, on the BHR, the 

stem is in direct contact with the femoral neck bone. He found significant stress 

shielding in the same areas as described in this thesis. We did not model the effect 

of having the stem totally devoid ofbone contact, but Taylor found that increasing 

the size of the stem, and placing it in direct contact with the surrounding bone, led 

to only a "small increase in strain shielding" in those affected areas of the femoral 

head. For the ASR, Taylor calculated a 59% reduction in mean strain within the 

femoral head. This calculation was with a femoral head fully seated. He calculated 

the mean strain of values within the head and neck within the range of 1300 to 

2600 Microstrains. Less than 0.1% of the total volume of bone under study 

exhibited strain magnitudes greater than 5000 Microstrains. He felt that, even so, 

the peak strains were lower than the 7000 Microstrains yield limit for cancellous 

bone described by M organ (M organ and Keaveny, 200 I). There was no 

calculation of the potential behaviour of bone with the component not fully seated. 

Surgical Aspects, Finite Element Analysis and x-ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 313 



DISCUSSION 

In our study the maximally unseated configuration produced a maximum of 5000 

microstrain in the femoral neck Figure 4-31. This, however, is in idealised bone, 

and, with the development of osteoporosis, strain magnitudes have been shown to 

be much higher and distributed less uniformly than in healthy bone (Rietbergen et 

al., 2003). Applying Taylor's data it may well be that in some areas double the 

measured average strain may exist. If that were the case, the 10,000 micro strain 

level may be reached, 1% strain. This could possibly result in cancellous bone 

failure. The unseated configuration, with time, and the development of 

osteoporosis, may produce an increased failure rate, as a result of femoral neck 

fracture. The strength of bone decreases by 15% -50% between 30 and 90 years of 

age (Martin, 1993, Burstein et al., 1976, Wang et al., 2002). While the unseated 

configuration certainly appears to be quite commonly seen in retrieval specimens 

after fracture (Morlock et al., 2008), this is early failure, and a later failure peak 

may possibly be expected, with age, and the development of osteoporosis as a 

result of these increased strain magnitudes, which will persist. 

Earlier, when discussing the material properties of trabecular bone (Chapter 

2.3.9.2) it was noted that the yield of trabecular bone occurs at 1% to 4% strain. 

This was noted to occur regardless of the bone volume fraction. However, 

trabecular bone with a high bone volume fraction required a higher load to 

achieve the same strain. Clinically, incomplete seating may occur in situations 

when the bone is sclerotic and dense with a high bone volume fraction and, under 

these circumstances, the loading required to reach the l% to 4% strain needed to 

reach the point of yield may not occur during normal activities. 
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The mechanical effect on the femoral head and neck of an incompletely seated 

femoral component is permanent. Even in a situation where the femoral neck 

survives the vigorous impaction at the time of insertion, with the passage of time, 

the development of stress shielding inside the femoral head, and a naturally 

occurring loss of bone mineral density with age (Dempster, 2003), the potential 

for failure of the femoral component as a result of its increased mobility exists if 

this mobility develops or possibly having developed persists. The degree of bone 

mineralisation and bone strength at the time of implantation may in time be a 

crucial variable in determining at what point the femoral neck fails. The 

stress/strain level at which microdamage is initiated is decreased in aged bone, 

(O'Neal, 201 0) so the initial strength is likely to be important. This effect of age, 

on decreasing bone mineralisation, and the age effect on decreasing bone strength 

is important (Sahar, 201 0). In addition, the effect of physical activity is important. 

Bone exposed to a high level of physical activity is more mineralised and stiffer 

(Halonen, 2010). 

A significant degree of decrease in the mineralisation of the femoral head bone 

occurs post-operatively. The increased potential mineralisation in the remainder of 

the femoral neck may not provide adequate stability in the long term, to 

counteract the added mobility when the femoral component is not completely 

seated and allow for the decrease in the mineralisation under the femoral 

component. Leaving the head unseated therefore should be avoided. Vigorous 

impaction applying large forces, during an attempt to fully seat the femoral 

component at surgery, risks fracture and should also be avoided. These are 
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conflicting aims in the clinical setting and are the focus of careful consideration 

by the surgeon. Positioning the component within 3 mm of full seating appears to 

be adequate (Figure 4-31) (Hogg et al., 2008). 

5.1.4 Effect of cement mantle thickness 

The results ofthe cement thickness variation were inconclusive. We thought that 

the use of a thicker cement mantle, or increased cement penetration, decreased the 

sharp stiffness gradient between the implant and the bone and therefore 

transferred the load from the implant to the bone in a more gradual way. That may 

well be the case but, in this study, the cement was a single discrete layer, with no 

penetration. It involved the removal of bone, to achieve this extra layer, rather 

than a permeated process. This effect of a single discrete layer versus a 

permeation process will be addressed in a future study. Furthermore, it was 

thought that this improved distribution of the load would act to prevent stress 

shielding and result in less bone resorption. Discounting the 3 mm and 5 mm 

assessments, there was not much difference between the 1 mm cement mantle and 

the cementless implants, in terms of bone loss. However, looking at the regional 

areas of bone change, the nine separate regions, the most favourable outcome 

appears to be with the one mm cement mantle. The area where fractures may be 

noted to initiate, (Shimmin and Back, 2005) in zones six and seven, appeared to 

be better preserved in this circumstance. 
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Although fatigue cracks do not depend on mantle thickness, and propagate at the 

same rate independent of mantle thickness, they do penetrate earlier in thinner 

mantles (Mann et al., 2004, Hertzler et al., 2002). In a comparison study, looking 

at the medium-term effect of thick versus thin cement mantles around total hip 

replacement femoral components, Skinner found that, while vertical migration 

was greater when a thick cement mantle was used, the presence of lytic lesions 

and lucent lines was less (Skinner et al., 2003). These studies, however, look at 

the behaviour of cement in total hip replacements. In a total hip replacement, the 

femoral component-cement interface is subjected to a significant shear load, a 

load which is not nearly as large in a femoral resurfacing where the femoral 

component, if soundly fixed, is markedly constrained around the prepared femoral 

head. Accordingly, it is difficult to know how much reliability can be placed on 

this data in relation to hip resurfacing. Probably the circumstances of the cement 

under the femoral component in a resurfacing are more akin to the behaviour of 

cement in a total knee replacement. 

A separate issue is the heat generating effect ofthe cement. The BHR prosthesis is 

a "line-to-line" implant, bone contact with no "built-in" cement layer. Any cement 

which is present is either in a void, or permeated through bone. There is no 

discrete cement layer as such. Other implants, however, vary in the cement layer 

thickness they allow, up to 2 mm. The heat generated by the curing cement has 

the potential to damage the bone through necrosis (Mjoberg et al., 1984). Little at 

al., in a cadaver study, looked at the influence that thick versus thin cement 

mantles had on the produced temperature, and found a significant difference. The 
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cement mantles were hotter for the 1.5 mm thick cement mantle than the 0.5 mm 

cement mantle. The temperatures were 45°C, versus 33°C respectively, with the 

critical temperature for bone necrosis being approximately 4 7°C (Albrektsson and 

Linder, 1984). However, the cadaver study undertaken would tend to magnify the 

temperature reached, as the effect of the blood circulation as a heat sink is not 

present, and the heat sink effect of reducing the femoral component into the 

prepared acetabular component when there is a normal pelvic circulation is also 

absent. However, the extra heat produced by the thicker cement mantle is 

noteworthy, but possibly not as relevant under these circumstances. 

The status of the circulation in the femoral head at the femoral head and neck 

junction after resurfacing, is controversial. While important from the point of 

view of acting as a heat sink, the status of the circulation in relation to the 

viability and remodelling is even more important. Murray (Little et al., 2005) 

found osteonecrosis to be a common finding in failed and resurfaced hips. The 

incidence of osteonecrosis of the femoral head in well functioning hip 

resurfacings is not known. Hananouchi (Hananouchi et al., 20 l 0) found no 

significant difference in the vascularity around the femoral head-neck junction 

between groups with and without hip resurfacing arthroplasty. McMinn (McMinn, 

2009a), using technetium bone scanning, found strong evidence of a preserved 

blood supply to the femoral head after hip resurfacing. Most likely, the femoral 

head bone at risk of developing avascular necrosis is removed during the 

preparation process at the time of implantation. This may also minimise the 

thermal damage potential of cement. 
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In our study, we did not allow for thermal damage in the modelling. Modelling of 

the cementless implant showed the most bone loss and the least bone gain of any 

of the configurations analysed. (Figure 4.44) This may relate to the sharp 

demarcation between the prosthesis and the femoral head and stress shielding 

without the load distribution effect of the cement mantle. It would appear, having 

considered these aspects, that a 1 mm cement mantle would be the best option, 

minimising potential adverse outcomes. 

5.2 Radiological Evaluation 

The post-operative x-ray evaluation looked at anteroposterior x-rays of patients 

who had had hip resurfacing surgery four, five and six years earlier. This 

evaluation did not take into account version of the components specifically, 

although we made a conscious effort to put the component stem either neutral in 

the femoral neck, or slightly anteverted. However, this was not documented or 

accounted for in our analysis. Equally, incomplete seating of the femoral 

component was not documented. We were able in the vast majority of patients to 

seat the component fully and in no patient was the component more than 2 mm off 

the prepared femoral head. However, again, this was not measured or accounted 

for in the analysis. The cement mantle is variable, depending on bone morphology 

and shape of the prepared femoral head. This evaluation did not take that into 

account either. These are weaknesses in this study. The assumption is that the 

majority of the influence on the femoral neck remodelling will be as a result of the 

valgus or varus alignment. 
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Having accepted these limitations, the x-ray analysis does show significant 

remodelling. There is neck narrowing proximally, just underneath the femoral 

component. Neck narrowing was noted in assessments of hip resurfacing outcome 

reviews (Back et al., 2005, Steffen et al., 2008, Treacy et al., 2005). It was not 

associated with any adverse outcome at the time of data collection. This 

observation was also described by Hing at al. (Hing et al., 2007) reviewing x-rays 

of patients following the BHR surgery. They noted however, that 77% of their 

reviewed 163 hip resurfacings showed evidence of narrowing and, in 27%, the 

narrowing exceeded 10% of the diameter of the neck. They measured the neck 

diameter at the lower border of the femoral component. In their analysis, equally, 

no allowance was made for variations in femoral component version, femoral 

component seating or cement mantle thickness. We have determined that these 

variables may influence the remodelling. The statistical power of the study was 

not stated. Katrana et al. (Katrana et al., 2006) compared the neck narrowing seen 

in cemented (BHR) and cementless (Cormet hip resurfacing - Corin, United 

Kingdom) hip resurfacing arthroplasties. They looked at different implants, 

however, with a somewhat different manufacturing process, but found that there 

was a significantly increased femoral neck resorption below the BHR component, 

the cemented implant. Again, the statistical power of the study was not stated. 

We have found narrowing of the neck below the femoral component, but also 

found widening of the neck at the base. Both of these have statistical significance 

but based on the current data, we lacked power. We aim to address this in future 

work. Assuming, however, that the power will be borne out to be satisfactory, this 
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is a manifestation, most likely, bone remodelling, in response to the altered 

mechanical environment produced by the femoral component. Cordingley 

(Cordingley, 2005) has shown that the quantity of bone in the femoral neck is 

unchanged, through her DEXA analysis, and this would suggest that, in view of 

our x-ray results and the finite element analysis, what we are seeing is a 

manifestation of bone remodelling. Bone has been resorbed proximally, and 

deposited distally. However, other potential explanations for the neck narrowing 

are possible. These may be divided into intra-osseous causes and extra-osseous 

causes. 

Intra-osseous: 

A. Dying osteoblasts stimulating bone removal through osteoclast 

activation 

Micro damage induced bone resorption has been shown to occur. The debris 

which is produced by the trauma of the surgical intervention, dying osteocytes, etc, 

produces mediators stimulating osteoclasts. (Cardoso et al., 2009, Fadok et al., 

2001 ). This surgical trauma may of itself have an effect, without the necessity of 

involving the mechanosensor system. (Potter, 2010) 

B. Microcracks stimulating osteolysis. 

The development and repair of microcracks in the femoral neck is a natural 

process in any bone considered essential to bone homeostasis (Burr, 2002) . This 

may be accelerated through the trauma of surgery and result in the targeting of the 

remodelling process preferentially to this area. Changes in the bone matrix alter 

the mechanical signals received by the osteocytes (Potter, 201 0). 
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Extra-osseous: 

The micro-environment around a total hip replacement is not normal. The fluid 

has abnormal content and abnormal flow.(Konttinen et al., 2005) 

A. Fluid - pressure and flow currents. 

In the normal hip there is no increase in intracapsular pressure in the normal range 

of movement. Extra fluid decreases the range in which no extra pressure occurs 

(Wingstrand et al., 1990). In loose total hip replacements, and increased 

intracapsular pressure has been shown. The pressure is increased at rest, and 

varies in a cyclical way, with gait (Robertsson et al., 1997). 

Abnormal function in resurfaced hips has been associated with effusions and cysts 

(Pandit et al., 2008, Peacock et al., 2008). Whether excessive fluid occurs in 

normally functioning hip resurfacing is not known. Fluid pressure and fluid flow 

is sensed by osteocytes, and this may be a stimulus for remodelling (Huo et al., 

Qin et al., 2003). In addition to a volume load within within the hip joint cavity 

there are currents which may be responsible for a remodelling stimulus. 

Osteocytes and osteoblasts respond differently to different flow patterns (Ponik et 

al., 2007). How the fluid present within the joint cavity affects this response is not 

known. Fluid flow possibly more than pressure may be effective in generating 

resorption, or at least osteoclast activation (Qin et al., 2003, Fahlgren, 2010) to. 

Complex flow eddies are generated adjacent to the articular surface (Cann, 20 I 0). 
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These may activate osteoclasts and in so doing, produce the neck narrowing 

adjacent to the femoral component edge which has been observed. 

B. Metal toxicity 

Significantly increased levels of cobalt and chromium but not molybdenum ions 

have been shown (Witzleb et al., 2006). There is an initial wearing in 

phenomenon during the first year after surgery with a gradual subsequent decrease 

in chromium and cobalt ions (Skipor et al., 2002). Very low levels of ions have 

been described in McKee-Farrar implants in-situ for over 20 years (Jacobs et al., 

1996). However, component malposition resulting in edge loading has led to the 

development of very high levels of cobalt and chromium ions both locally and 

systemically (Kwon, 2010). 

Although these trace elements are essential for life, there is concern that long-term 

elevation of cobalt and chromium ions may lead to adverse biological results. 

Findings of immune suppression and chromosomal damage have been made, as 

well as carcinogenesis (V ahey et al., 1995, Visuri et al., 1996, Savarino et al., 

2002, Granchi et al., 2000). Population studies however, remain unconvincing, 

regarding the presence of adverse outcomes even after many years of use of 

metal-on-metal implants (Visuri et al., 2003). 

More recently, cysts and pseudo-tumours have been described in association with 

hip resurfacing arthroplasties (Pandit et al., 2008). While the possible 
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explanations of these is outside the scope of this thesis, the presence of these 

pseudo-tumours, cystic lesions that they are, may indicate the presence of pressure 

affects, inflammatory effects or toxic effects from dissolved metals on the femoral 

necks. The patients assessed for the x-ray evaluation of this thesis, during the 

course of their follow-up examinations, are examined for clinically obvious cysts, 

swellings, pain and other clinical symptoms which may be associated with 

abnormal function of the joint. As at the time of writing, none were found in the 

patients assessed and described in this thesis. 

It is likely that all ofthese factors play a part in the remodelling of bone producing 

the appearance that we see on x-ray of the femoral neck. Possibly, other factors as 

yet not identified also play a part. Biological systems are complex, and usually 

have multiple redundancies. It would not be surprising, therefore, for there to be 

multiple inputs determining the shape, remodelling, and maintenance of femoral 

neck bone. 

Accordingly, it would appear that the x-ray evaluation is a confirmation of the 

predicted behaviour of the bone, as described by the finite element analysis. The 

area of bone in zones five and six, and to a lesser extent in zones one and two, 

undergo resorption, through remodelling, with the other areas undergoing bone 

deposition, also through remodelling (Table 4-l ). The x-ray assessment is 

statistically significant, for both the proximal neck narrowing just underneath the 

femoral head and the measured widening at the base of the femoral neck, with a p 
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value < 0.05. The study, however, lacks statistical power. We will address this 

with subsequent work. 

We have also identified a significant correlation with the body mass index, in 

agreement with Hing et al. (Hing et al., 2007). While there was very little 

relationship with the proximal measuring point narrowing, increasing BMI was 

more associated with widening at the base of the femoral neck. There was no 

strong relationship with age. 

Although lacking statistical power, the x-ray evaluation does appear to confirm 

the validity of the finite element analysis model used in the study. It has, in our 

practice, been a guide to the positioning of the BHR components. There are many 

patient variables and technical constraints in clinical surgery and each patient is a 

little different in their morphology. The results of this study, however, have paved 

the way. The data obtained guided us to position the femoral component in the 

way most favourable to future potential remodelling and to minimise the potential 

for adverse remodelling. 

Adaptive bone remodelling theory can produce clinically relevant results. In this 

study, the bone remodelling analysis has shown that there is a change in the 

loading environment with the BHR in place which may lead to stress shielding 
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and bone resorption. Furthermore, the ability of bone remodelling to predict BMD 

changes where DEXA cannot has been demonstrated. 

There are limitations to the study. The finite element analysis has not considered 

any change in activity levels following surgery. These changes, if any, may alter 

bone remodelling. Contact conditions of the prosthesis with bone may vary. The 

contact conditions for the cemented cases assumed full interference between the 

interfaces (fully-bonded contact surfaces) and did not take into account the 

possibility of femoral head necrosis or cysts where there may be large voids filled 

with cement. This would alter the loading environment as predicted in this study. 

Cement loosening, or demarcation, from the underlying bone, was also not 

considered. However, the generation of the bone model is a validated process 

(Taylor et al., 2002) and the remodelling algorithm curve parameters were kept 

constant. 

This study shows that bone remodelling occurs in response to the altered loading 

of the femoral head and neck. Multiple factors contribute to stress loading and 

subsequently bone resorption and bone deposition. The position of the femoral 

implant is a significant determinant in predicting these remodelling changes and 

possible implant failure due to loosening or fracture. However, component 

position may not be the only determinant of the bone response as seen on x-ray. 

Other factors, such as cysts, bone viability, localised or widespread, effusions, 

metal toxicity, inflammatory response, etc, factors which are, at this stage, 

unquantifiable, may also have a significant effect. 
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6 Conclusion 

"Everything should be made as simple as possible, but not simpler." 

Albert Einstein 

Surgical Aspects, Finite Element Analysis and x~ray correlation of femoral neck changes in 
the Osteoarthritic Hip after Hip Resurfacing Surgery 327 



CONCLUSION 

The method of this thesis described in Chapter 3 was to use the Theory 

Construction Research Approach. This approach begins with a method and ends 

with a conclusion. Based on these data, the recommendations to the surgeon 

implanting a BHR prosthesis have been formulated. 

Finite element analysis describes altered bone remodelling in the femoral head 

and neck after hip resurfacing surgery. The modelling studied in this thesis, relates 

specifically to the Birmingham hip resurfacing, which has a short stem. The stem 

is a significant influence on the amount of bone removed, or remodelled away. 

The optimal femoral component position would be with the stem of the femoral 

component aligned with the centre line of the femoral neck (neutral varus/valgus 

alignment) with a 2: 5 degrees anteversion alignment. In terms of offset, it is 

recommended that the placement is such that the bearing surface of the implant 

matches that of the intact femur, fully seated on the femoral head. However, a 

positive offset is possible, up to 3 mm. It may not be necessary to continue to 

hammer home a component which is within 3 mm of being fully seated. Cement 

thickness appears to have an insignificant effect on bone remodelling, although 

other factors such as maintenance of bone stock and stability need to be taken into 

consideration when selecting the optimal cement thickness. 
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I hope that these guidelines will prove helpful to the surgeon, not only in carrying 

out the procedure, or at least the femoral side as accurately and as physiologically 

as possible, but will also provide a guide as to where the boundaries are, as far as 

bone remodelling response in the femoral head and neck goes. These data may 

also serve as a baseline in the further development of these prostheses, their 

design and manufacture. 

The x-ray analysis shows that bone remodelling does occur and the finite element 

prediction of the areas showing remodelling is accurate. Immediately under the 

femoral component there is generally narrowing of the femoral neck and lower 

down, generally widening of the femoral neck. Accordingly, this finite element 

model may be used to determine the parameters for other component 

configurations, such as stemless implants. This will be the subject of future work. 

Some years have passed since the start of this project. Hip resurfacing is a 

challenging operation. While there is no question that it is effective, it is also 

apparent that results vary widely in the hands of different practitioners. At the 

start of Chapter 4, I mentioned the factors associated with outcomes. The surgeon 

has little control over the manufacturing process, and we need to trust industry to 

produce the best implants. 
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Patients remain a heterogeneous group for us to work on and it continues to 

challenge me to select patients most appropriate for any surgical procedure. We, 

as surgeons, want to see the best results for our patients, and not all patients are 

suited to all potential implants. 

One aspect of the treatment process of which we do have control is the surgical 

technique. During the course of the study, I have come into contact with some 

extraordinarily skilled surgeons, who, I believe, could make any procedure work. 

I have also come into contact with surgeons who require a strict set of guidelines 

in order to perform the operation accurately and effectively. It has been my 

challenge to try and determine, in a scientific fashion, a set of guidelines which 

will respect anatomy and physiology while at the same time making it as easy as 

possible for the surgeon to achieve an optimal result. Not all optimal results 

require surgical perfection. We do, however, need to identify a broad zone, as 

broad as possible, in which a performed operation will function well and meet the 

expectations of both the patient and the surgeon. 
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