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1.1 Background 

Australia, like much of the world, faces significant economic and social challenges 

associated with its ageing population. A major threat to the health and well-being of the 

aged is the onset of degenerative joint diseases, particularly osteoarthritis. Osteoarthritis 

reduces a person's ability to remain active, and makes them vulnerable to diseases such 

as obesity and heart failure. An Access Economics report published in 2005 indicates 

that arthritis affects some 17% of the entire Australian population and over 50% of those 

aged over 70 years [4]. In the United States, Osteoarthritis is the leading cause of chronic 

disability, affecting nearly 27 million people [5]. Notably, with the over-60 population 

predicted to double over the next 20 years, the incidence of Osteoarthritis is set to grow 

exponentially [6, 7]. 

As a result of the high incidence of Osteoarthritis, total hip arthroplasty is one of the 

most common operations performed today, and procedure numbers are steadily 

increasing. In 2010, the Australian Joint Registry reported that the number of hip 

replacement procedures had increased by 26.3% since 2003, amounting to 33,943 

procedures recorded in the 2010 report. In the USA, there are an estimated 230,000 hip 

replacement procedures per year, with this number predicted to increase to 572,000 by 

2030 [8-10]. The majority of hip replacements are conventional total hip arthroplasty; 

however, femoral head resurfacing has been used as an alternative to total hip 

arthroplasty for younger and more active patients. 

Unfortunately, not all hip replacement procedures are successful. The overall 

Australian revision rate for all total hip arthroplasty is estimated at 20-24% [11]. Implant 

related bone fracture is a major contributor to this revision rate. peri-prosthetic femoral 

fracture early after total hip arthroplasty is the second most common reason for total 

hip arthroplasty revision[12], and the incidence of femoral neck fracture after femoral 

head resurfacing has been reported to be as high as 5%[13, 14]. The revision options for 
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a failed total hip arthroplasty are difficult and are often restricted due to the lack of 

remaining bone stock. Furthermore, the clinical results obtained from patients receiving 

a revision for peri-prosthetic femoral fracture are extremely poor, with reoperation rates 

being high (15]. 

Many factors have been identified, which increase the likelihood of a patient having a 

peri-prosthetic femoral fracture in both total hip arthroplasty and femoral head 

resurfacing. This thesis focuses on three major types of factors; the prosthesis, the 

patient and the procedure. The type of prosthesis is a factor that affects the risk of 

fracture in total hip arthroplasty.(16] With different femoral stem designs intentionally 

transferring load the femur in different ways, this is not surprising. Higher rates of 

peri-prosthetic femoral fracture have been attributed to patient specific factors such as 

age and sex, with older and female patients having an increased risk of fracture (16]. 

These are anthropometric indicators of the patient's likely bone quality or strength. 

Osteoporosis, which weakens bone, is a problem of the elderly and is more severe in 

women, thus it is no surprise that these groups have higher rates of fracture. There are 

also procedure related factors that are known to increase the risk of peri-prosthetic 

femoral fracture, including operative technique and implant positioning (16]. For 

example, it is well known that the position of the implant in a femoral head resurfacing 

with reference to the patient's femoral neck is related to the risk of peri-prosthetic 

femoral fracture. Valgus positioning of the neck is widely reported to reduce the risk of 

fracture (17]. It would seem that efforts to reduce the incidence of peri-prosthetic 

femoral fracture would need to take into account prosthesis design, patient specific 

factors, and procedure specific factors. 

Arguably, the best way to take into account all of these factors would be to create 

patient-specific models that can predict bone fracture. Much progress has been made to 

this end with subject-specific finite element analysis created from computed 

tomography data of bone, proving to be an effective technique for bone fracture 
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prediction when correct modeling techniques are used [18]. This technology is in its 

infancy and has not been reported to be applied to the problem of fracture around 

implants. Much work is needed to make this a viable clinical tool to reduce the risk of 

peri-prosthetic femoral fracture. 

When looking at procedure specific factors associated with increased risk of peri

prosthetic femoral fracture, an emerging trend that may prove to be useful is that 

towards computer assisted orthopaedic surgery. This technology is changing surgical 

procedures for implanting total hip arthroplasty and femoral head resurfacing. 

Computer assisted orthopaedic surgery applications provide the surgeon with precise 

information about the position of the surgical instruments and the ability to control the 

positioning of the actual implants in relation to the patient's anatomy [19-21]. This gives 

the surgeon the ability to place the components with far more precision than has been 

possible in the past. However, what is surprising is that the actual 'correct position' for 

the components is not often well understood or adequately quantified [19]. 

As such, even when using precise computer assisted orthopaedic surgery tools to place 

the components, surgeons rely on generalized 'rules of thumb' that do not consider 

patient specific variables. That is to say that all patients receive the same generalized 

placement of components regardless of differing patient specific factors. Therefore, 

although computer assisted orthopaedic surgery tools enable surgeons to place the 

components more precisely, they do not help surgeons decide whether their surgical 

goal is actually the best goal for that patient. 

Considering patient specific finite element analysis and computer assisted orthopaedic 

surgery as complimentary tools to reduce the risk of peri-prosthetic femoral fracture is 

one of the main themes of this thesis. 
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1.2 Preface 

This thesis seeks to reduce the risk of peri-prosthetic femoral fracture for total hip 

replacement and femoral head resurfacing patients by considering; implant design, 

patient specific factors, and procedure-specific factors. Where possible these factors are 

considered in a combined sense. Towards this pursuit, attention is given to the 

application of subject specific finite element analysis and computer assisted orthopaedic 

surgery. 

This work begins with a detailed literature review. This literature review clearly 

demonstrates that there are three major considerations needed to reduce the risk of 

peri-prosthetic femoral fracture. That being; 

1) Prosthesis design factors, 

2) A consideration of subject specific factors and, 

3) A consideration of the procedure specific factors- or factors that describe how the 

surgeon undertakes the actual procedure. 

When considering implant design and its impact on peri-prosthetic femoral fracture, 

little work has been done by previous researchers to understand the effect of 

incremental design changes on peri-prosthetic femoral fracture. A specific issue that 

has received no attention is that of the roughness of a femoral stems proximal coating 

and its effect on peri-prosthetic femoral fracture. Should the proximal femoral coating 

of a press fit femoral stem be roughened or smooth to reduce the risk of peri-prosthetic 

femoral fracture? To answer this question mechanical testing with matched pairs of 

cadaveric femoral specimens was undertaken. This work demonstrates that a 

roughened coating is superior, and recommends that a currently available implant 

design (the ABGII from Stryker) be modified. The manufacturer presented with this 

information has undertaken a worldwide redesign of the stem. 
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Building on this work, a new patient-specific finite element analysis modeling 

technique, which considers the design of the implant together with patient-specific bone 

parameters, is developed. The modeling technique models bone failure by simulating a 

crack in the bone in the bone tissue. This is achieved by setting a strain based failure 

threshold at the element level of the finite element mesh. When an element feels a strain 

that is at the threshold level, the element is considered to have failed. Then the element 

is removed from the mesh and cannot exert any mechanical influence on its 

surrounding elements. This approach has the potential to pre-operatively characterize a 

specific patient's risk of early peri-prosthetic femoral fracture when a specific implant 

design is chosen. 

However, a significant limitation of this approach is that it does not account for many of 

the surgical variabilities that also contribute to a patient's risk of peri-prosthetic femoral 

fracture. Utilizing a computer assisted orthopaedic surgery system in a novel way, this 

project looks to input into the patient-specific finite element analysis models, surgery

specific loading conditions. This technique could be used to reduce the risk of peri

prosthetic femoral fracture by regulating a surgeon's behavior (avoiding overloading) 

in the operating room whilst also considering that specific patients' bone strength in 

that specific scenario. The unique combination of all these technologies as a system in 

the operating theatre could almost eliminate the risk of peri-prosthetic femoral fracture 

in conventional total hip arthroplasty. 

Looking in a different direction, efforts to reduce the risk of peri-prosthetic femoral 

fracture around a femoral head resurfacing should also consider both procedure

specific and patient-specific factors. Much work has been done by other authors 

characterizing procedure-specific and patient-specific factors in isolation from each 

other, with consensus converging on two different focal points. Firstly, that effort 

should be made by the surgeon to orientate the femoral component into relative valgus 

and secondly, that patient selection (or patient screening) should be utilized to eliminate 
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patients with a poor bone strength capacity. To address these issues a patient-specific 

modeling technique is used to consider both of these focal points together. (And not in 

isolation) The modeling technique determines at an individual patient level a specific 

femoral position that would minimize that patient's risk of peri-prosthetic femoral 

fracture. This is achieved by coupling a subject specific finite element modeling 

technique with Design of Experiments approach. The Design of Experiments 

intelligently and efficiently samples a large range of possible femoral component 

positions without the need to run simulations of every possible position. Then utilizing 

a goal driven optimization methodology it is possible to isolate an optimum patient

specific femoral component alignment that reduces the strain in the femoral neck. 

Although not investigated in this work the subject specific finite element model and 

optimization would ideally be coupled with computer assisted orthopaedic surgery. 

That is to say that the subject specific optimization of the implant position could then 

most easily be delivered in that patient using computer assisted orthopaedic surgery 

techniques during the surgery. The addition of patient specific analysis does introduce 

additional complexity; however, as was recently discussed during the plenary session at 

the 2012 International society for Technology in Arthroplasty in Sydney there is 

significant capability for cost reduction. This is because the implant companies can 

reduce inventory costs by knowing in advance that what approximate size of implant is 

needed and therefore not having to send every implant size to the operation. It was 

suggested that this is already reducing costs in the public health system. 
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Chapter 2 

Literature Review 
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2.1 The natural hip 

2.1.1 Bone biology 

Bone is a composite structure, consisting of an extracellular organic matrix, inorganic 

mineral crystals, cells, lipids, and water [22-25]. The extracellular organic matrix is 

mainly composed of type I collagen, together with other types of collagen and some 

non-collagenous proteins [26], and is mainly responsible for compression strength and 

stiffness of the bone. Mineral crystals, analogous in composition to hydroxyapatite [27], 

and containing impurities such as carbonate, magnesium, citrate, and other trace 

elements determined by diet, provides the corresponding tension properties [28, 29]. 

Mineralized extracellular matrix is produced, nurtured, and remodeled by cells, which 

respond to mechanical and other signals to determine the properties (morphology and 

function) of the bone. Composition of bone is influenced by many factors, varying with 

sex, age, location, health, and disease [30] 

At a macroscopic level, bone is non-homogenous, porous and anisotropic, with the 

majority of bone having either very low (cortical or compact bone) or very high 

(trabecular or cancellous bone) porosity. Trabecular bone, with 50-95% porosity, is 

usually found in cuboidal bones, flat bones, and at the end of long bones[31], whilst 

cortical bone, with 5-10% porosity, is found in the shafts of long bones and surrounding 

trabecular bones [32] to form a sandwich-type structure, which provides optimal 

structural properties [33]. Both cortical and trabecular bone are formed by two types of 

tissue; woven and lamellar bone. Woven bone, which forms quickly but with poorly 

organized arrangement of collagen fibers and mineral crystals, is found during the 

healing process after fracture, and in the skeletal embryo. Over time, normally by the 

age of four or five, woven bone is replaced by the slow forming, highly organized and 

stronger, lamellar bone. 
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Bones have the capacity to grow, change shape, self-repair and continuously renew; 

processes mediated by mechanical, hormonal, and physiological factors. Although 

growth and shape modification is generally restricted to childhood, and self-repair to 

the period following fracture, the internal remodeling of bone is a continual process that 

is tightly controlled by a fine balance between bone degradation and bone formation. 

Bone remodeling is co-ordinated by four cell types: osteoclasts, osteoblasts, bone lining 

cells, and osteocytes, which act together to create basic multicellular units (BMUs). 

BMUs (basic multicellular units) replace old bone with new bone in a well-defined 

sequence of activation, destruction, and formation. Osteoclasts orchestrate the process 

of bone destruction by removing bone tissue through digestion of the mineralized 

matrix and by breaking up organic bone, a process known as bone resorption. 

Osteoblasts are mononucleate cells that are responsible for the formation of bone by 

production and mineralization of the extracellular matrix. Bone lining cells are inactive 

osteoblasts, which remain on the surface when bone formation stops and can be 

reactivated in response to chemical and /or mechanical stimuli [34]. Osteocytes are 

former osteoblasts that become trapped in the bone matrix and remain isolated in the 

lacunae [32]. Osteocytes form a cannalicular network which is how they are in a 

opposition to sense and respond to strain. Unlike osteoblasts, osteocytes do not 

generate osteoid and mineralized matrix, instead they act in a paracrine manner on 

active osteoblasts. There is some evidence that osteocytes respond to mechanical stimuli 

[35-38], whilst it can also be conceived that damage to the bone matrix may affect 

osteocytes and lead to alterations in bone remodeling. 

2.1.2 The anatomy and physiology of the hip joint 

The hip joint, located where the thigh bone (femur) meets the pelvic bone, is one of the 

largest joints in the body, and allows the leg a wide range of movement. It is a "ball and 

socket" joint: the upper end (head) of the femur forming the ball and the cavity in the 

pelvic bone (acetabulum) forming the socket. (Figure 1) The ball is normally held in the 
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socket by very powerful ligaments that form a complete sleeve around the joint (the 

joint capsule). The hip joint is a synovial joint, lined with a layer of synovium, which 

provides a lubricant to limit friction and reduce wear of the natural components. The 

spherical head of the femur and the socket are covered with a layer of smooth hyaline 

cartilage, a fairly soft, white substance about 1/8 inches (approx 3.2mm) thick, which 

cushions the joint, and allows the bones to move on each other with very little friction. 

Figure I Anatomy of the hip joint 

2.1.2.1 Bones of the hip 

Pelvic 

Girdle 

As shown in Figure 1, the hip bone is a large, irregularly shaped bone formed by three 

bones: the ilium, pubis and ischium [39-41]. Before puberty, these bones are separated 

by cartilage, however, in adults they are indistinguishably fused at the acetabulum. The 

acetabulum is a cup-shaped pocket in the hip bone, on its lateral aspect for articulation 

with the head of the femur. A fibrocartilaginous rim, called the labrum acetabulare, 

which provides additional stability to the joint, deepens the acetabulum considerably. 
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The ilium is a fan shaped bone, which forms the superior two-thirds of the hip bone and 

the superior two-fifths of the acetabulum. The ilium is composed of two parts, the ala 

(wing), which resembles the spread of a fan, and the body, which resembles the handle. 

The superior margin of the ilium is called the iliac crest. The ischium, which forms the 

posterior-inferior third of the hip bone and the posterior two-fifths of the acetabulum, is 

roughly L-shaped and passes inferiorly from the acetabulum to join anteriorly to the 

pubis. The ischium is composed of two parts: a body, and a ramus. The body, the 

superior thick portion of the ischium, is fused with the ilium and the pubis at the 

acetabulum. The inferior end has a large, blunt prominence called the ischial tuberosity, 

which is covered by the gluteus maximus muscle when the thigh is extended, but 

uncovered when the thigh is flexed. The ramus of the ischium is an inferior, thinner bar 

of bone, which extends medially from the body and joins the inferior ramus of the pubis 

to form the ischiopubic ramus. 
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Figure 2 Anatomy of the hip bone [42] 
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The pubis, an L-shaped bone, which forms the inferoanterior part of the hip bone and 

the anteromedial one-fifth of the acetabulum, consists of three parts: a body and two 

rami. The flattened body of the pubis lies medially and joins the body of the opposite 

pubis at a fibrocartilaginous joint, the pubic symphysis. The superior ramus passes 

superolaterally to the acetabulum where it fuses with the ilium and ischium whilst the 

inferior ramus passes posteriorly, inferiorly, and laterally to join the ramus of the 

ischium and form half of the pubic arch. 

The femur (Figure 3) is the longest and strongest bone in the human skeleton, and is 

almost perfectly cylindrical [39]. In the erect posture, it is not vertical, but inclines 

gradually downward and medial in order to bring the knee-joint near to the line of 

gravity of the body. 
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Figure 3 Anatomy of the femur [I] 
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Like other long bones, it is divisible into a body (shaft) and two extremities. The upper 

extremity of the femur (proximal extremity) consists of a head, neck, and greater and 
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lesser trochanters. The lower extremity (distal extremity) is broadened by medial and 

lateral condyles, where it articulates with the tibia and patella to form the knee joint. 

The head of the femur (Figure 4), which is globular and forms about two-thirds of a 

sphere, is directed medially, superiorly, and slightly anteriorly to fit into the 

acetabulum of the hip bone. Its surface is smooth and coated with cartilage, except for 

the fovea capitis femoris, situated slightly inferior and posterior to the centre of the 

head, which is the site of attachment to the ligamentum teres. 
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jr>r liu. tm.6 
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Figure 4 The upper extremity (proximal extremity) of the right femur viewed from 

behind and above (3] 

The head of the femur is connected to the body by the neck (collum femoris), a flattened 

pyramidal process of bone, which runs obliquely in an inferolateral direction to meet 

the body of the femur. The angle of the neck is widest in infancy, and lessens during 

growth, so that at puberty it forms a gentle curve from the axis of the body of the bone. 
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In adulthood, the neck forms an angle of about 125° with the body and is projected 12° 

to 14° forward. The neck is limited laterally by the greater trochanter, and is narrowest 

in diameter in the middle. The surface of the neck is separated from the body of the 

femur by the intertrochanteric line, produced by attachment of the iliofemoral ligament, 

which runs inferomedially from the greater trochanter and passes inferior to the lesser 

trochanter. A prominent ridge, the intertrochanteris crest, unites the two trochanters 

posteriorly. The anterior surface of the neck is perforated by numerous vascular 

foramina. 

The greater trochanter (trochanter major; great trochanter) is a large, irregular, 

quadrilateral eminence, situated at the junction of the neck with the upper part of the 

body [39]. It provides an attachment for several of the gluteal muscles. The greater 

trochanter lies laterally, and in adults does so about 1 em lower than the head. 

The lesser trochanter (trochanter minor; small trochanter) is a conical eminence, which 

varies in size and projects from the posteromedial surface of the femur at the inferior 

end of the intertrochanteric crest [39]. It is located in the angle between the neck and 

body of the femur. 

The body or shaft (corpus femoris) of the femur is almost cylindrical in form, slightly 

bowed anteriorly, so as to be convex in front and concave behind, and narrowest at its 

midpoint [39-41]. A prominent longitudinal ridge, the linea aspera, strengthens the 

middle of the posterior surface. The linea aspera has medial and lateral lips, which 

diverge inferiorly to form medial and lateral supracondylar lines, and a narrow rough 

intermediate line. The lateral ridge, termed the gluteal tuberosity, is very rough, and 

runs almost vertically upward to the base of the greater trochanter and provides 

attachment to part of the gluteus maximus. The intermediate ridge, or pectineal line, 

continues to the base of the lesser trochanter and provides attachment to the pectineus. 

The medial ridge is lost in the intertrochanteric line. 
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The lower extremity (distal extremi ty) is larger than the upper and somewhat cuboid in 

form, w ith the transverse diameter greater than the antero-posterior diameter (Figure 5). 

Two large, oblong eminences, known as the condyles, project posteriorly, and are 

separated by a deep U-shaped intercondylar notch. The lateral condyle is the more 

prominent of th e two and is broader both in its antero-posterior and transverse 

diameters. Whilst the medial condyle is the longer, and when the femur is held with its 

body perpendicular, it projects to a lower level. The opposed surfaces of the medial and 

lateral condyles are small, rough, and concave. In front, the condyles are only slightly 

prominent, and are separated from one another by a smooth shallow articular 

depression called the patellar surface. Behind, they project considerably, and the 

interval between them forms a deep notch, the intercondyloid fossa, limited above by a 

ridge, called intercondyloid line, and below by the central part of the posterior margin 

of the patellar surface. Superior to each condyle is a prominent epicondyle to which the 

tibial and fibular colla teral ligaments of the knee joint are attached. 
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Figu re 5 Lower extremity of ri ght femur viewed from below [3] 

2.1.2.2 Ligaments of the hip joint 

The periarticular ligaments are essential for the s tability of the joint. See Figure 6. The 

capsule, or capsula r ligament, a form of cylindrical sleeve that surrounds the joint to 
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retain the cartilaginous layers and synovial fluid, encloses the femoral head. It is 

attached to the iliac bone at one end and the upper end of the femora l shaft at the other . 

It is composed of four distinct sets of fibers that give the joint stability in all articulating 

directions. 
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Figure 6 Ligaments of the pelvis viewed from behind [2] 

Three main ligaments surround the capsule of the hip both anteriorly and posteriorly 

(41, 42] .. 

2.1.2.3 Muscles surrounding the hip joint 

The hip joint is encompassed by a number of muscles that enable m ovement in a variety 

of directions (41, 42]. Combinations of musculature actions give additional twisting and 

rotational movements . Figure 7 shows both the anterior and posterior views of the main 

muscles in the leg. Extension of the hip is primarily caused by the gluteus maximus, the 

coarsest and strongest muscle in the body. It has an approximate contraction length of 

150 mm, and is relaxed when the centre of gravity of the body falls behind the hip joint, 
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when the iliofemoral ligament is in tension. Its action in straightening the bent thigh is 

assisted by the hamstring muscles (biceps femoris, semitendinosus, and 

semiembranosus), whose efficiency is dependent upon the an gle of flexion. 
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Figure 7 Anterior and posterior view of the main muscles of the lower limb [2] 

The groups of muscle which lie anterior to the frontal plane though the hips' centre 

cause flexion. They consis t of the psoas, iliacus, sartorius, rectus femoris, pectineus, 

adductor longus, and gracilis. Som e of the forces created are not necessarily in complete 

flexion, causing som e secondary twisting or rotation, although the primary components 

produce lifting of the thigh . The main muscle tha t causes abduction is the gluteus 

medius, which inserts into the la teral surface of the greater trochanter, and connects to 

the iliac crest. It has a direction of action almost perpendicular to its lever arm, and is 

hence highly efficient. It is helped by the action of the gluteus minimus and the tensor 

fasciae latae. Although numerous muscles are able to pull the leg towards the body 

centre line, adduction is primarily caused by the action of the adductor magnus, which 

attaches to the inferior surface of the pubis. All of the normal ranges of hip motions are 
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obtained through forces applied by one or more of the muscles that surround the hip. 

Many of these muscles remain redundant during certain actions of the hip, and 

combinations of muscles are used throughout the gait cycle. 

2.1.2.4 Blood supply to the hip 

Blood supply to the hip is provided by the medial and lateral circumflex femoral 

arteries, both usually branches of the deep artery of the thigh (profunda femoris) [42]. In 

addition, there is a small contribution from an artery in the ligament of the head of the 

femur, which is a branch of the posterior division of the obturator artery. This supply 

becomes important to avoid avascular necrosis of the head of the femur, should the 

blood supply from the medial and lateral circumflex arteries be disrupted (e.g. through 

fracture of the neck of the femur along their course). The hip has two anatomically 

important anastomoses: the cruciate and the trochanteric anastomoses, the latter of 

which provides most of the blood to the head of the femur [43]. These anastomoses exist 

between the femoral artery or profunda femoris and the gluteal vessels. 

2.1.3 Failure of the natural hip joint 

The human hip joint is susceptible to failure for a wide variety of reasons. The majority 

of problems, however, are associated with two main groups of disorders. The first is 

trauma of the joint, while the second is arthritis. 

2.1.3.1 Trauma, osteopenia and osteoporosis 

Generally, trauma results in a femoral neck fracture. This is most frequent in the elderly, 

whose bones are subject to mechanical decline. This decline is mostly the result of 

degenerative diseases, such as osteopenia and osteoporosis. Osteopenia is the thinning 

of bone mass and is considered a serious risk factor for the development of osteoporosis. 
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Osteopenia is commonly seen in people over the age of 50 that have lower than average 

bone density but do not have osteoporosis. The diagnostic difference between 

osteopenia and osteoporosis is the measure of bone mineral density. Osteoporosis is 

characterized by a loss of bone mass caused by a deficiency in calcium, vitamin D, 

magnesium, and other vitamins and minerals. [4] According to the US National 

Osteoporosis Foundation, osteoporosis affects 10 million Americans, mostly women. 

Thirty-four million more Americans are estimated to have osteopenia, putting them at 

risk for osteoporosis and therefore at higher risk of femoral neck fracture. Total 

reconstruction of the joint provides one of the most common solutions for a neck 

fracture patient. 
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Figure 8 Fractured neck of femur [44] 
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Figure 9 Fractured neck of femur [ 45] 

2.1.3.2 Arthritis 

Arthritis is an umbrella term for more than a hundred medical conditions that affect the 

musculoskeletal system, specifically joints where two or more bones meet. Problems 

associated with arthritis include, pain, stiffness, inflammation, and damage to joint 

cartilage. While there are about a hundred forms of arthritis, the three most significant -

osteoarthritis, rheumatoid arthritis, and gout - account for more than 95 per cent of 

cases in Australia [ 4] 

The great majority of total hip replacement candidates have osteoarthritis. As described 

in the introduction this has a significant impact on modem society. Osteoarthritis is the 

most common type of hip arthritis. Also called wear-and-tear arthritis or degenerative 

joint disease, osteoarthritis is characterized by progressive wearing away of the 

cartilage of the joint. As the protective cartilage is worn away by hip arthritis, bare bone 

is exposed within the joint. See Figure 10. The condition is most commonly diagnosed 

on an X-ray with loss of joint space being the telling sign. See Figure 11. 
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Figure 10 An arthritic hip vs a normal hip [46) 

Figure 11 Diagnosis of hip OA: Loss of joint space visible on X-ray [47) 

It is thought that general wear and tear, and joint overloading cause osteoarthritis. 

Generally, the disease occurs later in life. Surgical intervention can often diminish these 

problems, but ultimately replacement of the joint is currently the best solution. [4] 
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2.2 Replacement of the hip joint 

Hip replacement surgery removes the arthritic ball of the upper femur (thigh bone) as 

well as the damaged bone, and cartilage from the hip socket. The damaged bone, and 

cartilage are replaced with implants made from materials including metal alloys, 

polyethylene (plastic), or ceramic material. 

2.2.1 History of hip replacement surgery 

For well over a century surgeons have been searching for strategies to treat arthritis. 

Due to the progression, destruction, and deterioration of joints, it was clear that surgery 

was the only option for many people, in order to relieve the pain associated with 

arthritis and to keep their joints mobile. Initial attempts to treat arthritic hips included 

arthrodesis (fusion), osteotomy, nerve division, and joint debridements. The goal of 

these early debridements was to remove arthritic spurs, calcium deposits, and irregular 

cartilage in an attempt to smooth the surfaces of the joint. Materials that could be 

utilized to resurface or even replace the hip were investigated, including muscle, fat, 

chromatized pig bladder, gold, magnesium, and zinc. However, all met with failure; 

surgeons and scientists were unable to find a material that was biocompatible with the 

body, and yet strong enough to withstand the tremendous forces placed on the hip joint. 

The earliest recorded attempts at hip replacement, by Gluck in Germany in 1891, used 

ivory to replace the femoral head. In 1925, Smith-Petersen, a Norwegian-born American 

physician and orthopaedic surgeon, developed the concept of 'mould arthroplasty' 

when he produced a piece of glass in the shape of a hollow hemisphere, which could fit 

over the ball in the hip joint and therefore provide a smooth surface for movement [48]. 

Although incompatible with the stress of walking, the concept of "mould arthroplasty" 

was born and new materials, most notably corrosion-resistant stainless steel, were 

investigated and developed. Perhaps the most important early breakthrough in the 

search for new materials was the manufacture of a cobalt-chromium alloy called 

Page 40 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Vitallium in 1936, which was both very strong and resistant to corrosion [49]. It was 

immediately applied to orthopaedics and has continued to be employed in various 

prostheses since. However, although a great success, the inadequacy of the resurfacing 

technique resulted in unpredictable pain relief and limited hip movement for many 

patients. Thus, the technique was limited in the types of deformity to which it could be 

applied. 

In 1939, hemiarthroplasty was introduced. This procedure involved replacing the entire 

ball of the hip with a metal stem that was placed into the marrow cavity of the femur, 

and connected to a metal ball which fitted into the hip socket, [50]. Hemiarthroplasty 

could be used to treat both hip fractures and certain arthritis cases; however, it only 

addressed the problem of the arthritic femoral head (the ball), and did not prevent 

continued deterioration of the diseased acetabulum (hip socket). Although very popular 

in the 1950's, results of heiDi-arthroplasties remained unpredictable, and with no truly 

effective method of securing the component to the bone, many patients developed pain 

due to loosening of the implant. 

The continual search for improved materials saw the introduction of acrylic material to 

replace arthritic hip surfaces in 1938 [49]. However, although providing a smooth 

surface, the acrylic had a tendency to loosen. This problem was overcome by a Dr. 

Edwarc J. Haboush who utilized a fast setting dental acrylic to glue the prosthesis to the 

bone. 

Arguably, the key figure in the history of total joint replacement was Sir John Charnley, 

an innovative English surgeon who aggressively pursued effective methods of 

replacing both the femoral head and acetabulum of the hip [50]. In 1958, he addressed 

the eroded arthritic socket by replacing it with a Teflon implant with the aim of 

providing a smooth joint surface to articulate with the metal ball component. Although 

unsuccessful, later trials with polyethylene realised this goal. The polyethylene socket, 
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as well as the femoral implant to the bone, was secured to the bone using 

polymethylmethacrylate (bone cement) and "total hip replacement" was born. 

By 1961, Charnley was performing the surgery regularly and with good results. He 

further improved the techniques and component designs. Thousands of people were 

successfully relieved of their hip pain and the long term results became very predictable. 

In recent years, there has been considerable effort and research to try to further improve 

the methods of fixation. Occasionally, it has been found that cement fixation breaks 

down over time. A living type of bond would theoretically be longer lasting and 

possibly stronger. To this end, implants with textured surfaces, which allow bone to 

grow into them, were developed. These were used experimentally in animals before 

being used extensively in humans [51, 52]. Following on from this early success various 

cementless implants, used in total hip replacement today, have shown excellent long

term success rates [53-57]. Advantages of cementless implants include decreased 

operating time [58] and lower complication rate, but they could be considered to be 

more technically demanding when compared to cemented implants. [59] 

2.2.2 Total hip replacement today 

Total hip joint replacement is an orthopaedic success story, enabling hundreds of 

thousands of people to live fuller, more active lives. 
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Figure 12 Total hip joint prosthesis typical components [60] 

Using metal alloys, high-grade plastics, and polymeric materials, orthopaedic surgeons 

can replace a painful, dysfunctional joint with a highly functional, long-lasting 

prosthesis. The hip joint is called a ball-and-socket joint, because the spherical head of 

the thighbone (femur) moves inside the cup-shaped hollow socket (acetabulum) of the 

pelvis. To duplicate this action, a total hip replacement implant has three parts: (i) the 

stem (or femoral component), which fits into the femur, (ii) the prosthetic femoral head 

(ball), which replaces the spherical head of the femur, and (iii) the acetabular cup, 

which replaces the worn out hip socket (Figure 12). Each part comes in various sizes 

and designs to accommodate various body sizes and types. The femoral component can 

be cemented or uncemented and each part can be made of various materials including 

titanium, cobalt chromium, and steel. In addition, prosthetic femoral heads can be 

monolithic, with the stem and ball as one piece, or modular, consisting of different head 

dimensions and/ or neck orientations, which can be attached via a taper to allow for 

additional customization in fit. 
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2.2.2.1 Cemented femoral stems 

Cemented prostheses are seated within the femoral shaft surrounded by a mantle of 

bone cement, composed of polymethylmethacrylate (PMMA), for fixation. The cement 

mantle is designed both as a load-mediating compliant layer between the bone and the 

rigid prosthesis, and as a method of accommodating any geometrical inconsistencies. It 

has been suggested that the cement mantle provides greater ability to transfer load from 

the femoral implant to the surrounding endosteal bone [61]. In addition, creep or stress 

relaxation of the acrylic cement may accommodate long-term variations in the geometry 

of the bone due to remodelling or age related effects. Uniform load distribution can 

therefore be achieved over long periods of time. 

Figure 13 Bilateral cemented total hip replacement [62] 

2.2.2.2 Cementless femoral stems 

Cementless fixation for femoral stems is widely used in total hip arthroplasty, with all 

major companies offering products of this category. Without cement, the initial implant 

fixation wholly depends upon the tight apposition of the metal implant against the bone. 

The force with which the implant is initially compressed into the shaft of the femur is 

aimed to create the tight interference fit required for integration with bone. [63] This 
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tight interference fit in the initial period prevents large movements between the bone 

and prosthesis while the bone grows onto or into the implant surface. 

&71'--
\ ·, 

~ 
Figure 14 Some cementless (press-fit) stems from (Stryker's website) 

This process bone integration process takes several months and results in the long-term 

rigid fixation of the prosthesis into the bone. Some femoral stems designed for 

cementless mechanical press-fit hold within the proximal femur are shown in Figure 

14. Several techniques are used to increase the long-term stability of cementless 

prostheses. Plasma-sprayed and hydroxyapatite (HA) coating on a grit-blasted surface 

implant are known to successfully encourage bony in-growth, which is essential for 

their long-term fixation [64]. Roughened surfaces, such as a plasma sprayed titanium 

surface, are designed to allow boney in-growth, where long term fixation is achieved 

because the new bone has grown into the roughened surface mechanically locking the 

prosthesis to the bone structure. HA (hydroxyapatite) surfaces work slightly differently. 

As HA (hydroxyapatite) is chemically similar to real bone (similar enough to trick the 

bone into thinking that it is actually bone) the new bone grows onto the HA 

(hydroxyapatite) coating. A direct comparison of these types of fixation is studied in 

Chapter 3. See Figure 15. 
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Figure 15 Porous coating only (left) vs HA coating only (implant samples used for 

testing in chapter 3) 

There are designs available with both a roughened coating as well as a HA 

(hydroxyapatite) coating. For example, a commercially available coating described by 

Serekian [65) called "peri appetite" completely coats the entire three dimensional 

surface of the pouorus metal coating. Figure 16. This "three dimensional" HA 

(hydroxyapatite) coating of a meta] coating was shown to dramatically increase the 

inteface shear (a measure of bonding strength), especially in the early post operative 

period in a canine model [65). This superiority was verified in an Radiostereometric 

Analysis (RSA) human study, where a randomised prospective controled trial was 

conducted with periapatite coating on the femoral component of a total knee 

replacrnent. [66) 

Page 46 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

360.-, coverage wrth Pen-Apatite n.1 HA Line of s1ght coverage with Plasma 
Sprayecl HA 

Figure 16 Peri-patite HA compared to a plasma sprayed HA on porous coating [65) 
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Figure 17 Peri-Apatite in a canine 1mm gap model from [67, 68) 
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2.3 Failure of hip replacements 

2.3.1 Total hip replacements 

Although the success rates of hip replacements are high, some 4 - 8 % still fail within the 

first ten years post-operatively. [69] As patients are often living much longer than ten 

years post operation, the overall revision rate is therefore much higher. The overall 

Australian revision rate for all total hip arthroplasty is estimated at 20-24%.[70] 

Failure of implants can be categorized into short-term and long-term failures. Initial, 

short-term failures are considered to occur over a period of weeks or months 

postoperatively. On the femoral side, which is of most interest to this work, the most 

common early complications, causing revision, are due to infection, surgical technique, 

poor initial cementing, and peri-prosthetic fractures. 

A wide variety of factors, including bone quality, levels of physical activity, age, obesity 

of the patient and design of the implant, all influence the long-term integrity of the 

reconstructed joint. Longer-term femoral failures are usually characterized by 

deterioration in the quality of the bone supporting the femoral implant. 

2.3.1.1 Osteolysis 

Peri prosthetic osteolysis after total hip arthroplasty constitutes one of the most common 

complications and is a leading reason for revision after a primary hip replacement. 

Osteolysis is a condition in which the immune system triggers an attempt to reabsorb 

bone into the body. This adverse biologic reaction occurs in response to foreign bodies 

in and around the bone tissue. The immune system stimulates osteoctastogenesis in 

order to isolate and slowly absorb the material back into the body, where it can be 

converted into materials that pose no threat. Unfortunately, osteolysis can also begin to 
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deteriora te healthy bone tissue. This occurs when the immune system incorrectly 

identifies the nature of the so-called foreign material. [71] 

Figure 18 Polyethylene induced osteoly tic lesions around fem oral stem [72] 

These foreign bodies have commonly been identified as Ultra High Molecular Weight 

Polyethylene debris particles tha t migra te around the joint causing a biologic reaction in 

the bone that results in osteoly tic lesions. [71]. It is estimated tha t p olyethylene wear 

greater than 0.2 mm annually results in focal os teolysis on radiographs w ithin 5 years 

[73]. Ultra High Molecular Weight Polyethylene wear particles vary in size (usually 1 

J.lm in thickness and 4 to 10 J..lm in leng th) and are best seen when viewed w ith 

transmitted polarized light [74]. Ultra High Molecular Weight Polyethylene wear 

particles induce a macrophage, or foreign-body, inflammatory response. Aged Ultra 

High Molecula r Weight Polyethylene may show extensive pitting, cracking, 

delamination, and other deformities. Ultra High Molecular Weight Polyethylene failure 

can result in massive, aggressive granulomatous inflammation as shown in the 

hi tological slide in Figure 19. 
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Figure 19 Periarticular granulomatous inflammation in response to ultrahigh molecular 

weight polyethylene (UHMWPE) wear debris (From Long 2008) 

Efforts to reduce osteolysis caused by polyethylene particles led to the development of 

alternate bearing materials; such a ceramic on ceramic. The mechanics of this bearing 

result in reduced friction and therefore reduced wear. Osteolysis has also been reported 

in association with ceramic-on-ceramic bearing couplings [75] but the rate is much 

lower with ceramic bearings. Figure 20 shows that the histology seen when there is 

ceramic debris is quite different to what was seen above for poly debris. 

Page 50 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Figure 20 Osteolysis due to alumina ceramic wear [75] 

2.3.1.2 Metal on metal articulations 

Large diameter metal-on-metal articulations in total hip arthroplasty became popular in 

recent years because the bearing allows significantly larger diameter heads which offers 

the advantage of improved stability and increased range of motion, when compared 

with smaller diameter bearings [1-4]. The mechanical reasons for the increased stability 

and range of motion are discussed in detail in section 2.6.2.1 in relation to femoral head 

resurfacing. Another advantage of metal-on-metal articulations is the potential for 

lower wear rates and improved durability [5-8,10]. These proposed advantages have 

caused an increase in the use of large diameter metal-on-metal articulations worldwide. 

However many concerns still exist for metal-on-metal articulations. Metal ion levels, 

hypersensitivity, and pseudotumor reactions have been widely reported and continue 

to be an area of ongoing research [11-18]. Again, the debris in the tissue shown in the 

histology slide of Figure 21 differs from that seen for poly and ceramic. 
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Figure 21 Histology of osteolysis due to metal wear from Kim 2004 

2.3.1.2.1 Major concerns with metal- on- metal bearings 

Adverse local soft-tissue reactions from metal ion debris are a relatively rare occurrence 

but are associated with devastating complications such as massive osteolysis and 

subsequent implant failure. Earlier in the story of hip resurfacing Hallab' s [76] work on 

metal sensitivity suggested , firstly, that the incidence of dermatologic sensitivities to 

metals in arthroplasty patients is higher than in the general population. Secondly, the 

risk of sensitivity to orthopedic implants is minimal and it is unclear whether metal 

sensitivity contributes to implant failure. Recently there has been significant public 

attention to metal-sensitivity problems because of the recall by Depuy Orthopaedics (a 

Johnson and Johnson company) of the Articular Surface Replacement (ASR) metal-on

metal total hip replacement. The first description of a local reaction to metal bearings 

was provided by Evans and colleagues (77] in 1974 and was believed to be related to a 

hypersensitivity reaction to cobalt chrome alloys. Since the initial description, metal 

sensitivity has been further characterized by a predominantly lymphocytic immune 
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response and is histologically described by aseptic lymphocytic vasculitis-associated 

lesions (ALVAL) in bo th the presence and absence of excessive metal wear [78-80]. 

Clinically, soft-tissue changes due to m etal-on-metal hypersensitivity are manifested 

through effu sions or soft-tissue m asses referred to as p seudotumors and lead to early 

osteolysis and failure. [81] Pseudotumor formation has been associated with higher 

circula ting levels of cobalt and chromium [82] and has recently been linked to increased 

edge loading and increased combined anteversion. [83] 

Figure 22 MRI image showing a larger pseudotumor resulting from metal sensitivity 

[84] 

2.3.1.3 Bone remodeling 

An unsatisfactory bone remodeling response around the implant is another cause of 

implant failure. This occurs when it is not possible to maintain sufficient bone mass 

around the implant. Abrupt chan ges in the local loading conditions can alter the growth 

patterns of the bone. This effect often occurs around implants w hen the density of the 

surrounding bone is altered, and is referred to as bone remodeling; non-anatomic load 
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transfer to the proximal femur causes this. The non-anatomic load transfer causes the 

bone to adap t by laying down new bone in the newly loaded areas and removing bone 

in unloaded areas. This eventually results in Joss of stability of the implant in the bone. 

Over longer periods of time, this e ffect plays a crucial role in bone loss and can lead to 

loss of support and therefore loosening of the pros thesis. If the process continues, total 

failure of the joint can occur. Figure 23 demons trates both osteolysis (previously 

described) and remodelling around a cemented femoral s tem. 

Figure 23 Radiograph showing results of long-term remodeling with bone resorption 

proximally and increased bone mass distally [85] 

It is important to notice the deposition of bone matrix on both the periosteal and 

endosteal surfaces of the m edial femoral shaft. This is a result of long- term remodeling, 

which is often seen around this design of s tem. It is possible to use the evidence of this 
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sclerosis to valida te the clinical relevance of modeling predictions. In addition, cortical 

reabsorption is seen in the areas surrounding the grea ter trochan ter. This remodelling 

effect is especially significant in the m odes of failure of modern implants. Reduction in 

bone m ass around, or total rea bsorption away from the surface of an implant can affect 

or even initia te tipping or pivoting of the prosthesis. Bannister compared the modes of 

failure of the Muller s traight stem (small collar), the Muller curved stem (larger collar) 

and the Exeter (collarless) prosthesis that had survived a 10 year period or greater [86). 

The most notable difference in the stem designs concerned the neck of the femoral 

component. It was found that the integrity of the s tem was directly related to the X-Ray 

lucency at the bone-cement interface. The formation of osteolytic cysts and migration of 

the implant into the varus position were strongly associa ted with the need for revision 

surgery. In addition, the occurrence of cement mantle subsidence within the bone (or 

pistoning of the cement mantle at the bone-cement interface) was fi ve times as frequent 

in the revision hips. Perhaps the most notable observa tion, however, was that 

subsidence of the implants within the cement mantle (at the stem -cement interface) was 

five times as common in the prostheses that survived. It was suggested that the 

allowance of this subsidence of the stem influenced the m odes of failure of the implants. 

The analysis showed tha t failure due to pistoning of both the implant and cement 

w ithin the bone was observed in three times as many revision cases as controls. This 

mode of failure was seen 6 to 7 times more frequently in the Muller curved stems as in 

the Exeter pros thesis. This observation is supported by Fowler et al. who examined the 

history of the Exeter stem [61). Subsidence of the implant w ithin the cement mantle 

appeared to benefit the long-term integrity of the joint. It was suggested that the 

capability of the implant to transfer load to the surrounding bone was improved by the 

movement of the implant within the cement. The taper of the stem appeared to induce 

la teral creep of the proximal cement, resulting in continued engagem ent of the cement 

mantle with the bone. Experiments went on to show that the stem-cement interface 

fric tion in the matt version of the s tem was grea ter than double that of the polished 

counterpart. The reduced p erformance of the matt stem was attributed to the resulting 
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lack of subsidence of the implant. AE a result, the smooth polished finish replaced the 

implant matt surface. The study went on to imply that any device, w hich might 

interfere wi th the subsidence of the stem a t the s tem-cement interface and prevent distal 

movement from occurring, (e.g. collars, flanges, texturing of the surface) would alter the 

engagement of the tap er. As a result, reduction of the load transfer capability would 

occur, especially in the proximal regions. Marston et al. carried out a long-term study 

evaluating the differences between the Charnley and the Stanmore cemented prostheses 

in order to investigate, amongst other things, the effect of the femoral head size on 

longevity [87]. A sample of 213 Stanmore and 200 Charnley implants were reviewed 

post-operatively at 5 to 10 years (mean 6.5). No statistically significant difference in the 

rate of revision surgery was recorded between the stems (both resulted in a revision 

rate of 4.0%), and no difference was found in the effect of the size of the femoral head. 

Surprisingly, approximately equal subsidence was reported in both stems, despite the 

large collar on the Stanmore. 

2.3.1.4 Clinical differences between different implant designs in total hip 

arthroplasty 

Due to the heterogeneity of patients receiving implants, together with differing study 

protocols, consistent evaluation of the long-term success of hip prostheses and reliable 

assessment of innovative new stem designs and new materials is somewhat impractical 

and inefficient in vivo [88-91]. 

Revision rates for different implants can vary widely. Some designs have been reported 

to have very low rates of revision, for example a 0-5 % revision rate after 10 to 15 years 

[88, 89] w hils t others have been reported to be as much as 27% after 8 to 10 years. [90, 

91] However, for the vast majority of available designs there is surprising little 

discernable difference between revision rates. A look at the 2010 Australian Joint 

Registry report shows that surgeons face a difficult choice when selecting which 
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prosthesis design to use. Even when considering very different design philosophies, 

such as cemented or cementless fixation the choice is confusing. The revision rate for 

cementless stems in the early years after a total hip surgery is slightly higher than that 

for cemented fixation. However, at around eight years the cumulative revision rate for 

cemented stems rises relatively sharply and overtakes that of cementless fixation. When 

the surgeon is concerned with longevity, this creates an unanswerable paradox. 

Figure HT11 : Cumulative Percent Revision of Primary Total Conventional Hip Replacement by Fixation (Primary 
Diagnosis OA) 
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Figure 24 Cumulative percent revision of femoral component by fixation from the 

Australian Joint registry 

When considering less profound design differences the problem becomes even more 

confusing. Some variations in the revision rate may be attributable to differences in 

prosthesis design; however, the population of patients in which each design is used 

may bias the results. As a hypothetical example, a certain newer prosthesis may have a 

higher revision rate than an established alternative design but this may be because this 

newer prosthesis has certain advantages, which mean it is more suitable for use in more 
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challenging patients. These more challenging patients will invariably have a higher 

likelihood of revision for reasons unrelated to the implant. In this circumstance, judging 

the efficacy of the prosthesis by revision ra te alone would not be appropriate. 

2.3.1.5 Increasing usage of cementless stems for total hip arthroplasty 

Considering the above-described paradox, deciding on which types of prosthesis 

should be used by surgeons and should be studied further wi th the highest clinical 

relevance is not easy. One way to determine if a course of study will be clinically 

relevant is to consider implant usage trends. This w ill ensure that the results of studies 

are widely applicable and will therefore have a high impact on cl inical practice. 

Despite the good results of cemented stems, the trend in Australia and much of the 

western world is towards cementless fixa tion for stems. See Table 1. Knowing that the 

usage of cem entless s tems is increasing and tha t peri-prosthetic femoral fracture is more 

of a problem when cementless fi xa tion is used . It is clear tha t e fforts to reduce the risk 

of peri-prosthetic femoral fracture would be most effective if cementless fixation is the 

focus of the study. 

Fixation 1
c:nipolrrr 1\lonob/ock C:nipolnr "lfodu/nr Bipolnr All Patimt 

N °o N °o N 00 N 00 

Cemente~ 3038 1, -.). 2692 12.2 5044 22.8 10774 48.8 
Cemeutless 9568 -U .3 767 3.5 990 4.5 11325 51.2 

Total 12606 57.0 3-'59 15.7 603~ 27.3 22099 100.0 

Table 1 Frequency of cemen ted and cementless hip replacem ents in Australia, 2006 

2.4 Peri-prosthetic femoral fracture 

Peri-prosthetic fracture of the femur after total hip arthroplasty is a major complication 

with high morbidity [92]. Firs t described by Horwitz and Lenobel [93) , the prevalence 

of peri-prosthe tic fem oral fractu re is on the rise due to both the increased number of 
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joint replacements and the high number of revisions as a result of demographic 

changes; such as increased age, and changes in lifestyle [94-96). The success of total hip 

arthroplasty has led to a broadening of the indications for surgery, with both younger 

and more elderly patients eligible for surgery. The younger, more active patients are 

prone to fracture due to high energy trauma events. Whilst the elderly population are at 

risk from minor falls and stumbles, as well as an increased risk of loosening due to 

poorer bone quality as a result of osteolysis, osteoporosis, or multiple revision 

procedures [97-103]. Moreover, wi th hip arthroplasty now in its seventh decade, there 

are an increasing number of patients w ith revised andre-revised hips. 

Peri-prosthetic fractures can be classified as either intra-operative or post-operative 

fractures, with post-operative fractures further classified as early or late. Risk factors for 

peri-prosthetic femoral fractu re include female gender and increased age, although 

these may be confounded by medical co-morbidities including osteoporosis and 

rheumatoid arthritis, a lthough the la tter may be confounded by osteopenia; as well as 

treatment w ith corticosteroids and the presence of diseases, w hich m ay affect bone 

morphology or the healing process [16, 95, 101, 104]. 

Fracture risk is also increased in the setting of revision hip arthroplasty due to the effect 

of surgery-rela ted osteopenia and osteolysis, and the presence of stress-risers related to 

previous procedures. Although revision is not investigated in this thesis. In addition, 

the risk of intra-operative peri-pros the tic femoral fracture is associated w ith technical 

problems such as damage to the proximal femur, under reaming of the femoral cortex, 

use of a large-diameter femoral stem, and a low ratio between the diameters of the 

femoral cortex and canal [105]. Postoperative peri-prosthe tic femoral fracture, 

particularly early fractures, have been associa ted w ith inappropriate weigh t-bearing 

post-surgery. 
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Treatment of peri-prosthetic fractures represents a considerable challenge, with 

reported complication rates ranging between 31 and 52% [98, 106, 107]. As described in 

more detail below, it is recommended that treatment of both intra-operative and post

operative fractures be determined by the classification of the injury. The classification of 

which is often based on radiological appearance [108, 109]. In the case of peri-prosthetic 

fractures of the femur, the most widely used classification system is the Vancouver 

system [99, 110]. 

Ao AL 81 82 83 

c 

Figure 25 Vancouver classification for peri-prosthetic femoral fracture [111] 

This system takes into account the location of the fracture, stability of the implant, and 

the quality of the surrounding bone stock, and has been used by a number of authors to 

define treatment algorithms [94, 109, 112]. Regardless of the treatment strategy, 

recovery is associated with a number of factors including concomitant morbidities and 

circumstances, such as local and generalized osteopenia, osteolysis, and endosteal 

ischaemia from metal or bone cement [113, 114]. 
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2.4.1 Intra-operative peri-prosthetic femoral fracture 

Intra-operative frac tures most frequently occur during insertion of the femoral s tem, 

wi th different frac ture ra tes reported with diffe rent types of fixation method. Cemented 

stems have the lowest reported fracture rate with an incidence of 0.1-1 % [115], whilst 

fracture rates of up to 5.4% [96] have been reported w ith uncemented s tems. The higher 

incidence wi th uncemented s tems has been suggested as being rela ted to the effort 

required to obta in a sufficient press-fit to gain initial stem stability. [63] Intra-opera tive 

fracture rates are also higher in revision surgery, with reported incidences of 3.6% with 

cemented s tem s, and 20.9% with uncemented stems [116]. With the increased 

prevalence of revision surgery and the increased use of cementless fixation, the 

incidence of intra-opera tive peri pros thetic frac tures is rising. 

(a) (b) 

Figure 26 (a) Intraopearative peri-prosth etic Femoral Fracture in metaphyseal region 

(b) Intra-opera tive Peri-prosthetic femoral fracture in the diaphyseal region [117] 

Intra-operative peri-prosthetic femoral fracture typically occurs in the metaphyseal or 

diaphyseal regions see Figure 26, in resp onse to the surgical procedure. The fracture 
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occurs when the instruments or implant generates hoop stresses on the bone that are 

too great for the femur to resist [14, 96, 104] and it most frequently occurs during stem 

insertion. This is as a result of the need for the surgeon to achieve a firm initial press-fit 

of the implant against the bone to ensure long term prosthesis fixation [118, 119]. 

Preparino Fenl()(al canal 

Femur 

Copynghl MMG 1996 

Bone 

Copyrj\tll MMG 1996 

Figure 27 Insertion of femoral stem press fit against bone [120] 

This initial press fit is typically achieved using a slightly undersized femoral canal 

preparation, and insertion of the prosthesis with the aid of a heavy mallet [14]. 
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Figure 28 Insertion of femoral s tem into slightly undersized femoral canal [14] 

This is obviously a difficult scenario for the surgeon, as they need to balance the 

necessary application of load to the bone during the procedure against the strength 

capacity of the ind ividual pa tient's bone. Given tha t patient's bone quality is variable 

and m uch of the population requiring a hip replacem ent have diminish ed bone stren gth, 

stra tegies to mi tiga te the risk of intra-opera tive fractures would be of considerable 

benefit. 

Incidence of intra-opera tive peri-prosthetic fem oral fracture has also been associated 

w ith design of femoral s tem, varus positioning of the femoral component, and 

malposition of the prosthesis (121). Intra-opera tive femoral fractures include many 

types and extents of fracture. Some fractures are recognized intra-opera tively, while 

others are detected postopera tively with radiographic line or fracture displacemen t. 

Implant survival depends upon fracture pattern and, ultimately, implant stability. 

Accurate classification of intra-opera tive p eri-prosthetic femoral frac ture enables the 

appropria te clinical management to be determined (108, 122). Classifica tions by location, 

displacement, and implant stability have been reported . 
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All classification systems label location proximal to dis tal, with complexity increasing as 

frac tures move dis tally. In addition, most classification systems sub classify" A" as non

displaced and "B" as displaced fractures. Examples of classification systems for 

intraoperative peri-prosthetic femoral fracture include those by Mallory [123], which 

described type 1 fractures in the proximal femur, type 2 around the stem, and type 3 at 

or below the tip of the prosthesis; [124], which described type 1 fractures proximal to 

the prosthesis tip, type 2 at the region of the tip of the prosthesis and type 3 below the 

prosthesis; and Stanching [125] who described typ e 1 fractures as proximal, type 2 as 

long spiral fractu.res near the tip, typ e 3 propagating from stress p oints in the femur, 

and type 4 as unclassified. 

Although all femoral classification systems generally grade based on location and 

displacement for description of fractures, the Vancouver system has become the most 

accepted [108, 122]. Modified to accommodate intra-operative fractures, the Vancouver 

system describes fractures in the sam e proximal-to-distal fashion with a ttention to 

configuration and stability of the fracture. Type A fractures are in the proximal femoral 

metaphysis, type B fractures extend or include the diaphysis but not distal diaphysis, 

and type C fractures extend distal and beyond long-stem fixation length. Each of these 

groups is further subdivided into type 1, 2, and 3. Type 1 includes perforations, type 2 

represents linear non-displaced fractures, and type 3 includes displaced and uns table 

fractures. See Figure 29. 
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Figure 29 Intraoperative periprosthetic fractures of the femur- Vancouver classification 

[126] 

Treatment of intra-operative peri-prosthetic femoral fracture aims to s tabilize the 

components of the total hip arthroplasty and the fracture, prevent fracture propagation, 

and maintain component position and alignment. The methods for fixation of intra

operative fractures include cerclage wiring, plate osteosynthesis, and cortical allograft 

strut augmentation, depending on the site, prosthe tic stability, and bone stock. Type-A1 

fractures are generally stable and can, therefore, be treated w ith bone graft alone. Whilst 

less stable type-A2 fractures, risk of fracture propaga tion can be reduced by placement 

of cerclage wire before the insertion of a proximally coated s tem [127]. Alternatively a 

porous-coated stem can be used, in which case the fracture may be ignored since there 

is no distal propagation of the fracture. Type-A3 fractures can be treated with a porous

coated disphysis-fitting s tem or a tapered fluted stem. Type-B1 fractures, w hich usually 

occur during cement removal, and type-B3 fractures, which u sually occur during hip 

dislocation, cement removal or final stem insertion, can be treated by bypassing the 

fracture with a longer stem [128]. If detected intra-op eratively, type-B2 fractures, which 

usually result from increased hoop stress during implant placement, can be managed 
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by placem ent of cerclage wire. H owever, these fractures are often not diagnosed until 

after surgery, in which case trea tment involves protected weight-bearing and close 

observation. Typ e-Cl fractures, which usually occur during cement removal or canal 

preparation, can be treated with morselized bone, bypassing the fracture site, or w ith 

cortical onlay allografts. Type-C2 fracture trea tment involves the use of cerclage wires 

and augmenta tion with an allograft cortical strut whilst type-C3 fractures can be treated 

w ith open reduction and internal fixa tion [127]. 

Figure 30 Intraoperative B1 Figure 31 Intraoperative B1 Figure 32 Intraoperative 

fracture. [126] frac ture w ith strut and acetabular fracture treated 

cerclage wires. [126] with buttress pla te. [126] 

Comparison of intraoperative fracture managem ent strategies is complex due to the 

different fixa tion s trategies used, a lack of consis tency in fracture classifica tion, and a 

lack of robus t comparative studies. The larges t comparative study to da te evaluated 211 

patients undergoing revision total hip arthroplasty [105] with an ex tensively coated 

femoral stem for which a diaphyseal fit was obtained for all patients. Intraoperative 

fem oral fractures were sustained in 30 per cent of pa tients, with the most prevalent type 
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being type-B2. A wide variety of treatment modalities were used including cerclage 

wire fixation and allograft cortical s trut. No significant difference in functional outcome 

was noted between the different treahnent strategies and no significant difference in the 

prevalence of stable fractures was found between bowed and straight stems or between 

stems of different length. Biomechanical studies have also comp ared fixa tion constructs, 

with cables reported to be stronger than cerclage wires; dynamic plates were found to 

be better than Ogden plates, with double plates providing greater stability than a single 

plate with wires; and a la teral plate supplemented with an anterior allograft cortical 

strut was reported to be the ideal construct for a fracture with a stable femoral stem 

[129-132]. 

2.4.1.1 Peri-prosthetic femoral fracture management 

The method for fixation of intraoperative fractures includes cerclage wiring, plate 

osteosynthesis, and cortical allograft strut au gmentation, depending on the site, 

prosthetic stability, and bone stock. Long term fixation of a non-cemented hip stem 

within the femur is achieved through bone ingrowth into a porous or textured stem 

surface. Because initial prosthesis stability and intimate bone to prosthesis apposition 

are required for bone ingrowth, non-cemented prostheses are typically press fit w ithin a 

slightly undersized canal within the femur. Multiple impact loads are applied to a 

broach w ith a mallet to crea te the canal. The hoop stresses that develop within the 

proximal femur during broaching and stem insertion are capable of splitting the bone, 

w ith the reported incidence of intraoperative fracture ranging from 3% to 25%. 

The medial and anteromedial proximal femur are the most commonly observed fracture 

sites. Both clinical and animal studies have shown that a large percentage of fractures 

go undetected . Undetected fractures dramatically decrease the stability of the hip stem 

and may increase the risk of short-term failure. Extracting the stem, applying cerclage 

wires, and re-implanting the stem is the typical treatm ent for fractures that are detected. 
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The influence of trea ted fractures on s tem function is unclear. Canine s tudies have 

shown tha t both trea ted and untrea ted fractures hinder early bone ingrow th into the 

prosthesis. Some clinical investigators indicated that treated fractures do not adversely 

influence recovery time or failure rate, whereas others indicated tha t fractures can lead 

to an increased risk of prosthesis loosening and a prolonged recovery period, even 

when treated intraoperatively. One previous in vitro study examined the influence of 

prosthesis and canal size on the s trains that develop within the proximal femur during 

non-cemented total hip arthroplasty. Increasing the size of the prosthesis relative to the 

canal increased the m aximum hoop stra in. 

2.4.2 Post-operative peri-prosthetic femoral fracture 

Post-operative peri-prosthetic femoral fracture following total hip arthroplasty is a 

serious complica tion that is difficult to trea t, has a high likelihood of re-opera tion, a 

high rate of pos t-opera tive complica tion, and poor functional outcomes [16, 96, 104, 108, 

133, 134] [63]. The incidence of pos t-operative p eriprosthetic fracture is reported to vary 

from 0.1 % to 2.1% in. primary procedures, and increases in a revision setting, with the 

Mayo joint registry reporting an incidence of 4%[108]. 

As previously described, the prevalence of peri-prosthe tic femoral fracture after total 

hip arthroplasty appears to be increasing for m any reasons, incl uding a growing 

population of patients with hip ar throplasties in place, and a growing population of 

patients with compromised femoral bone around hip arthroplasties as a result of 

osteolysis or revision operations [15, 16, 96, 104, 108, 133, 134]. Also wi th more younger, 

more active p a tien ts receiving to tal hip arthroplasty, the p ool of young active p a tients 

(who are at greater risk for high-energy trauma events) is also growing. Notably, low

energy trauma fa lls are th e mos t frequent events linked with pos t-operative peri

prosthetic femoral fracture, with 75% of periprosthetic fractures in the Swedish registry 

database a ttribu ted to minor trauma [135]. 

Page 68 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

As with intra-operative p eri-prosthe tic fem oral fractu re, the risk of fracture in the early 

post-operative period is higher when cementless fixation is used . With the growing 

trend for primary and revision cementless femoral component usage in many regions, 

peri-prosthetic femoral fracture will continue to be a growing problem [104, 136) and 

efforts to comba t it are therefore essential. 

Classification systems for post-opera tive peri-prosthetic femoral fracture have been 

described by a number of authors, including Morrey [137], Whittaker [138], Mont and 

Marr [107), using a combination of prosthetic stability and loca tion as identifiers for the 

fracture. As wi th intra-operative fractures, the most commonly used classification 

system is the Vancouver system, w hich classifies fractures according to loca tion, 

stability, and bone qua lity. Fractures involving the trochanteric area are categorised as 

type-A (AG, grea ter trochanter and AL, lesser trochanter), fractures around the tip or 

stem of the implant are ca tegorised as type-B, and are further divided into subtype- B1 

when adjacent to a well fixed s tem, type-B2 in the presence of a loose stern and type-B3 

when associated w ith osteopenia or loss of bone substance. Fractu res distal to the tip of 

the stem are classified as type-C. 

Page 69 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Type A 
Ac;ot"-r 
tra<:hlala' 

J.o: llpoll<r 
~. 

-~· 
s.Wtl)p<A~ 
fivdMu" 

1YPe s, 
•orJwt 
b<lolio 11m! -
poorboJIC 
oiDdt in 
jiiOlimol 
femur 

Type e, 
nomdor 

""bclolo 
....., __ 
...u fixed 

rypeC 
wellbcl-
0..-

Type 82 
ot«]Uil 
bdow~
llml t_.. 

a 
Figure 33 Postoperative peri-prosthetic fractures- Vancouver classification [126] 

The majority of post-operative peri-prosthetic femoral fractures require surgical 

intervention, with the choice of treatment based on the type of fracture, integri ty, and 

quality of bone stock and stability of the originaJ implant [108, 139]. Type-A fractures 

are often related to osteopenia and associated with osteolysis in the proximal femur. If 

non-displaced, non-operative care is preferred and has good functional outcomes[140]. 

However, if the greater trochanter is displaced, fixation is generally achieved using 

cerclage wires supplemented by screws or plates in order to restore functional leverage 

of the glutei muscles. 
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Figure 34 Displaced type A- Figure 35 Typ e A-G fracture 

G fracture. treated with trochanteric clam p. 

Similarly, non-displaced type- B1 frac tures can be treated non-opera tively, however, the 

potential for displacement in non-operative care is high and poor outcomes have been 

reported [141]. If any d isplacement is present, then type-B1 fractures are trea ted w ith 

fixa tion or revision, often w ith the use of a trochanteric plate and where there is local 

osteolysis, the use of a cortical s tructural allograft to improve the implant' s stability. 
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Figure 36 Displaced type Bl Figure 37 Type Bl fracture 

fracture. treated with revision to 

long-stem prosthesis. 

Type-B2 fractures, and all other fractures associa ted with a loose femoral component are 

best treated with implant revision. Good outcomes have been reported with the use of 

long stems, which bypass the fracture site, with the additional use of cerclage cables, 

wires or straps for long oblique or spiral fractures, and plates and/ or onlay grafts to 

provide stability in short oblique or transverse fractures. Either cementless or cemented 

sterns can be used. However, cemented stems are generally reserved for infirm elderly 

patients with poor bone stock [142]. 
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Figure 38 Displaced type B2 Figure 39 Type B2 fracture 

fracture. trea ted w ith revision to 

long-stem prosthesis. 

Type-B3 fractures are the m ost difficult to trea t due to the presence of grossly deficient 

proximal femoral bone stock and loose stems. As such, aggressive fixation techniq ues 

are required and revision of the component is essential. Revision surgery is often 

augmented wi th cancellous bone impaction grafting or strut-grafting w ith cerclage 

wires in order to enhance the stability of the entire construct. Type-C fractures can be 

managed in a similar manner to any distal femoral fracture and in general are trea ted 

with open reduction and in ternal fi xa tion, using plates with screws and cerclage wires. 
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Figure 40 Type B3 

fracture revised to 

distal fit Wagner 

style stem. 

Figure 41 Type C fracture 

treated with ORIF plate and 

strut with cerclage wires. 

For periprosthetic fractures with a loose s tem , there is general consensus for stem 

replacement as the treatment strategy of choice and a number of s tudies have 

demonstrated this to be an efficient option [64, 122, 143]. For stable pros thesis, there is 

less consensus with som e authors recommending stem revision[144] and others using 

conventional plate fixation, re trograde nailing or non-operative trea tments such as 

traction, although with high complication rates [94, 145] . More recently, the less 

invasive stabilization system (LISS) has been reported as a useful treatment option for 

periprosthetic fracture. This system has favorable biomechanical characteristics and has 

been successfully applied to general fracture trea tment [146-149]. In a s tudy of 36 cases, 

Muller et al. found tha t patients treated with LISS (less invasive stabilization system) 

had similar clinical outcomes to those treated with stem revision [146-150] . Despite a 

slightly increased risk of implant failure, LISS (less invasive stabilization system) may 

be a preferred option for the management of stable stem p eriprosthetic fractures given 

the associated drawbacks with the major surgery required for stem revision. Such 
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drawbacks include an increased risk of intraopera tive fracture, additional soft tissue 

damage, prolonged operative time, increased intraoperative blood loss and a higher 

mortality rate. 

Post-operative peri-prosthetic femoral fracture can occur within a variable w indow after 

surgery. Early post-operative fractures often occur due to inappropria te mobiliza tion 

and rehabilitation in the immedia te post-surgery period [151]. Unambiguous advice 

concerning weight-bearing is therefore essential to reduce fracture risk. Changes to 

medication and the home environment to reduce fall risk should also be considered 

[122]. Early post-operative fractures have also been associated with notching of the 

femoral cortex leading to weakening of the femoral cortex [152] . The most common 

cause of late post-operative peri-prosthetic femoral fracture is osteolysis and the 

associated asep tic loosening of the stern [109, 153, 154] [63]. Localised femora l bone loss 

in association wi th a loose cem ented stem was initially thought to be mediated by failed 

cement [155], however, it is now recognized to be the result of a response to wear of 

particles. In addition, late post-operative peri-prosthetic femoral fracture has been 

associated with different implants and with surgical technique. Countries using 

cemented s tems have the largest incidence of late post-operative peri-prosthetic femoral 

fracture Data from both the Swedish and Finnish registry demonstrates a higher 

association of fracture incidence with the Exeter stem, the Swedish regis try also found 

high incidence rates with the Charnley stem [95, 134]. 

Surgical technique can also have a significant impact on peri-prosthetic femoral hacture 

risk since any factor that decreases bone strength is a risk factor for late fracture. These 

may include screw holes and s tress ri sers from adjacent implants [102, 156], and cortical 

perforations associa ted with reaming of the femoral canal, osteoporosis, osteotomy or 

previous prosthesis, and a narrow medullary canal [157]. A number of clinical studies 

have demonstrated a relationship be tween localized compromised bone and late post-
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operative fracture. Fractures have been observed to localize with cortical stress risers, 

previous cortical breaches including old screw holes and at the tip of the stem through a 

cortical defect [103, 158-162] . Prevention of la te periprosthetic fractures is best achieved 

through regular clinical and radiographic follow-up to enable early detection of 

osteolysis and aseptic loosening and thus timely revision surgery [102, 163]. 

2.4.2.1 Analysis of post-operative peri-prosthetic femoral fracture from the 

"Sydney Hip and Knee Surgeons" Database 

For this thesis, with the permission from Dr William K Walter, a review of the "Sydney 

Hip and Knee Surgeons" extensive clinical database was undertaken. The an alysis 

focused on cem entless femoral s tems w here a post-operative peri-prosthetic fem oral 

fracture was observed . In a six year follow-up period looking at 1152 primary 

cementless ana tomic total hip arthroplasty (ABGI) performed in 1036 patients, 37 (3%) 

periprosthetic fractures occurred in 36 patients. Three fractures (0.2%) occurred during 

the first two months post-operatively, two identified on the post-operative radiograph, 

and one presented with groin pain following a minor stumble. All three fractures ran 

from the cut neck of the femur to the medial fem oral diaphysis at a point 5 to 6 em 

distal to the lesser trochanter. Thirty-four fractures (2.9%) occurred between 2-127 

months post-surgery, and were cau sed by low, moderate or high-energy injuries. All 

la te fractures involved the lateral aspect of the femur, and had two distinct phenotyp es. 

The first type of fracture, which occurred 56 months post-operatively on average, ran 

from the la teral aspect of the femur just above the elbow of the prosthesis and extended 

distally in a lon g spira l m anner into the femoral diaphysis 5 to 12 em distal to the lesser 

trochanter. A second fracture line was also often present, extending proximally from the 

elbow to the neck of the femur so that the greater trochanter was a separate fragment. 

Fractures in this group were generally associated w ith loosening of the femoral stem. 

The second subset of fractu res occurred later (an average of 81 m onths post-op eratively) 

and ran from the lateral asp ect of the femur just above the elbow of the prosthesis. They 
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extended a variable distance distally in a transverse or short oblique fashion, exiting the 

medial aspect of the femur within 2 em of the lesser trochanter. In a few cases a second 

fracture line extended proximally into the neck of the femur. Due to the fractures 

location proximal to the metaphyseal-diaphyseal junction, the femoral stems in this 

group remained stable in the dis tal femur and therefore most of these fractures could be 

treated non-operatively. 

Of significant interest, from this an alysis a distinct pattern related to the timing of the 

fracture post-surgery and the patient age was found in the analysis. Observing a plot of 

the fractures on a graph with the horizontal axis being the time after surgery that the 

fracture occurred and the vertical axis being the patients age, two distinct areas can be 

identified on the plot. Firstly, the early fractures appear to be concentra ted within the 

first 3 months. This is in the period where bony in-growth into the proximal coating and 

therefore rigid interlock of the stem with the femoral bone is occurring. Then a 

noticeable gap exists in the plot where no frac tures have occurred for younger patients 

and only a limited number of fractu res have occurred for patients over 80. See Figure 42. 
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Figure 42 peri-prosthetic femoral fracture age vs years to fracture after total hip 

replacement Early vs Later fractures 

The prosthesis-bone interface mechanics in the early postoperative period differ from 

those in the late postoperative period [104] . During the early postoperative period, bony 

in-growth has not yet occurred and the frictional loads arising from the initial press fit 

is the only support for the prosthesis. If these supporting frictional loads are overcome, 

the prosthesis may wedge further into the canal, increasing the hoop strains on the 

femur, thereby leading to a fracture. The mechanics of the construct are quite different 

once bony in-growth occurs. A much greater load is required to overcome the 

prosthesis-bone interface, which can only be achieved by fracturing the bone at the 

interface. Often, late-stage peri-prosthetic femoral fracture occurs in conjunction with 

loosening of the prosthesis or loss of bone due to osteolysis or unfavorable remodeling 

responses [116, 164, 165]. 

The ABGII press fit anatomic stem 

The majority of press fit stems are straight, and as a result, the contact with the curved 

femoral shaft is incongruent and occurs unevenJy at points of contact. To address this 

issue anatomic shaped femoral components were designed. One such anatomic stem is 
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the Anatomique Benoist Girard (ABG) stem that was supplied by H owmedica, 

Allendale, NJ. In its original form, the ABG femoral component was anatomically 

shaped, w ith mirrored geometries for left and right hips. The stem is m ade out of 

titanium alloy (Ti6A14V), and the proximal one third of the stem length is coated with 

Hydroxyapetite. The anterior and posterior faces of this coa ted region have a slightly 

structured morphology See Figure 43. Whereas the distal stem has a smooth matte 

finish. (See Figure 43) The design objectives of the stem were to create direct 

postoperative stability, proximal osseous integration, and load transfer. This shape 

promotes proximal fill in metaphyseal trabecular bone, and the distal stem is a fail-safe 

feature against excessive bending and has a loose fit in the diaphysis, which us 

prom oted by over reamin g. [166] 

This stem reported excellent clinical results in a large multicenter study with a five to 

seven-year follow-up. [167] In tha t study, involving 398 patients, a component survival 

rate of 99.2% after five years was observed . [166] H owever, som ewhat unfavorable 

patterns of bone remodeling were observed radiographically [167] . This was in the 

form of; endosteal apposition and cancellous bone densification in the 1nid stem section; 

bon e resorption in the most proximal sec tions; and the formation of radiolucent lines 

around the distal s tem . This seem ed to signify a lack of stem bonding. [166] The results 

further showed approximately 4 % distal cortical thickening and 27.1% calcar resorption 

after 5 years. [166] [167] Similar observations have since been reported by Herrera et al. 

[168] and confirm ed with Dual-energy X-ray absorptiometry DEXA by Panisello et al. 

[169]. 

In an a ttempt to improve the proximal transfer of loads and reduce the phenom enon of 

stress-shielding the stem was redesigned and is now referred to as the ABG-II. The 

main differences between both stems concern geometrical design and material. The 

overall length was reduced by 8% and the proximal and distal diameters by 10%. The 

prosthesis shoulder has been m odified, extending the HA zone over the proximal 
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shoulder, to promote in-growth where the shoulder comes into contact with the canal 

near the trochateric region. The material has changed from Wrought Titanium (Ti 6Al-

4V) alloy to TMZF (Titanium, Molybdenum, Zirconium and Ferrous) alloy. (170] This 

beta titanium alloy offers 25 percent greater flexibility than Ti-6Al-4V alloy, yielding a 

modulus of elasticity that more closely resembles that of bone. In addition, TMZF 

(Titanium, Molybdenum, Zirconium and Ferrous) maintains a 20 percent higher tensile 

strength than Ti-6Al-4V alloy. (171] 

Figure 43 ABG I vs ABG II showing differences in design features (170] 
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Figure 44 ABGII femoral component (Stryker internal presentation) 

This newer ABG II stem has been used extensively in Australia and in Europe and has 

had a successful clinical history. [172] [173] [174]. The results published in the 2010 

Australian Joint Registry report show that the medium term results of the ABG II stem 

compare favorably to the other available stems. See Figure 45. 
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Table HT54: Yearly CumulaHve Percent Revision of Primary Total ConvenHonol Hip Replacement with 
Cemenlless Fixation 

Femoral Acetabular I 1 Yr 3 Yrs 5 Yrs 7 Yrs 9 Yrs 
Component Comp o ne nt 

A BGU ABGII f I 7 (1.3. 2.3) 3.0 (2.4 3.8) 4.1 (3.4 4 9) 5.3 (4.4 6.3) 5.5 (4.6. 6.6) 

ABGII ABGII (Shell/Insert) 1.7 ( 1.0, 3.0) 2.3 ( 1.5, 3.8) 3.1 (2.0, 4 .7) 4.1 (2.7 6.3) 

A8GII Trident 2 2 {I 6. 3.0) 4.0 (3 2. 5.1) 5.0 (4 .0. 6 3) 6.5 (5.0. 8.4) 

Accolade Trident 1 5 {1 .2. 1.9) 3.0 (2.5. 3.5) 4.0 (3.3. 4.7) 5.0 (3.7, 6.8) 

Adopter Bronrk 21 {1 .5. 4 6) 5.8 (3.7. 9.1) 

Alloclossic Allofit 1 6 (I 2. 2.0) 2.6 (2. 1. 3.1) 3.3 (2.6. 4 I ) 3.4 (2.8. 4 2) 

Alloctossrc Durom 1 4 (0.7. 2.7) 5.1 (3.4 7.6) 6.2 (4 2. 9.0) 

Alloclo~c Filmore 2.3 (I .6. 3.2) 3.6 (2.7 4.7) 4.3 (3.3 56) 4.9 [3.8. 6 4) 

Alloclossrc Trabecular Metal Shell 1.7 (1.0, 3.2) 1.7 (1.0, 32) 1 7 (10 3 2) 

Alloclos<ic Trilogy 0 6 (0 2 1 9) 0.9 (0.3. 2.3) 

Anthology RJ 1.7 (1.0 2.9) 

Anthology Reflechon I 2 (0.6. 2.4) 1.6 (0.9 2.8) 

CLS Allot it I 6 (0.9. 3.0) 3.1 (2.0. 4.9) 3.4 (2.2. 5.3) 5.2 (3.2 8.4) 

C LS Fit more 20 (1.1. 3.6) 4.2 (2.7 6.4) 4.4 [2 9, 6.7) 52 (3.4 78) 

Citation Tlident 1.8 [1.2. 2.8) 2.5 (1.7 3.7) 3.2 [2 1 4 7) 32 [2.1. 4.7) 

CitoHon Vi! aloe~ 0.5 [0.2. 1.7) 2.2 [ 1.3. 3.8) 2.6 [1.7. 4 6) 3.7 (2.3. 5.9) 5.1 [3.1. 8.4) 

Coroil ASR 2. I {I 6 2.7) 6.4 15.3 7.6) 

Coroil Our aloe 1 4 (0.9. 2.2) 1.9 [1.3. 2.9) 2.7(16. 4 0) 3 6 [2.4. 5.3) 

Cororl Prnnocle I 7 (1.4 2.0) 2.3 (I 9 2.6) 2.9 (2.3. 3.7) 

Epoch Trilogy 2.3 [1.5. 3.6) 3.1 (2.0. 4.7) 3.1 {2.0. 4.7) 3.6 (2.3. 5.7) 

F2L SPH-Biind 3. 1 (2.0. 4.8) 4.9 [3.5. 7.0) 6 2 {4.5. 8 4) 7 I (5.3. 9 6) 

Mallory-Head Mallory-Head I 8 (1 .3. 2.5) 2.3 (1 .8. 3.1) 3.1 {2.4, 4.0) 4 3 [3.3. 5.5) 6.6 (4.9. 8.9) 

NotLKo Hip Fit more I I (0.6. 2.1 ) 1.5 {0.8. 2.6) 2.1 {1.3, 3 4) 3.0 [1.9 4 9) 

Omnifit SecLK-Fit 3.2 {1 .9. 51 ) 5.0 (3.4 7 .3) 6.7 (4.8. 9.3) 7 8 (5.7 10.7) 

Omnifit Trident 1.7 [I 1 2.7) 2.8 {1.9 4.0) 39 (2.8. 53) 4 4 (3.2. 6.0) 

Quodro-H Versofll 2.8 [1.7, 4.7) 

S-Rom Optron I 5 (0.8. 2.8) 2.4 [I 5. 3.9) 3.4 (2.2. 51 ) 3.9 [2.6. 5.9) 

s-Rorn Prnnocte I I 9 (1.4, 2./) J.l (2.4, 4.1 ) 3.1 [2.8. !> I) 

SL-Ptus EPF-Pius 

I 
I 8 (1 .3. 2.5) 3.4 (2.6. 4.4) 4.6 (3.4 6 1) 

SL-Ptus R3 2.5 (1.2, 4 9) 

SecLK-Fit Trident 1.3 (1.0 1.7) 21 [1.7 2.7) 2.6 (2.1. 3.2) 3.5 (2 8. 4.3) 

Secur Fit Plus Tndent 1.3 (1.0. 1.7) 2. 1 (1.6, 2.6) 2.6 (2.1. 3 .2) 2.6 (2.3. 3.5) 3.0 (2.4. 3.7) 

Slobihty Duroloc 0.7 (0.2 2.3) 2.3 (I 2 4.3) 2.5(1 4 46) 4.8 (2 9 7.8) 

Summit ASR 1 2 [0.7 2.0) 4.8 [3.5, 6.5) 7 1 {4.3. 11 5) 

Summit Pinnacle 1 2 (0.8. 18) 1.6 (I I, 2.3) 2.0 ( 1.4. 2 .9) 

Synergy BHR 
' 

1 2 [0.7. 2.4) 2.2 [1 .3. 3.8) 

Synergy R3 1.5 (0.9. 2.5) 

Synergy Reflection I 1 5 [I 2, I 8) 2.3 (2 0. 2.7) 26 (2.3.31) 3.3 [2 8. 3.9) 4 9(2981 1 

Toperloc M2o 1.7 (0.8. 3.3) 3.5 (2.1. 5.8) 5.5 [3.5. 8 51 

Toperloc Mallory-Head 1 7 [1 .0, 2.9) 2.4 ( 1 .5. 3.81 2.8 (1.8, 4 41 3.5 [2.3. 5.41 

Toperloc Recap 72 [I 2. 4 11 3.3 [1 .9 5.81 

VerSys Trilogy 2.2 ( 1 .8. 2.7) 2.9 {2.4, 3.51 3.4 (2.9. 4 1 I 3.9 (3.3. 4.71 4.7 [3.3. 6.81 

Other (7781 20 (1.9, 2.31 3.7 (3 4 4.0) 4.9(4 552) 6.0 [5.5. 6.4 I 7.0 (6.2. 7.91 

Note: Only prostheses with over 400 procedures hove been listed 

Figure 45 From the Australian Joint Registry 2010 report: yearly cumulative percent 

revision of primary total conventional hip replacement with cementless fixation 
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However, Australian surgeons who have experience with the ABG II stern anecdotally 

noticed a relatively high number of peri-prosthetic femoral fracture with the ABG II 

stern, when compared to other sterns designs. As such, in 2007 Stryker asked the 

Australian Joint Registry to conduct a more detailed analysis on revisions due to peri

prosthetic femoral fracture around the ABG II. The results were illuminating. 

When looking at the ABGII stem there is a difference when it is compared to all other 

stems combined independent of time in-situ. The ABGII stem does have a higher 

overall revision rate (ABGII- 3 %; all other stems-2.3 % ). Isolating peri-prosthetic femoral 

fracture as the cause for revision highlights the concern (ABGII-1.1 %; all other stems-

0.3%). Clearly, efforts to reduce the risk of peri-prosthetic femoral fracture for this stern 

design would be welcomed. 

Table 2 Data requested from the Australian Joint Registry provided courtesy of Stryker 

South Pacific 

When looking for reasons as to why the stem has a higher fracture rate, comparison of 

the incremental designs is an obvious place to start, considering there was an 

incremental design change in the stems history. Unfortunately, the Australian Joint 
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Registry is a relatively modem initiative so the original ABG prosthesis cannot be 

analyzed adequately using the registry. Fortunately, the Sydney hip and knee surgeons 

who have extensive experience with both iterations of the ABG stem design have a 

detailed database that was analyzed as part of this thesis work. 

Looking at the ABGII vs the ABG original stem in 2003, it is immediately clear that the 

iterative design changes appeared to have a favorable effect on the overall fracture rate. 

Over similar lengths of time, the ABG II Stern has a lower fracture rate than the original 

ABG. See Table 3 

Table 3 ABGI vs ABGII incidence of fracture (Courtesy of the Sydney Hip and Knee 

Surgeons) 

Considering the ABG was redesigned to best optimize against unfavorable bone 

remodeling, this result could be expected. It is anticipated that unfavorable bone 

remodeling (stress shielding) would increase the rate of later postoperative fracture, as 

was previously described. 
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What is most interesting is that a deleterious effect was observed. Although the overall 

fracture rate was reduced with the ABC II, the rate of early fracture appears to have 

increased with the ABCII. A smaller number of late stage fractures are observed with 

the ABC II but unfortunately a greater number of early stage fractures are also observed. 

See Table 4 

Table 4-ABC I vs ABC II incidence EARLY fracture (Courtesy of the Sydney Hip and 

Knee Surgeons) 
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2.4.3 Surgical technique - cementless ABG II [175] and [176] 

An understanding of the surgical technique used for hip surgery is of relevance to the 

work in this thesis. In this review, an emphasis is placed on the stages d uring surgery 

were the risk of peri-prosthetic femoral fracture is at its highest, namely broaching and 

stern insertion. 

The techniques used by surgeons to implant total hip replacem ents are not uniform. 

The techniques vary according to the surgical approach preferred by the surgeon, the 

implant system chosen, the instrument set chosen, and the individual preference of each 

surgeon . How ever, generally there are similarities and many of the concepts are 

transferrable between surgical techniques. The posterior lateral technique is the 

technique recommended by the manufacturer,[175] for the ABC II stem this is the 

technique that detailed in this section . 

2.4.3.1 ABG II Posterior Lateral Approach 

2.4.3.1.1 Preoperative Planning 

Pre-operative radiographs should be analysed using the m anufac turer's templates to 

determine the correct leg length, centre of rotation of the hip joint, fem oral offset and 

the size of the prosthesis. The pa tient is placed on the operating table in a lateral 

decubitus position (laying on their side). 
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Figure 46 Left-Femoral X ray template Right- Patient positioned in lateral decubitus 

position on the operating table {ABG Surg tech, 2004) 

The skin incision for a mini postero-lateral approach is placed slightly more posteriorly 

and obliquely than a standard incision. The incision extends 4cm proximally and 

distally to the tip of the Greater Trochanter. The fascia lata is divided in line with the 

skin incision and the gluteus maximus muscle is split along the line of its fibres. See 

Figure 47. A deeper incision is made, revealing the posterior aspect of the Greater 

Trochanter (1) and the trochanteric bursa, which must be reflected with the sciatic nerve 

(2) at the bottom to expose the short external rotators (3). The leg is placed in extension, 

abduction, and internal rotation to better expose the short external rotators. 
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Figure 47 Left- Initial incision Right- Deeper incision revealing 1-Trochanter, 2- sciatic 

nerve 3- short external rotators [176] 

The surgeon cuts the external rotators close to the Greater Trochanter and the fossa 

piriformis (preserving the piriformis muscle attachment (4) if possible). These may be 

raised with the posterior capsule as a composite flap or they may be raised separately. 

In both cases they will be repaired at wound closure. The capsule is split proximally 

along the axis of the piriformis muscle (5), the femoral neck, and the acetabular rim. The 

surgeon has the distally aim to be as close to the trochanteric attachment as possible (6). 

The external rotator muscles and capsule (7) will protect the sciatic nerve during the 

rest of the operation. 
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2.4.3.1.2 Dislocation and Neck Resection 

The hip is dislocated posteriorly by flexion, adduction and internal rotation of the lower 

limb. The neck is exposed by placing either the autostatic retractor between the gluteus 

minimus and the external rotators and the capsule; or by placing two Hohmann 

retractors around the femoral neck. It is important that the surgeon remember that good 

exposure of the fossa piriformis and lesser trochanter will allow you to follow the pre

templated resection line. 

The flexed knee is carefully orientated to prevent incorrect version of the neck. The 

femoral neck is resected using the anatomic landmarks (8) and the neck line resection 

drawn from the fossa piriformis (9). The femoral head is removed using either the 

corkscrew instrument or forceps. 

2.4.3.1.3 Acetabular Reaming and Cup Insertion 

The acetabulum is prepared with cylindrical reamers until the required size is reached. 

The surgeon knows that the size is correct if bleeding bone is observed all the way 

around the hemisphere. The acetabular component is then impacted into the acetabulm 

using the dedicated instrument. 
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2.4.3.1.4 Femoral Exposure and Preparation 

The acetabular retractors are removed and the operated leg is placed into maximum 

adduction and into internal rotation. This position ensures that the knee of the non

operated leg does not obstruct it, and a femoral elevator is placed beneath it displaying 

the entry to the femoral canal to the surgeon. See Figure 48. A box chisel is used to 

resect a piece of cancellous and remaining cortical bone from the lateral femoral neck to 

allow direct access to the femoral canal and avoid reaming in a varus position. Flexible 

reamers are then used to ream the distal canal to accept the pilot of the femoral implant. 

Figure 48 Femur exposed (Left) Femoral canal opened up by the box chisel (Right) 
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The surgeon starts with the smaller size broaches and working upwards, inserts the 

broaches into the canal. Cancellous bone is removed by rasping and impacting the 

broaches with a heavy mallet. The surgeon then progressively increases the size of the 

broach removing more cancellous bone until the broach is sitting firmly on cortical bone 

and is stable. 

Rotating the broach in the canal and observing a firm fit with little movement between 

the broach and the femur allows the surgeon to judge broach stability. After inserting 

the final broach the broach handle is removed. The offset forceps are placed on the 

broach the modular trial neck and head with appropriate neck length, the trial 

acetabular liner is inserted and a trial reduction is performed. At this stage, the surgeon 

may trial many different options for neck length by using different sizes of femoral 

head offset or, if the stem has a modular neck (which is available in an ABGII stem), 

different neck offsets as well. The surgeon is aiming to select an offset that does not 

increase the patient's leg length but also tensions the soft tissue, thereby optimizing the 

patient's hip biomechanics appropriately. 
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2.4.3.1.5 Definitive Implant Insertion 

The trial insert is removed from the acetabular shell piece, the cup interior is cleaned 

and dried, and then the definitive polyethylene or ceramic insert is put in place. 

The definitive stem is inserted; firstly by the surgeon pushing the stem into the canal. 

Then, to fully seat the stem, an insertion instrument is placed into the punch pad on the 

superior section of the stem. See Figure 49. The stem is then seated by 

firmly impacting the insertion tool with a mallet. It is important to note that this must 

be done carefully as this is the stage where the highest risk of intra-operative peri

prosthetic femoral fracture is seen. 
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---

Figure 49 Femoral stem insertion 

The taper is dried and the definitive femoral V40 head implant is impacted onto the 

stem neck with slight torsion. The hip is reduced and stability is checked again, both in 

extension and external rotation and in flexion, adduction and internal rotation. 
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2.4.3.1.6 Closure 

Both sides of the capsule are sutured, completely enclosing the femoral head. The short 

rotator muscles are attached to the greater trochanter with transosseous sutures, then 

the fascia lata is sutured, along with the subcutaneous tissues and the skin. 
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2.5 Computer assisted orthopaedic surgery 

Surgical navigation systems provide positional information about surgical tools or 

implants relative to a target organ (bone), enabling the formulation of a surgical plan. 

Surgical navigation can use volumetric information provided by Magnetic Resonance 

Imaging, Computerized Tomography, or ultrasound scans (volumetric image-based 

navigation), intra-op erative fluoroscopic images (fluoroscopic navigation) or intra

operative kinetic information about joints/morphometric information about bones 

(imageless navigation) [19, 21, 177-180]. 

Although initially developed to locate brain tumors based on stereotactic 

principles[181], computer-assis ted surgery, utilizing robotic or image-guided 

technologies has been successfully expanded to a number of other surgical specialties, 

including computer-assisted orthop edic surgery. Computer assisted orthopaedic 

surgery aims to improve the perception that a surgeon has of the surgical field and the 

operative manipulation that they are undertaking. Conven tional surgical handwork 

requires competences such as dexterity or fine motor skills, which are complemented by 

visual and tactile feedback. [182] Current computer assisted orthopaedic surgery 

systems have the ability to enhance visualization by displaying a virtual model of the 

operated anatomy in conjunction with the relevant information about the position of a 

surgical instrument or implant. This is usually done on a computer screen visible to the 

surgeon whilst operating. This visualization improves the surgeon's visual feedback by 

complementing the direct visual impression of the operation site. 

The navigation system presents greater details, three-dimensional views or sights of 

internal structures, which are invisible to the naked eye or are difficult to visualize in 

the necessary way during the procedure.[182] Computer assisted surgery can be used at 

a number of levels. Passive computer assisted orthopaedic surgery systems are 

designed solely to assist pre-surgical planning and simulation of surgery, semi-active 
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comp uter assisted orthopaedic surgery systems have the capacity to p erform non

surgical actions such as moving a cutting jig and active computer assisted orthopaedic 

surgery system s are able to perform surgical activ ities that are programmed pre

operatively. 

Utilization of a navigation system is exp ected to increase, or enhance, the visual 

perception of the opera tor leading to an increased p erception w ith w hich surgical tasks 

can be carried out. Surgical manipulations, such as drilling, chiseling, sawing, or the 

placement of implants, can be p erformed m ore accurately and w ith greater confidence. 

This should reduce the risk of harming the pa tient by damaging sensitive structu res 

intra-operatively. As a result, numerous studies have reported smaller variations of the 

outcome of pa tients who underwent navigated surgery, when compared to the 

corresponding conventional approach es. For example, during total hip replacement, it 

has been dem onstra ted that computer assisted orthopaedic surgery provides more 

precise acetabular cup placement when compared to unassisted manual surgery. [183) 

2.5.1 Tracking in a Navigation System 

Navigation systems utilize a device, called tracker, to determine the sp atial 30 positions 

and orientation s of o bjects in real time. Different physical modalities have been 

inves tigated and used to rem otely sense the spa tial location of objects, such as 

electromagnetic field sensing. H owever, optical tracking is by fa r the most commonly 

used tracking m odality. [182) 

Optical tracking systems utilize infrared light that is either actively emitted or passively 

reflected from the tracked objects. See Figure 50. 
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Figure 50 Optical tracking systems left passive right active (Stryker internal 

presentation) 

Figure 51 Instrument being tracked by an optical tracking system during a total hip 

replacement (Picture taken whilst observing surgery) 

The basic principles of navigation are outlined in the following paragraphs using an 

optical tracking system but they apply for other physical modalities as well. A strong 
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analogy can be made between surgical Navigation systems and a Global positioning 

system. See Figure 52. 

Figure 52 Optical Tracking analogous to a Global Positioning System. (Stryker internal 

presentation) 

To track objects, such as surgical instruments or the patient's anatomy, light emitting or 

reflecting markers are rigidly attached to the tracked objects. A system consisting of an 

object to be tracked and markers rigidly attached to it is called rigid body. The optical 

trackers, also known as cameras, detect the reflected or emitted light signals and 

reconstruct the corresponding marker's 3D positions in the camera's coordinate system. 

From mathematics it is known that the positions of three non-collinear marker positions 

are required to uniquely define the 3D position and orientation of an object in space. 

Therefore, the markers are usually grouped in rigid constellations of three or more, 

forming their own local coordinate system. By increasing the number of markers, 

together with an optimized spatial arrangement, the visibility of a tracked object can be 

improved. Additionally, it has been shown that increasing the number of markers on a 

rigid body up to six significantly improves the navigation accuracy. With an increasing 

number of markers, the accuracy gradually converges against a maximum. 

By means of calibration or registration, the real object geometry will be defined in the 

local rigid body coordinate system. Knowing the individual marker positions of a rigid 

body and the orientation of the real object within the local rigid body coordinate system, 
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the absolute position and orientation of the real object in the camera coordinate system 

can be computed. If the camera tracks more than one object simultaneously, the relative 

positions of all tracked objects can also be determined. (See Figure 53) [182] 

Figure 53 Instruments being tracked by a Navigation system (Stryker internal 

presentation) 

For tracked patient anatomies, identical mechanisms are used. However, the instrument 

that is being tracked is rigidly attached to the patient, then that anatomy segment is 

tracked via the instrument. This instrument is referred to as the dynamic reference 

frame, or patient tracker. As long as the marker arrangement stays rigid in relation to 

the anatomy the rigid body concept is not violated and the relative position between 

patient anatomies and/ or surgical tools can be computed. Figure 54 illustrates this 

tracking concept by showing the individual transformations between the camera 

coordinate system (C-cos), the tool coordinate system (T-cos), and a ORB attached to a 

patient anatomy forming a rigid body and defining a local coordinate system (A-cos). 

[182] 
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Figure 54 Tracking concept from [182] 

2.5.2 Components of a computer assisted orthopaedic surgery System 

The core of each computer assisted orthopaedic surgery system presents virtual 

representations of the operated anatomy and the performed surgical action. By linking 

this virtual model to the operated patient, it ensures that the replayed scene matches 

with what is performed at the surgical sites [182, 184] 

2.5.2.1 Representation of Patient Anatomy-The Virtual Object 

Operating with the support of a surgical navigation system requires an image of the 

treated anatomy to be used as the virtual object. The virtual object is predominantly 

represented on a computer screen after the image has been processed. The processing 

changes the patient image into the virtual object. 
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2.5.2.1.1 Image based representation 

A large variety of image modalities have the potential to be used for this purpose. 

Predominantly, these images have been acquired preoperatively; however, intra

operative acquisition is also possible. 

2.5.2.1.1.1 Preoperative Image Acquisition 

These modalities could include Computerized Tomography, Magnetic Resonance 

Imaging, Preoperative X ray, or even Proton Emission Tomography. Each modality has 

its own advantages and disadvantages. 

2.5.2.1.1.1.1 Computerized Tomography 

Computerized Tomography is an almost ideal preoperative image modality for the 

needs of computer assisted orthopaedic surgery. It presents the outer shape and inner 

structures of bone anatomy with high resolution, good contrast and without any 

geometrical distortions. [182] 
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Figure 55 CT image used for Navigation of Pelvic Anatomy (courtesy of Stryker South 

Pacific) 
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2.5.2.1.1.1.2 Magnetic Resonance Imaging 

In contrast, Magnetic Resonance Imaging suffers from poor hard tissue representation 

and sometimes considerable geometric distortions. Although special acquisition 

protocols have been suggested to, at least partially, overcome these difficulties, 

Magnetic Resonance Imaging are not widely used in orthopedic navigation (185] 

However, the use of Magnetic Resonance Imaging is almost standard for Cranial 

Navigation where visualization of the soft tissues, such as those of the brain, is essential. 

Figure 56 MRI Image used for Cranial Navigation 

2.5.2.1.1.1.3 Preoperative X-Ray 

Pre-operative X-ray is rarely used because of its geometrical imprecision and the fact 

that they only capture a two-dimensional (2D) perception of a three-dimensional (3D) 

scene. These issues have made developers refrain from building navigation systems 

based on X-rays. (182] 

2.5.2.1.2 Image based Requirement for Image Registration 

Where a preoperative image serves as the virtual object, a so-called registration or 

matching procedure is required to align the operated anatomy with its preoperative 
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image, assuming that the represented topology of the bone has not changed between 

image acquisition and surgical intervention.[182] 

Numerous registra tion approaches have been described, which will register the 

preopera tively acquired image (or now the virtual object) to the patients anatomy [186]. 

Each of these registration technjques requires certain features to be interactively or 

semi-automatically identified. They must firs t be identified in the processed image and 

then the patient's anatomy. The spatial relation between virtual object and opera ted 

anatomy are extrapolated from the inherent knowledge of correspondence be tween 

these acquired feature sets. [182] Another way of describing this is to say tha t the co

ordina te system of the virtual object is identified and transformed to align with the co

ordinate system of the patient reference frame. Resulting in the virtual object being 

aligned with the pa tients ana tomy. 

One way of achieving this is by paired point registration. Using fiducial markers that 

a ttach to the pa tient before the preoperabve image are acquired; a set of easily 

identifiable points can be defined both in the image and on the patient during the 

procedure. Then it is matter of identifying and m athematically describing these 

locations on the pa tient image, which is now the virtual object. Then, a t the beginning of 

the procedure, these landmarks are touched and paired rela tive to the pa tient reference 

frame. See Figure 57. Then the two reference frames are processed w ith an iterative 

solver tha t tries to find the tran sformation matrix, which millimizes the mean error 

between all of the paired points. 
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Figure 57 Point to Point registration of image to virtual object (images courtesy of 

Stryker South Pacific) 

Since the perfect alignment of image and reality is crucial for the accuracy of the 

subsequently available navigation feedback, this usually interactive step requires 

careful execution and, as an element of safety, subsequent verification of the achieved 

result. [182] This procedure is far from perfect, and large errors in the registration can 

often be observed. There is often a need to improve the registration procedure with 

more refined techniques. One of these is that of a so-called surface matching. This is 

practically achieved by digitizing many indiscriminate points on the surface of the 

patient. This point cloud is then used to match to a processed surface from the virtual 

object. 
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I 

Figure 58 Acquisition of a point cloud for surface matching (Image courtesy of Stryker 

Navigation internal presentation) 

There is a large body of literature in computer vision concerned with the surface-based 

registration problem. The approach normally used in the medical image processing 

community (and which is referred to in computer vision as the "free-form" surface 

matching problem) is to search for the transformation that minimizes some disparity 

function or metric between the two surfaces. The disparity function typically used for 

surface-based image registration is the mean squared, and optiona11y weighted, 

distance between points on one surface (the "data" point set) and corresponding points 

on the other surface (the "model" surface). The principal difference between point-based 

registration, which minimizes the mean squared distance between two sets of 

corresponding points, and surface-based registration is the availability of point 

correspondence information. Whereas point-based registration can be solved using any 

of several algorithms with closed-form solutions, the lack of exact point correspondence 

information causes surface-based registration algorithms to be based on an iterative 

search. Most algorithms calculate approximate point correspondence information for 

the current transformation at each iteration of the search.[187] 

Page 105 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Figure 59 Surface based registration of the head(187] 

2.5.2.1.2.1 Intra-operative image acquisition 

Intra-operative imaging using 2D or 3D fluoroscopy can be used to build the virtual 

object in place of a preoperatively acquired image. (188) Utilization of an intra

operatively acquired image has some distinct advantages over other imaging 

modalities: 

Using an intra-operative image allows for intra-surgical image update when the 

operated morphology does not any more correspond to what is frozen in the 

preoperative image. For example; in cases of fracture reduction or repositioning 

osteotomies. [182] 

It is much more convenient, as there is no requirement to collect or process preoperative 

imaging to build the virtual object. It is acquired and processed during the procedure. 

Intra-operative image allows for a much simpler registration of the patient image 

(virtual object) to the patient. Using an intra-operative means of image acquisition 

permits the imaging device to be integrated into the coordinate space of the navigation 

system. Provided a pre-calibration of the device has been done, the link between image 
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space and surgical space can be determined automatically. This effectively makes the 

need to register the virtual object to the patient obsolete. [182] These intra-operative 

imaging solutions may gain much more acceptance in the future. 

Figure 60 Intraoperative 3D image from a flouroscopy being utilized with a Navigation 

Solution (From Siemens Website) 

2.5.2.1.3 Image less Representation of the Virtual Object 

As another alternative, which goes entirely without any form of radiological image is 

the so-called image-free systems. These construct virtual models of the operated 

anatomy based exclusively on interactively acquired position data. Such data is either 

recorded by intra-operative palpation of anatomy or derived from the kinematic 

analysis of joint motion [189], which lets the computer assisted orthopaedic surgery 

system determine, for example, the rotation centre or axis of a joint. Resulting models 

are rather abstract since they are constructed from very sparse data [190]. To improve 

the realism with which the surgical field is represented on the screen, statistical shape 

atlases can be combined with the recorded data. [182] 
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Figure 61 Imageless Digitization of Landmarks to build virtual object (From Stryker 

Navigation internal presentation) 
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Figure 62 Imageless representations of Anatomy (Stryker Navigation internal 

presentation) 

2.5.3 Robotic Surgery 

Robotic surgery involves visualizing the surgical plan and the positions of the surgical 

tools. Three types of robotic systems have been designed to overcome the inaccuracy of 

hand-controlled positioning of surgical tools by surgeons. Two of the systems are semi

active: The first is free moving as it guides the tools into place to enable precise 

execution of a surgical action by the surgeon. The other constrains the movement of 
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surgical tools so that the surgeon can only move it within a preprogrammed range [191]. 

The third system is an active one, which automatically moves a milling device 

according to pre-surgical planning [192, 193]. 

Early studies of computer assisted orthopaedic surgery suggest that it improves 

surgical accuracy and surgical outcomes through enhanced pre-operative planning and 

optimization of the surgical plan. The future of computer-assisted surgery is therefore 

exciting and promising. Total joint replacement is a proven procedure that has been 

successfully helping people live with less pain and greater mobility for decades. With 

the use of computer assisted orthopaedic surgery, total joint replacement can continue 

to evolve and improve, with the development of new, rapid surgical procedures with 

minimal invasiveness that surgeons are currently not technically able to perform. 

2.5.4 Total hip replacement- using the Stryker Navigation System 

To utilize the Navigation system at this stage the unit must be placed opposite to the 

surgeon with the camera pointing at the operative site. 
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Then the navigation system's pelvic tracker must be attached to the patient's pelvis, in 

order to provide a stable reference frame, from which all future measurements can be 

made from. This is achieved by inserting two percutaneous pins into the superior iliac 

crest of the patient. Attached to these pins is a device, which is then attached to the 

tracker itself. The Navigation tracker must then be orientated so that it points directly at 

the Navigation systems camera so that the infrared light emitted from the LEDs on the 

tracker can be received by the camera for the entirety of the procedure. 

Figure 63 Trackers affixed to the patient's pelvis during navigated total hip replacement 

surgery. 

A registration process is then undertaken which involves utilizing the Navigation 

systems pointer to palpate landmarks and record the, x, y, z co-ordinates of these 

landmarks relative to the reference frame attached to the patient (the patient tracker) . 
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If navigation is being used for the femoral portion of the surgery only (it is possible to 

only navigate the acetabular cup position) at the stage before the hip is dislocated, then 

the femoral reference frame must be attached to the patient's femur. This is achieved by 

affixing two or three pins into the patient's distal femoral epiphasis. These pins then 

attach to the tracker, which is orientated toward the camera. See Figure 64. 
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Figure 64 Attachment of the femoral tracker to the femur 

l11e femoral reference frame is digitized using the pointer to digitize landmarks that 

make up the axes of the femur. See Figure 65 . 

. I-

Figure 65 Femoral landmarks are digitized to define the femoral limb axes 
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The surgical approach is then undertaken and the femoral head is dislocated exposing 

the acetabular surfaces. These surfaces are digitized with the poitner. See Figure 66. 

Figure 66 Acetabular surfaces are digitized during navigated total hip replacement 

surgery 

Now with both and acetabular image and a femoral image, made up from the digitized 

anatomy relative to the trackers it is possible to measure and characterise the positions 

of the instruments and implants relative to the anatomy. See Figure 67 and Figure 68. 
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Figure 67 Positions of instruments and implants can be characterized with reference to 

the acetabular anatomy 
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Figure 68 Positions of instruments and implants can be characterized with reference to 

the femoral anatomy 

Of most importance to the work in this thesis, the instruments can be tracked whilst the 

stem is being inserted into the femur as is shown in Figure 68. Combining this 

positional information with a dynamic subject specific finite element model allows for a 

characterization of intra-operative loading. This novel approach to subject specific finite 

element modeling is detailed in Chapter 4. 

2.6 Hip resurfacing 

Hip resurfacing is considered by many as a viable alternative to conventional total hip 

arthroplasty, especially in younger and more active patients. In this procedure, the 

socket is replaced in a similar manner to a total hip replacement. The femur, however, is 

covered or "resurfaced" with a hemispherical component. This fits over the head of the 

femur, and spares the bone of the femoral head and the femoral neck. It is fixed to the 

femur with cement around the femoral head, and has a short stern that passes into the 

femoral neck. Hip resurfacing is most commonly performed on younger or more active 

patients. 
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Hip resurfacing surgery is an old orthopedic concept that has undergone a resurgence 

of interest in recent times. Several advantages of hip resurfacing arthroplasty have been 

suggested in the literature; however, there are limited or inconsistent da ta to support 

some of these claims. The purported advantages to hip resurfacing arthroplasty include: 

bone conservation [194]; improved function as a consequence of retention of the femoral 

head and neck and more precise biomechanical restoration [195]; decreased m orbidity 

at the time of revision arthroplasty [196]; reduced dislocation rates[197]; normal femoral 

loading and reduced stress-shielding. Simpler management of a degen erated hip with a 

deformity in the proximal femoral metaphysic (after trauma or osteotomy) [198], an 

improved outcom e in the event of infection, and a reduced prevalence of 

thromboembolic phenomena as a consequ ence of not using instruments in the femur 

[199] have also been proposed as advantages. While the da ta is limited or inconsistent 

to substantiate these claims, I w ill nevertheless review the available evidence. 

2.6.1 History 

The concept of hip resurfacing is not new. Contemporary designs have evolved d irectly 

from the original arthroplasty mold introduced by Smith -Petersen in 1948 [200]. Despite 

being a hemi-arthroplasty, with no means of stable fixation to the femoral head, some 

have survived for many years, although the outcomes were unpredictable. The first 

total resurfacing arthroplasty was d eveloped by Charnley [201] in the early 1950s using 

a Teflon-on-Teflon bearing. This implant was associated w ith a high rate of early failure 

that Charnley ascribed to avascular necrosis of the femoral head. CharnJey 

subsequently recognized the poor wear characteristics of Teflon when he used it as the 

bearing of a total hip replacement. [202] 

In 1960, Townley [203] a ttempted a hip resurfacing procedure using a metal-on

polyurethane articulation. However, this cam e to be associated w ith catastrophic wear 
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and was later replaced by a metal-on-polyethylene articulation. In 1967, Muller [204] 

designed a metal-on-metal articulation. Despite excellent early clinical results, Muller 

abandoned the use of the metal-on-metal articulation in favor of a metal-on

polyethylene articulation. Six of the initial 18 all-metal articulations were revised after 

functioning for up to 25 years. 

In 1970, Gerard [205) introduced a bipolar metal-on-metal resurfacing system, which 

consisted of a Luck cup inserted into an Aufranc Vitallium cup; with this system, 

movement occurred between the prostheses and between the outer cup and the bony 

socket. The Aufranc cup was later substituted, in 1972, with a polyethylene cup in an 

attempt to decrease the friction be tween the two implants. However, it was later 

discovered that the convex surface of the polyethylene component, which articulated 

with the acetabulum, wore rapidly and this combination was abandoned in 1975 in 

favour of a metal bipolar combination with a polyethylene inlay. Starting in 1976, a 

cementless alumina ceramic-on-ceramic resurfacing was used by Salzer [206) in Vienna 

but was soon abandoned because of high rates of early loosening 

Eicher and Capello [207), in the United States, developed a cemented hip resurfacing 

system, in 1972, using a metal femoral and a polyethylene acetabular component, which 

was reinforced with a metal backing in 1982. Cemented hip resurfacings using 

polyethylene acetabular components and metal femoral components were implanted in 

1971 by Paltrinieri and Trentani in Italy and again in 1974 by Freeman [208) in the 

United Kingdom. Wagner, also in 1974, introduced a hip resurfacing system in 

Germany, which became widely used in Europe [209]. The acetabular components of 

his system had a thickness of only 4 rnm but head preparation was crude. Freeman had 

used a HDP fem oral component and a m etal acetabular component earlier, but this was 

associated with rapid wear of the convex surface. 
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In Japan, Furuya [210] performed 13 hip resurfacings using a stainless steel acetabular 

component with a high density polyethylene (HDP) femoral component fixed with 

cement, and then subsequently reversed the material combination, using a metal or 

ceramic femoral component. In 1972, Nishio [211] combined an Urist acetabular 

component with his own femoral component made from Vitallium and in 1975, Nishio 

substituted the acetabular component with a polyethylene-lined cementless socket. In 

1974, Tanaka, introduced a hybrid system with a cemented eccentric socket and a metal 

head. 

Amstutz introduced the THARIES (total hip articular replacement using internal 

eccentric shells) in 1975, at the University of California-Los Angeles. The prosthesis was 

cemented and consisted of a Co-Cr femoral component and an all-polyethylene 

acetabular component. Both components were eccentric, with a maximum polyethylene 

thickness of 3.5 to 5.5 mm. A plasma-sprayed m etal-backed polyethylene acetabular 

component for u se with cement was introduced in 1982 [197]. In 1983, Amstutz 

implanted the first cementless resurfacing arthroplasty w ith a Ti-6Al-4V femoral 

component, modular ultra high molecular weight polyethylene acetabular liners, and 

pure titanium mesh porous backing. Initially, the sockets were hemispherical with 

screws, and later, the first chamfered cylinder socket with an interference fit was 

developed. 

The renaissance of metal-on-metal articulations for total hip arthroplasty began in 1988. 

Amstutz, in 1988, developed another porous-coated cementless system with a Co-Cr 

femoral component, a modular liner, and a Ti-6Al-4V hemispherical acetabular 

component. In 1989, Buechel and Pappas [212] introduced a cementless resurfacing 

system with a modular acetabular component and a titanium nitride ceramic-coated 

titanium alloy femoral component. [213] Weber, in collaboration with Sulzer 

Orthopedics (Winterthur, Switzerland), developed the Metasul bearing, a precisely 

engineered, high carbon-containing, wrou ght Co-Cr alloy w ith excellent wear 
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characteristics. Large numbers of these bearings were used in Europe with good early 

results. The availability of a durable low-wear bearing that could be used in a large 

diameter articulation enabled Wagner [209], in Germany, to introduce a second

generation hjp resurfacing in 1991. This system was cementless. The acetabular 

component was a titanium alloy shell with a Metasul inlay. The thickness of the 

construct and the ex tensive macro features on its ex ternal surface made it difficult to 

implant. There were only four sizes available and the instruments for the preparation of 

the femoral head were crude. The first design was screwed onto the reamed femora l 

head, but because of insertion difficulties, a press-fit version was developed. Only small 

numbers of the Wagner m etal-on-meta] resurfacings were used, and no long-term 

results are available. 

In the same year, McMinn [214], in the United Kingdom and in collaboration with Carin 

Medical (Cirencester, United Kingdom), introduced a hip resurfacing based on a cast 

Co-Cr alloy. The initial design was smooth surfaced and press fit on both sides. The 

acetabular component was a modification of the Freeman finned cup. Trus design was 

associated with high incidence of early failure due to aseptic loosening of both 

components. The following year, the components were coated w ith hydroxyapatite 

(HA), but only a small number of these implants were inserted. McMinn then 

introduced a system in which both components were cemented . Trus system had a rugh 

incidence of early acetabular loosening due to cement-cup debonding, wruch led to the 

introduction of a hybrid system in 1994 with a cementless HA-coated acetabulum. Trus 

implant was withdrawn in 1996, apparently due to manufacturing problems. 

By the end of 2004, most of the main implant manufacturers had introduced metal-on

metal hip resurfacing sys tems. All of these systems have a number of features in 

common, including (1) a bearing m ade from high carbon-containing Co-Cr alloy, (2) 

cementless fixation of the acetabular component, and (3) cemented fixation of the 

femoral component. There are, however, important differences between these implants, 
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particularly relating to the metallurgy and geometry of the bearing and to aspects of the 

fixation of the acetabular and femoral components. 

2.6.2 Concepts for hip resurfacing 

2.6.2.1 The 'small ball' and 'large ball' paradigms, metal-on-metal and 

resurfacing 

Clarke et al [215] describes an important concept that must be understood in regard to 

resurfacing and femoral head size that being the 'small ball' and 'large ball' paradigms. 

One of the most significant advantages for hip resurfacing over traditional total hip 

arthroplasty is that resurfacing uses larger anatomical sized femoral heads whereas 

traditional total hip replacement utilizes smaller heads. Larger femoral components are 

inherently more stable and reduce the risk of dislocation, a serious complication of total 

hip arthroplasty. The reason larger femoral heads are more stable is because the 

distance to dislocation is larger when the head size is larger providing mechanical 

resistance to dislocation. See Figure 69. 

' 

' 

Figure 69 Distance to dislocation is greater when the femoral head size is larger (Stryker 

internal presentation) 
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The use of anatomical sized heads for modern resurfacing is possible because the 

material used for both the head and cup is metal. The metal material has sufficient 

strength to support the geometrical restrictions that the resurfacing design has. That is, 

the requirement for a relatively thin walled hollow femoral head and a thinned walled 

acetabular cup. Hip resurfacing has the requirement to produce a thin acetabular shell 

of between 3 and 5 mm. This measurement limits the material of choice to metal-on

metal bearings. See Figure 70. Other modern bearing options such as ceramic or cross 

linked polyethylene generally lack the required strength to be a viable material option 

for the design. 

Figure 70 A typical resurfacing hip design: A thin walled cup and thin walled hollow 

femoral head. (Stryker internal presentation) 

Given the abovementioned advantages of larger femoral heads, the obvious question is 

why would small heads be used at all? To illustrate this it is important to look back into 

the history of hip arthroplasty again. Observations of revision components from earlier 

series of polytetrafluoroethylene cemented total hip replacement (Total hip 

replacement) in the 1960s, noted that progressively downsizing the femoral ball (41.5 to 

22.25 mm) led to noticeably less wear in vivo. [216). This concept is illustrated in Figure 

71. It was clear that larger femoral heads increased wear, and that with the bearing 

materials available early in the development of hip arthroplasty, a compromise was 

needed to increase the longevity of the prosthesis. 
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Figure 71 Wear rates of Ultra High Molecular Weight Polyethylene cups indicated with 

1.8-fold wear increase over the 22 to 32 mm range of total hip replacement ball sizes. 

[215] 

Consequently, Charnley et al [217] introduced the concept of a uniquely small ball 

(22.25 mm) in a cemented ultra-high molecular weight polyethylene (UHMWPE) cup. 

With improved bearing surfaces such as ceramic on ceramic and metal on metal the 

wear problem was minimized and larger femoral head size became possible. It was 

much easier to balance dislocation risk against wear issues when wear was so 

significantly reduced. [218] The resurfacing concepts launched in the 1970s and 1980s 

used even larger diameter anatomic sized heads and introduced the thin-walled Ultra 

High Molecular Weight Polyethylene cup. [215] 
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Over time, the Ultra High Molecular Weight Polyethylene cups restricted the surgeons' 

choices to the original small-ball paradigm of Charnley because wear was increased as 

had historically been observed . This restriction occurred after Clarke [219] reviewed the 

status of these resurfacing designs in 1982. Unfortunately the resurfacing's big-ball 

paradigm of the 1980's produced significant Ultra H igh Molecular Weight Polyethylene 

wear debris with concomitantly higher revision rates [220] . In the late 1980s, the second

genera tion metal on metal bearing for total h ip replacement was launched using the 28-

mm ball. The use of metal on metal reversed Charnley's small-ball paradigm as 

surgeons quickly appreciated tha t the low-wear characteristics of metal on metal 

bearings permitted the use of the m ore desirable big-ball concept. Together these 

provided added stability and range of m otion. It is possible to visualize the tremendous 

impact of the big-ball paradigm by the scaling of ball diameters. Compared with the 28-

mm total hip replacement size, the 38-and 54-mm resurfacing added 30% to 90% 

additional range of m otion (approximately 1_ range of motion added per 1 mm of 

diameter). The design of the " thin" acetabular cup combined with the now standard, 

porous-coating layer for fixation was facilita ted by the high-strength cobalt chromium 

(CoCr) alloy. 

Wear rates of Ultra High Molecular Weight Polyethylene cups indicated w ith 1.8-fold 

wear increase over the 22 to 32 nun range of total hip replacement ball sizes. Prior 

clinical exp erience with poly tetrafluoroethylene cups led to a downsizing in fem oral 

balls from 41.5 mm to 22.25 mm, concluding that Charnley's 'sm all ball' paradigm 

produced the least Ultra High Molecular Weight Polyethylene wear. The range of total 

hip replacem ent balls (22- 32 rnm) and fem oral resurfacing shells (38- 54 nun) is 

evidence of the dramatic size of the scale. Also shown in Figure 71 the nominal 

head/ neck ra tios (H /N; 12 mm diam eter neck assumed) increasing from 2.3 w ith 28 

mm ball to 4.5 with 54 mm ball, thereby conferring greater range of m otion and stability 

with the ' large ball' paradigm . 
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2.6.2.2 Patient selection for hip resurfacing 

The ideal candida te for a hip resurfacing procedure is currently believed to be a young 

(<60 years) active man w ith normal proximal femoral bone geometry and bone quality 

who would be expected to outlive any current conventional prosthesis. Preoperative 

diagnoses can be varied and include osteoarthritis, osteonecrosis, and degenerative 

conditions secondary to developmental hip dysplasia, slipped capital femoral epiphysis, 

and Legg-Calve' -Perthes disease (151].(221] 

2.6.3 Failure of hip resurfacing 

During the late 1990's and early 2000's there was a rapid increase in the number of 

resurfacing procedures being performed and previously recognized complications 

began to reoccur. [222] 

Problems that have been encountered can be divided into two main groups: (1) those 

associated with any type of hip arthroplasty; for example, dislocation, thromboembolic 

disease, heterotopic ossification, nerve palsies, and vascular damage; and (2) those that 

are more specifically related to the hip resurfacing procedure, namely, femoral neck 

fractures, avascular necrosis, raised metal ion levels. 

2.6.3.1.1 Metal ion levels 

As previously discussed in section 2.3.1.2 metal-on-metal articulations have recently 

become a major source of concern. This is not exclusively a hip resurfacing issue. In fact, 

recent evidence suggests that the issue is more of a concern for total hip replacement 

with a large diameter metal-on-metal femoral head. The metal ion levels observed in 

blood serum following hip resurfacing are less than those observed following a total hip 

replacement with a large diameter metal-on metal bearing [223]. Further, The 7th 

Annual report of the National Joint Registry for England and Wales revealed that large 
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diameter metal-on-metal total hip replacement has failure rates above those of 

resurfacing, and in fact the highest of all hip replacement procedures.[224] 

It has been suggested by Bolland et al [225] that the increased metal ion levels observed 

in the blood serum following large metal-on-metal total hip arthroplasty is the result of 

an increased torque at the modular head-neck taper junction. This increased torque a 

higher demand on the head-neck junction than is placed on the same junction in smaller 

metal or ceramic femoral heads [225]. This possibility can be visualised looking at 

Figure 72- which is actually a diagram intended to show the greater range of motion 

with larger femoral heads. 

Figure 72 Traditional implant vs. large diameter metal-on-metal femoral head: Greater 

ROM [226] (but also possibly greater torque on the junction [225]) 

2.6.3.1.2 Avascular necrosis of the femoral head 

The required preparation of the femoral head can cause avascular necrosis, which could 

ultimately lead to failure of the prosthesis due to loosening or peri prosthetic fracture. 

The arthritic hip undergoes changes in the vascular supply of the femoral head, with 

the blood supply being predominantly intraosseous in arthritic hips rather than 

subsynovial vessels [227]. Current studies report a low incidence of avascular necrosis 

as a cause of implant failure at a mean of 3 years [214, 228, 229]. Studies on isolated 
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primary herniresurfacing of the femoral head report an absence of avascular necrosis on 

retrieval sp ecimens [230] . These series appear to support Freeman's [227] theories. 

Other possible reasons for the small incidence of avascular necrosis with resurfacing 

procedures may refl ect that it is the neck rather than the h ead tha t is being resurfaced. 

Considering that the technique involves resecting a portion of the zenith of the head 

and pressurizing cement for several millimeters into the prepared surface, it may be 

that there is not much rem aining of the bone proximal to the fu sed epiphyseal plate 

[222]. 

2.6.3.1.3 Fracture of the femoral neck 

The most conunon early complication of hip resurfacing arthroplasty, and one which is 

unique to this type of hip arthroplasty, is p eri-prosthetic fracture of the femoral neck. 

The Australian National Joint Registry reports the early revision rate (<1 Year) for hip 

resurfacing arthroplas ty in 2004 was 1.9%[11]. This is well above the early revision rate 

for total hip arthroplasty. Of this 1.9%, 67% were due to femoral neck fracture. 

Retention of the femoral neck exposes the patient to the risk of femoral neck fracture in 

the immediate postoperative period and in the future as per the general aging 

population [222]. 

According to Steffen [231], fracture rates reported by ten different surgeons who 

performed hip resurfacing arthroplasty ranged from 0% (in a study by Daniel [229], 

who analyzed 446 hips resurfaced with metal-on-metal implants) to 12% (in a study by 

Capello [207], who reported on sixty-eight hips resurfaced. 

Morlock et al [232], in an analysis of fracture patterns and histological characteristics in 

associa tion with fifty-five failures of femoral resurfacing established that many of those 

failures were considered to have a dual-phase mode. The original trauma to the bone 
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occurred at the time of the operation; healing was initiated, but the actual failure 

occurred several weeks or months later. This suggests that fractures that occur in the 

short-term may be related to patient selection or biomechanical or technical factors, 

whereas those occurring later may be associated with other factors such as impaired 

healing. 

Beaule et al [221] carried out ex tensive implant retrieval studies on ninety-eight metal

on metal hip resurfacing prostheses, including twenty-eight that were associa ted with a 

fracture of the femoral neck. The conclusions were similar to the abovementioned 

Morlock et al. study [232]. The majority of the fractures in the Beaule et al. study were 

noted w ithin two months after the operation and had occurred through an area of 

active bone repair at the femoral neck-component junction. In contrast, in seven cases 

with an average time to fracture of fifteen months, a substantial proximal segment of 

the head was fully devascularized and necrotic and the fracture had occurred between 

the interface of the dead and viable segments of bone, within the area covered by the 

femoral component. 

Consistent with the biomechanical principles suggested by Freeman and by Paul E. 

Beaule [233] are the technique-associated factors including notching of the superior part 

of the femoral neck and varus femoral placement rela tive to the anatomical neck . With 

the femoral component in the varus posi tion, there are increased tensile forces in the 

superior-lateral aspect of the femoral neck, increased shear stresses a t the head-neck 

junction of the prosthesis, and increased compressive forces on bone that is likely to be 

weak under compression . 

A multi surgeon national audit of the first 3429 metal-on-metal hip resurfacing 

arthroplasties performed in Australia over a four-year period demonstrated a fracture 

rate of 1.46% at a mean of 15.4 weeks (range, zero to fifty-six weeks) postoperatively. 
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Important patient, surgical, and postoperative factors with regard to the risk of fracture 

were identified from this review. [222] 

In view of the prevalence of femoral neck fractures, a period of protected weight 

bearing should be considered in som e or all cases to allow the operatively machined 

femoral neck time to heal and remodel [222] [234]. Displaced femoral neck fractures 

require conversion to a conventional total hip replacement. 

Intraopera tive factors such as poor exp osure, incomplete seating of the fem oral 

component, and inaccura te direction of impaction on the implant may also contribute to 

fracture risk. [233] 

2.6.4 Implant positioning and femoral neck fracture 

One goal of h ip resurfacing arthroplas ty is to reproduce, as closely as possible, the 

normal anatomy of the proximal p art of the femur and the hip joint, and it has been 

suggested that implant positionin g may have a greater impact on implant survivorship 

and patient function than it does in a conventional hip replacem ent [235]. It has been 

generally recommended tha t surgeons strive for a relative valgus placem ent of while 

avoiding notching of the superolateral cortex of the fem oral neck in order to minimize 

the risk of p eri-prosthetic femoral fracture. However positioning of the fem oral 

component is a complex balance for the surgeon . Valgus positioning may som etimes 

lead the surgeon to compromise on fem oral offset which m ay have a deleterious effect 

on hip biomechanics but also longevity. 

2.6.4.1.1 Femoral offset and resurfaced hip biomechanics 

The fact that som e fem oral necks have naturally a more varus orientation must be taken 

into account when positioning the femoral component in resurfacing. Although relative 
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valgus orientation is favorable to implant survivorship (which is discussed in m ore 

detail below), it results in a decreased femoral offset. [233] 

Although a decreased femoral offset with a stemmed device is associated w ith 

increased polyethylene wear and instability of the hip, the clinical implications of a 

reduced fem oral offset in hip resurfacing has yet to be defined . Both Silva [236] and 

Loughead et al. [237] have shown that fem oral offset is reduced w ith hip resurfacing, 

when compared with a stemmed replacem ent. With hip resurfacing, the lack of 

modularity on the fem oral side requires the use of other mean s to optimise the femoral 

head/ neck offset. Optimum p ositioning of the femoral component and correction of 

any underlying abnormality to maximize the femoral head / neck offset ratio will 

minimize the ri sk of impingement and maximize the functional range of m ovement. 

Because the femoral head overlaps w ith the cortex of the neck and projects most 

prominently posteriorly, it is necessary to identify the neck axis or else there will be a 

tendency to place the fem oral component m ore posteriorily on the neck. This w ill add 

to the deficient anterior offset already present, which, it left uncorrected, can result in 

persistent pain secondary to impingement. 

Although the larger diam eter of the femoral head with hip resurfacing may provide a 

greater functional range of m ovement, Chandler et al. [238] compared the range of 

movement of norm al and prosthetic hips and dem onstra ted that bony contact 

eventually becomes the limiting param eter, so that an increase in the diameter of the 

head no longer contributes to increased m ovement. 

Silva et al.[236] and Loughead et al.[237] documented an average decrease in femoral 

offset ranging from 4.5 to 8 mrn. This, combined w ith a limited capacity to correct a 

limb-length discrep ancy of >2 em, has put into question the capaci ty of hip resurfacing 

arthroplasty to properly restore hip biomechanics. H owever, it is important to note tha t 

both of these studies were retrosp ective. In a more recent prosp ective randomized 
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clinical trial by Girard et al. [239], comparing hip resurfacing arthroplasty with 

conventional total hip replacement, found that a greater percentage of resurfaced hips 

had the offset reconstructed to within 4 mm of that on the normal, contralateral side. 

The lack of modularity of the femoral component represents a major difference between 

hip resurfacing prostheses and conventional total hip replacement devices. This is 

especially apparent when the surgeon attempts to optimize the femoral head-neck 

offset in order to minimize the risk of impingem ent and maximize the range of motion. 

The best method for optimizing the head-neck offset during hip resurfacing 

arthroplasty is still not known. One technique, to restore femoral head sphericity, 

optimizing component sizing and facilitating accurate guidewire placement, involves 

the removal of prominent osteophytes on the anterior aspect of the head and neck. 

Although, if done too aggressively, osteophyte removal could weaken the femoral neck 

the arthritic femoral head is usually enlarged and thus the surgeon may tend to favor 

the use of a larger femoral component if the osteophytes are preserved. This w ill also 

result in the implantation of an acetabular component that is larger than what might 

have been used in a conventional total hip replacement [239]. 

2.6.4.1.2 Justification for valgus positioning of the femoral component 

Freeman is believed to have been the first to emphasize the importance of a valgus 

orientation of the femoral component relative to the native femoral neck (233] (See 

Figure 73 Figure 74), and this has been supported by more recent studies. 
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Figure 73 Diagrammatical representation of incorrect and correct implantation of the 

femoral component in hip resurfacing arthroplasty.[233] 

Figure 74 Anteroposterior radiograph showing the ideal position of the femoral 

component of the hip resurfacing arthroplasty [233] 
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Surgical factors associated with an increased risk of femoral neck fracture include 

notching of the superior femoral neck cortex when combined with varus placement of 

the femoral component relative to the anatomic femoral neck shaft angle [222]. In the 

varus position, surgical factors include: tensile stresses appear in the bone of the lateral 

surface of the neck as it enters the prosthesis; the medial compressive stresses rise 

considerably; and sheer s tresses develop at the m outh of the prosthesis. 

A recent finite element analysis reported valgus positioning reduced compressive bone 

strains near the implant rim, had little effect on tensile bone strains, and reduced tensile 

cement stresses when ream ed cancellous bone was exposed [240]. Further this article 

describes anoth er point of interest to femoral positioning is the notion that more vertical 

positioning of the component can theoretically result in the need for a larger femoral 

component to avoid notching. A larger femoral component necessitates a larger 

acetabular component, which requires more bone to be removed from the socket; 

whether and how often valgu s positioning would result in such an upsizing is 

unclear. [240] 

Anglin et al. [241] loaded 10 notched cadaveric femur pairs to failure; one side was 

implanted at 0° relative to the femoral neck and the other at 10° valgus. All 20 were 

dual-energy x-ray absorptiometry scanned . Failure load correlated with bone mineral 

density. Valgus placem ent increased the fracture load by an average of 28% over 

neutral for specimens with normal bone mineral density but had no effect on fracture 

load in specim ens with low bone mineral density. For specimens with normal bone 

mineral density (typical of pa tients undergoing resurfacing arthroplasty), neutral

valgus placement had a greater effect than bone mineral density, explaining 54% of the 

fracture load variance. Component placement greater than 10° valgus is likely 

undesirable because this can lead to an increase in component size and a greater 

likelihood of notching. 
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Figure 75 The effect of neutral versus valgus stem placement (mean ± standard 

deviation) differed according to the bone mineral density bone mineral density. 

Valgus placem ent resulted in a 28 % increase (p < 0.05, marked with an asterisk) in 

failure load compared with neutral placement in femurs with higher bone mineral 

density typical of the patient undergoing hip resurfacing patient. 

A study by Vail [242] looked at surgical techniques that might increase the risk of a 

failed implant due to femoral neck fractures. This study was the first time scientists 

measured changes in the load on the femoral neck caused by different positions of the 

implant after resurfacing. They used sixty-four cadaver femora to examine the load and 

shear strain placed on the femoral neck using different positions of the implant. The 

results showed tha t resurfacing with placement of the implant in good aligmnent 

protects or shields the femora l neck from strain and this article explicitly links this 

decreases in s tress to a decrease in unfavorable bone remodeling around the femora l 

neck.. 
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On the basis of anatomic and mechanical considera tions, Freeman[227) discussed the 

benefit of a valgus orienta tion of the femoral component nearly thirty years ago. Recent 

clinical da ta strongly supports this benefit, w ith som e authors advoca ting the placement 

of the femoral neck component in 1400 of valgus while avoiding notching and ensuring 

complete coverage of the ream ed fem oral head . Fini te element, and mechanical fail ure 

load analyses such as that by Anglin et al [241) a lso su ggest tha t valgus alignment is 

preferable to varus alignment. Although there appears to be a consensus for valgus 

orientation, it is not clear if this is to avoid varus placement or whether valgus 

placement is inherently desirable. The results of Anglin et al.[241), with femora loaded 

to failure show tha t, in femora with normal bone density, valgus placement of the 

femoral component increases the fracture load strength in the p roximal portion of the 

femur. 

Richards et a l [243) p erformed a biomechanical investiga tion of neu tral oriented and 

valgus-orien ted hip resurfacing femoral components to determine the ultimate load 

required to achieve a fem oral neck fracture. The investiga tion also assessed if there 

were any advantages associa ted with valgus positioning of these components. Richards 

blindly assigned twenty fresh-frozen cadaveric femora, to be im planted with a neutral 

or valgus-oriented hip-resurfacing femoral component. Bon e mineral density scans 

were acquired for all femora. All specim ens were loaded axially to failure at a ra te of 

0.21 mrn p er second. Radiographs of the specimens were measured in order to 

determine the rela tive valgus orienta tion of the femoral components and the change in 

offset. 

The biomechan ical results of Richards[243) and Anglins et al [241) reveal a significant 

increase in the ultima te failure load for the valgus oriented com ponents in the cadaveric 

femora, in comparison to tha t seen with the neutral-oriented components. The high er 

ultimate load suggests that the valgus-orien ted components have a lower risk of 

developing a periprosthetic femoral neck fracture. 
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Although significant emphasis in the literature has been placed on the orientation of the 

femoral component in the coronal plane and its impact on biomechanical reconstruction 

and peri-prosthetic femoral fracture, little is known about its placement in the sagi ttal 

plane and how this relates to the femoral head / neck offset or fracture. 

In conclusion, the findings from the discussed studies suggest that a valgus orientation 

of the femoral resurfacing component decreases the risk of periprosthetic femoral neck 

fracture. Obtaining the maximum possible valgus angle, while avoiding notching, may 

in fact provide the optimum protection from periprosthetic femoral neck fractures. 

However the surgeon must be careful not to compromise on femoral offset by 

orientating the component into valgus. It is clear tha t controlling the version of the 

femoral component may affect anterior posterior offset. No real work has been done to 

quantify the effect that version has on femoral neck fractures. Nor is there any work 

that specifically relates a patient's natural bone state before surgery to the risk of 

fracture. That is to say, it is not clear if it may be acceptable to place a component into 

less than the maximum amount of valgus to minimize potential offset issues if the 

patient has sufficient bone stock and bone quality to resist fracture. 

2.6.4.2 Surgical technique for hip resurfacing 

2.6.4.2.1 Patient preparation 

The patient is positioned on his or her side with the pelvis stabilized by padded 

supports in a neutral position on the pubis, the sacrum, and the anterior and posterior 

aspects of the thorax and with the table tilted slightly anteriorly. This enables maximum 

rollback of the patient during acetabular reaming. The lower extremity must allow ~90° 

of flexion at the hip and be adducted for the femoral head to be delivered through the 

Page 136 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

split in the gluteus maximus. Most metal on-meta l surface arthroplasties are performed 

with the use of epidural, supplemented with general hypotensive, anesthesia. 

2.6.4.2.2 Templating 

Preoperative planning is considered essential w hen a hip resurfacing pros thesis is used. 

[244] Twenty percent magnified templa tes a re placed over both the anteroposterior and 

the horizontal latera l radiographs of the hip. The anteroposterior template is oriented to 

provide a 140° s tem/shaft angle. A series of 5-mm dotted lines radiating from the centre 

of the head assists in positioning the pin in the optimal position with respect to the 

ligamentum teres. The dotted lines that are parallel to the neck indicate how much bone 

the reamer will remove and how close the reamer w ill come to the external surface of 

the femoral neck. The templa te on the la teral radiograph shows the position of the stem, 

which should be translated anteriorly and directed slightly posteriorly to clear the 

anterior osteophyte, which is invariably present.[244] 
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Figure 76 The template, when placed on the anteroposterior radiograph at 140°, allows 

visualization of the entry point (red dotted line) of the pin with respect to the location of 

the ligamentum teres (blue dotted line). 

2.6.4.2.3 Approach 

The posterior approach is preferable because no important muscle groups are 

transected. There is no release of the abductor muscles, which play the most important 

role in stabilizing the hip during walking and other bipedal activities. The only muscle 

groups that are released are the short external rotators, which are repaired at the 

conclusion of the procedure. No important gait disturbances result from a release of the 

external rotators, even if they are not repaired, because other muscles can accomplish 

external rotation. The incision starts 6 to 8 em distal to the top of the greater trochanter, 

continues along the centre of the shaft, and then angles posteriorly from the tip of the 

trochanter for about 4 to 6cm where the short external rotator muscle fibers are divided 

and may be tagged for reattachment. The capsule is then incised posteriorly and the hip 

is dislocated by flexion, adduction, and internal rotation. A subtotal capsulectomy is 
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performed superiorly and anteriorly. Adduction and internal rotation of the lower limb 

beyond 90° cause the interval between the head and neck and the acetabulum to widen, 

facilitating resection of the anterior aspect of the capsule and then release of the capsule 

inferiorly. This inferior release is performed, by the surgeon, with a scalpel along the 

anterior aspect of the neck. The capsule needs to be released inferiorly to deliver the 

head and to allow the insertion of the neck elevator, which is necessary for the 

placement of the pin-centering guide. It is not necessary to excise the entire posterior 

aspect of the capsule, which can be retracted by a pin inserted into the pelvis to facilitate 

acetabular preparation. The femoral head is debulked to facilitate capsular removal, and 

the head is translocated superiorly and anteriorly for preparation of the acetabulum and 

implantation of the acetabular component.[244] 

2.6.4.2.4 Pin centering 

The pin-centering guide is positioned with use of the angle finder, which has a range of 

135° to 145°, so that the pin forms an angle of approximately 140° with the femoral shaft 

and the entry point of the pin is consistent with the position determined by templating. 

The pin should be centered in the middle of the neck in the frontal plane (on the 

anteroposterior radiograph) and anterior to the neck centre and directed slightly from 

posterior to anterior in the coronal plane (on the cross-table lateral radiograph) to avoid 

reaming into the anterior osteophyte. A 3.2-mm Steinmann pin is inserted by the 

surgeon, to a depth of 3 to 5 em, with the use of the guide to prevent the pin from 

moving off line during insertion. The cylindrical reamer gauge for the anticipated final 

femoral head size is then used to check the positioning of the pin; it should be able to 

rotate freely with sufficient clearance around the neck to ensure that cylindrical reaming 

will not result in notching of the femoral neck. If the cylindrical reamer gauge impinges 

on the neck at any location, the pin needs to be repositioned with use of the relocator 

guide. It is especially important to protect the superior cortex, which is thinner than the 
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inferior side and undergoes tensile loads, to decrease the risk of creating a femoral neck 

fracture. [ 2 44] 

Figure 77 The template, when placed on the anteroposterior radiograph at 140°, allows 

visualization of the entry point (red dotted line) of the pin with respect to the location of 

the ligamentum teres . 

2.6.4.2.5 Cylindrical reaming 

Reaming commences with an oversized reamer, generally two or three sizes larger than 

the final anticipated size of the femoral head, with copious irrigation to avoid seizing. It 

is important to start the reaming with intermittent repetitive pressure directed parallel 

to the axis of the pin so as not to bend the pin. (The pin rarely travels through the centre 

of the head, and consequently the teeth of the reamer often engage the femoral head 

asymmetrically.) Smaller reamers are similarly used, with the last reamer being one size 

greater than the final templated and anticipated size. One should be careful to stop 

reaming at the head-neck junction and to avoid notching of the superior aspect of the 

neck. This is essential because the reaming at 140° is generally at a higher neck-shaft 

angle than the native anatomical condition. After this initial reaming, the interval 

between the anterior aspect of the femoral neck and the acetabulum is increased so that 
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the remaining anterior aspect of the capsule can be excised more easily. This will 

facilitate the positioning of the femoral head into a muscle pocket superiorly and 

anteriorly, as the lower limb is brought into extension and neutral or slight internal 

rotation to provide wide access to the acetabulum. A right-angle Hohmann retractor 

(lnnomed, Savannah, Georgia) is placed over the anterior wall of the acetabulum to 

retract the femur anteriorly. A malleable retractor is useful to retract the muscles 

inferiorly and facilitate resection of the inferior aspect of the capsule. A double-pointed 

inferior acetabular retractor (Innomed) is inserted to visualize the entire 

acetabulum. [244] 

Figure 78 Cylindrical reaming of the femoral head during hip resurfacing operation 

2.6.4.2.6 Acetabular preparation 

Acetabular preparation starts with a careful assessment of the anterior and posterior 

walls. The soft tissues and the cartilage lying on the floor of the cotyloid foramen are 

removed. Reaming is performed in a manner similar to that used for a total hip 

replacement, with use of hemispherical reamers of increasing sizes until some 

cancellous bone is exposed. It is not necessary to ream to the acetabular floor in most 
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patients. The final reamer size should be 1 mrn less than the final outside diameter of 

the acetabular compon ent. Acetabular cysts are curetted and then grafted with 

fragments obtained by the reaming of the femoral head . The final size, roundness, and 

especially depth of the reamed acetabulum are checked with use of translucent 

acetabular gau ges. A final ch eck in three planes is then performed, w ith the surgeon 

using metallic rigid ring gauges. For the thin shells, reaming is performed "line to line" 

(e.g., to 58 mm for a 58-mrn thin-walled 3.5-rnrn-thick socket, which is actually 59 mm 

in diameter) . The 58-mrn ring gauge should seat to the floor of the acetabulum. If 

surgeon finds that the gauge does not reach the floor, or is difficult to insert, the cause is 

probably a ridge rim of bone at the acetabular entrance that was crea ted posteriorly 

because the cutting teeth of the reamers are less than a full h emisphere. The 59-rnrn 

gauge should n ot go completely to the floor in order to provide a pressfit of about 1 mrn. 

The press-fit is achieved in the anterior-to-posterior direction between the anterior and 

posterior columns of the acetabulum.[244] 

2.6.4.2.7 Acetabular implantation 

The surgeon inserts the acetabular component after a final jet lavage and antibiotic 

irrigation. The outriggers on the handle of the inserter should be set on 42° of la tera l 

opening (the guide rod will be s traight up with the patient in the lateral decubitus 

position) and 15° of anteversion . The surgeon holds the inserter, and the technician or 

assistant impacts it until the acetabular component sits firmly. It is important that the 

surgeon checks the fixation of the implant a t this point. This is achieved by rocking the 

pelvis wHh use of the inserter s till engaged in the socket. If the fixation is insufficient, 

the component should be removed and the acetabular cavity should be reamed more 

deeply. Mallet taps on the rim can accomplish minor degrees o f correction with an 

impactor. To disengage the insert, the surgeon should pull up on the release, have the 

assistant rota te it counterclockwise a few degrees, and remove the inserter by bringing 

the handle cephalad . The new inserter design has a lower-profile holder and is much 
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easier to release, making this process simpler and easier to achieve. The insertion is the 

completed using a ball impactor. Protruding osteophytes are removed by the surgeon 

with an osteotome from the posterior, and especially the anterior, wall of the 

acetabulum within 1 to 2 mm of the socket, and the remaining wall is chamfered with a 

high-speed burr.[244] 

2.6.4.2.8 Final femoral preparation 

The femoral head is again delivered, and internal rota tion is aided by a towel pack held 

between the thigh of the assistant surgeon and the patient's leg. The surgical team 

repositions the neck elevator, and the pin is reinserted through the last cylindrical 

reamer that was used. A final check is conducted to assess pin orienta tion, and, if 

necessary, a correction is done before reaming to the final size is carried out. The saw 

cutoff guide is positioned so tha t its inferior margin covers all of the reamed bone at the 

head neck junction. The surgeon then inserts two or three short pins into the guideholes 

to maintain the position of the cutoff guide during the resection of the dome, which is 

performed with a saber or an oscilla ting saw. All debris must be removed so that the 

tower alignment guide is positioned flush w ith the top of the cutoff guide, and it is then 

rotated until snug. The surgeon then centers the final hole for the tapered metaphyseal 

stem reamer using the starter drill. The depth of drilling depends on the chosen method 

of stem fixation: it should be one or two sizes deeper if the stem is to be cemented and 

one size shallower if the stem is to be press-fit . [244] 

After the removal of the tower a lignment and cutoff guides, the appropria te chamfer 

guide is inserted into the drilled hole, and the final shape of the femoral head is 

obtained wi th the chamfer reamer. When the bone stock is good, it is possible to 

chamfer with a larger chamfer ream er (up to three sizes larger than the size 

corresponding to the final cylindrical reamer) to remove less bone. A plastic drape sheet 

with a hole in it placed over the femoral head prior to chamfer reaming can be used to 
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collect bone debris. It is recommended that the surgeon removes the superior sclerotic 

bone with the chamfer reamer . A final check of the femoral head shape is made by 

rotating the trial femoral head component. The trial component should rotate freely to 

ensure a cement mantle of about 1 mm all around the femoral head. All cystic ma terial 

and soft tissue is then removed by the surgeon from the prepared femoral head w ith a 

sharp curet and burr, and additional fixa tion holes should be made in bo th the dom e 

and the nonporous chamfered areas with u se of a 1/8-in (3.2-mm) drill bit. Generally, 

six, seven, or eight holes are made in the dome and twelve, thirteen, or fourteen holes 

are made in the chamfered area.[244] 

2.6.4.2.9 Femoral head cementation 

Before cementation, the femoral head is jet-lavaged free of any fat or debris an d is 

irrigated with antibio tic solution. The surgeon then inserts a suction tip through the 

stem hole and is cormected to wall suction, with an additional tapered suction cannula 

inserted into a 3.2- mm drill hole in the lesser trochanter. The tapered stem of the 

suction cannula is then tapped in for a tight fit. It is important tha t the surfaces and then 

cleaned and dried . A COz blow-drier is useful to dry the field and to identify any tissue 

that would prevent intimate contact of the cement w ith the bone. One package of bone 

cement is then mixed and the surgeon pours the cement into the fem oral component to 

just below the recessed groove. The cement is then hand-pressurized into the 

cylindrically reamed portion of the head . All excess cem ent should be trimmed 

carefully w ith a scalpel and/ or dental tool so that it is not pulled aw ay from the 

interface. A mirror can assist in the removal of excess cement from the anterior cup

bone margin.[244] 

If the stem is to be cemented , the cem ent is hand pressurized down the central h ole 

after cleaning and drying. The femoral component is then inserted w ith the cement in 

the early dough stage, with care taken to make sure that the component is fully seated . 
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(If needed, the impactor and mallet are used.) Pressure is maintained until the cem ent 

has cured. [244] 

2.6.4.2.10 Hip reduction and closure 

After careful removal of all visible or palpable loose pieces of cement and bone debris, 

the hip is reduced and a complete range of mo tion is p erformed . The surgeon then 

checks for anterior impingement by internally rota ting the hip in 90° of flexion . It is 

desirable to have ~40° of internal rotation, and 40° of external rotation in extension . 

With the hip and knee extended, the hip should be pushed anteriorly to make sure it is 

stable. Final irrigation is performed using 2000 or 3000 mL of saline solution and 1000 

mL of antibiotic solution. The surgeon, w ith number-1 Vicryl suture, repairs the gluteus 

maximus tendon and the short external rotators, an.d the wound is closed over one 

Hemovac-type drain. [244] 

2.6.5 Implant positioning with computer assisted surgery 

Attempts have been made to use computer-assisted surgery to improve the implant 

position of the femoral compon ent during hip resurfacing. [245-248] Others have shown 

that the learning curve of inexperienced surgeons in hip resurfacing is reduced by the 

use of navigation.[249] 

A navigation system in computer assis ted surgery gives v isual information on the 

precise positioning of the acetabular component, the optimal placement an gle o f the 

femoral component, and the hip geometry. This information is vital for the correct 

placement of a hip surface replacement. E. T. Davis's [250] and C. Schnurr [251] have 

both demonstrated that computer navigation used w ith femoral head resurfacing was 

more accurate and more consistent in its placement of the femoral component than 

standard instrumentation. These findings suggest that image-free computer-assisted 

Page 145 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

navigation may have an application in aligning the femoral component during hip 

resurfacing. 

2.6.5.1 Surgical technique for navigated femoral head resurfacing 

In this section, the use of a Brainlab (Feldkirchen, Germany) Navigation system for 

femoral head resurfacing is discussed. Other similar commercial Navigation systems 

are available for positioning the femoral component in hip resurfacing. 

In order to establish a coordinate on the femur for real-time tracking during the CAS 

procedure, a tracker must be attached to the femur by a pin placed in the lesser 

trochanter. The following landmarks are registered using the navigation pointer: medial 

and lateral epicondyles, tip of the greater trochanter, piriformis fossa, and intended cap 

edge. These points for the axes of the femur. Clusters of points of the femoral head, as 

well as the superior, inferior, ventrat and dorsal femoral neck are also taken (See Figure 

79). 

Figure 79 Collection of points on the femoral neck and head with the navigation 

pointer. The optical unit is attached in the lesser trochanter. 
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Now that the femoral axes and the outer surfaces of the proximal femur have been 

defined relative to the femoral tracker, the instruments can be tracked relative to the 

femur and be used to correctly align the instruments and implants during the surgery 

and avoid notching or varus placement of the component. The 2.4-mm guide wire was 

inserted into the femoral head and neck using the navigated drill guide (See Figure 80). 

Thereafter, the femoral head is prepared using the standard instrumentation and the 

final implant position can be verified using a dedicated instrument. See Figure 81. 

Figure 80 The navigated drill guide is inserted into the femoral neck and shaft. On the 

navigator screen the planned axis is shown (yellow). 
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Figure 81 The implanted position of the femoral component is verified with the 

navigation tool. Differences between planning and implanted position are shown on the 

navigator screen 

In C. Schnurr et al's (251] series, the navigation resulted in an extremely accurate 

placement of the femoral component. There were discrepancies between planning and 

implantation below 1° for ceo angle, circa 1° for anteversion, and about 1.5 mm for 

depth. These discrepancies were found to be superior to other studies. Other reports 

include: ceo angle errors of 2.6° and 3.3° in cadaver studies using computer 

tomography-based navigation systems, 2.2° in image-free cadaver studies, and 2.8° in a 

clinical fluoroscopic study. 

In conclusion, computer-assisted navigation allows for an extremely accurate 

implantation of the femoral component, avoiding the pitfalls of hip surface replacement 

such as femoral notching, or leaving reamed cancellous bone uncovered. Hence, 

navigation may improve the possibility for the long-term survival of the implant. From 

my point of view the optimal placement of the femoral component outweighs the 

disadvantage of a longer operating time. Ongoing prospective follow-up studies are 
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necessary to evaluate the benefit of computer-assisted naviga tion of hip surface 

replacement. 

2.7 Hip joint loading 

Many of the muscles, w hich influence the position of the hip and leg, have been 

discussed in Section 1.1.3, but w ha t is of most interest to thjs body of work is the 

loading environment tha t they transfer to the proximal femur that. There is still a grea t 

deal of discussion in the litera ture regarding the loading conditions on the proximal 

femur during recognized actions such as one-legged stance and s tair climbing. There is, 

however, general agreement tha t the hip withstands loads of many multiples of body 

weight during these simple tas ks. Figure 82 shows the general trends of force variation 

that occurs in the hip of a normal male during walking. The values of hip joint load 

were adapted from Berme [252]. 
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Figure 82 Varia tion in hip joint loading during walking 
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In terms of the longevi ty of implants, one of the most s ignificant studies into the loading 

of the hip was conducted by Lu e t al [253], w ho examined the influence of muscle 

activity on the loads measured by in vivo pros theses [254]. Massive femoral implants in 

two patients were capable of relaying force da ta, additional information was provided 

by force plates and EMG signals from surface electrodes a ttached to the muscle groups. 

The subjects were exposed to isometric and gait tes ts, and the results showed that the 

force in the femora l implant was up to 3.5 times as large as tha t seen by the force pla tes. 

Corresponding axial forces of up to 2715N were seen by the prosthesis. Bergmann et al 

[255] extended the work by monitoring the load on an in situ prosthesis during routine 

activities characterizing the load through a full gait cycle [254]. 

To predict muscular forces and joint loading in a noninvasive way, musculoskeletal 

models can be used together w ith inverse dynamic analysis. Studies have shown that 

the calculated hip contact force is strongly affected by the activity of the muscles that 

span the hip joint. Lu et al [253] has show n tha t the axial force exerted on the femur 

during gait is highly influenced by muscle activity [254]. Hurwitz et al [256] reported an 

increase in hip contact force of 0.2 times body weight wi th a 10% increase in 

antagonistic muscle force [256]. Later studies demons tra ted how biomechanical factors 

and the configuration of muscle m odels influence hip loading and consequently, bone 

remodeling. Lenaerts, G, et al [257, 258] analyzed the e ffect of subject-specific modeling 

of hip geometry on muscle activation pa tterns and hip contact forces during gait. They 

did so through the use of musculoskeletal modeling, inverse dynamic analysis, and 

static optimization [259, 260]. They first used sensitiv ity analysis to analyze the effect of 

isolated changes in femoral neck-length (NL) and neck-shaft angle (NSA) on calculated 

muscle activations and hip contact force during the s tance phase of gait. A deformable 

generic musculoskeletal model was increm enta lly adjusted to adopt a physiological 

range of neck length and neck-shaft angle. In a second similar an alysis, they adjusted 

hip geometry to the m easurements from digi tized radiographs of twenty subjects with 

primary hip osteoarthrosis. Finally, they studied the effect of hip abductor weakness on 
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muscle activation patterns and hip contact force. This analysis showed tha t differences 

in neck length (41- 74mm) and neck-shaft angle (113-140) affect the muscle activation of 

the hip abductors during stance phase and hence hip contact force by up to three times 

body weight. In conclusion, the results from both the sensitiv ity and subject-specific 

analysis showed that at the moment of peak contact force, altered neck-shaft angle has 

only a minor effect on the loading configura tion of the hip. Increased neck length, 

however, results in an increase of the three hip contact-force components and a reduced 

vertica l loading. 

Jonkers et al [261] demonstra ted tha t inclusion of subject-specific loading conditions 

drastically influences the calculated stress distribution, and thus influences the 

correlation between calcula ted stress distributions and changes in bone mineral density 

bone mineral density after total hip replacement. For two pa tients w ho received 

cementless to tal hip replacement, personalized finite elem ent models of the proximal 

femur were genera ted representing the pre- and post-opera tive geom etry. In the 

prediction of bone remodelling processes after total hip replacement, modeling of the 

subject-specific geometry is now sta te-of-the-art. They found subjec t-sp ecific differences 

in the stress dis tribution induced by speci fic loading conditions, as interchanging of the 

loading also interchanged the p atterns of the stress distribution. Th e correlation 

between the calculated s tress distribution and the changes in bone mineral density were 

affected by the two-dimensional na ture of the bone mineral density measurement. 

Jonkers [261] results confirmed the hyp othesis tha t inclusion of subject-specific hip 

contact forces and muscle forces dras tically influences the stress dis tribution in the 

proximal femur. In addition to patient-specific geometry, inclusion of pa tient-specific 

loading is, therefore, essential to obtain accura te input for the analysis of stress 

distribution after total hip replacement. 

150 7206-4 sp ecifies a test method for determining the endurance properties of 

stemmed femoral components of total hip joint prostheses, and stemmed femoral 
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components used alone in partial hip joints under specified laboratory conditions. It 

defines conditions of testing so that the important parameters, which affect the 

components, are taken into account; the specimen is correctly set up for testing; the 

value of the endurance limit tests forces and the corresponding number of load cycles 

are specified according to physiological conditions. Development of an in vitro m odel 

for physiologically adapted cyclical loading (according to ISO 7206-4 parameters) 

performed using a hip simulator has allowed for the reproducibility of physiological 

loading, enabling experimental comparison of stem designs. 

The ISO standard simplifies the ana tomic and gravity loads into a single resultant load 

that is orientated 9 degrees out of plane in the sagittal plane and 10 degrees out of plane 

in the coronal plane. This simplification is convenient for lab testing setups. (See Figure 

83) 
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Figure 83 ISO 7206 loading (taken from IS0-7206 part 4 standard document) 
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2.8 Developing subject-specific finite element models of the 

femur 

2.8.1 Finite element analysis in biomechanics 

Finite element analysis was first introduced to the field of orthopaedics in 1972 [262). 

Since that time, finite elem ent models have been increasingly used for three main 

purposes: (i) for d esign and pre-clinical analysis of prostheses (ii) to obtain fund amental 

knowledge about musculoskeletal structures and (iii) to investigate bme-dependent 

adaptabon processes (i.e., tissue growth, remodeling and degeneration) in tissues. 

Successful three-dimensional finite element modeling has been applied to several 

different prostheses such as the hip, [263-266] th e knee, [267-269) the ankle, [270) the 

metacarpophalangeal joint, [271) and the shoulder. [272-274) 

The finite element method is a standard tool used in the engineering sciences to 

precisely assess local stress-strain distribubons in geometrically complex s tructures. 

Precision in the results can be achieved once geometry, material properties, and 

boundary condibons have been carefully provided. Due to the complex and irregular 

shapes that normally characterize biological structures, the finite element m ethod has 

become widely used in all biomechanica l fi elds, especially for assessing s tresses and 

strains in normal bone and in bone around implants. In early studies most of the 

models were just two-dimensional constructions, [275) this was due to computer 

limitations and simplicity in the way tha t finite element models were made. Although 

this could be sufficient in som e cases (finite element parts with simple geometry and/ or 

good syrmnetry), it was soon realized tha t a true three-dimensional finite element 

model was the only method to assess realistic stress fields whenever an irregular and 

non-symmetrical object was to be s tudied [262] . There have been a number of attempts 

to develop an automated method for genera ting finite element models. Keyak and 

coworkers developed an efficient and robust automatic mesh genera tion (AMG) 
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method [276] that has proved to be useful in man y research areas [277-279]. Viceconti 

and coworkers also developed an automatic method that genera tes pa tient-specific 

finite element models of different types of various bones, other than the femur [280]. 

The quality of an finjte element model and its accuracy of predicted stresses and s trains 

depend on the quality of representa tion of the finite elem ent model, as compared to the 

actual conditions (normal bone or a bone with implant). The accuracy is highly 

dependent on elem ent selection-type and size and allocation of material properties 

based on CT scan da ta. A thorough experimental validation, though a very difficult and 

tedious procedure, is the best tool to assess the quali ty of finite elemen t predictions 

[281]. Strain gauge measurements were used for s tress analysis of bone, and sometimes, 

for the purpose of validation of the finite elem ent models. The studies of Keyak J H 

[282) and Dalstra M. [283] based on the femur and the p elvic bone respectively, are 

significant contributions towards s train gauge valida tions of finite element modeling of 

bone. The goal of these studies was to va lida te a three-dimensional finite element model, 

by comparing calcula ted s tresses and strain w ith those measured on a bone, in vitro. 

2.8.1.1 Subject-SpecificfPatient-Specific finite element modeling 

Subject-specific/ pa tient-specific finite element modeling (referred to from now on as 

subject-specific finite element m odeling) is becoming a tool tha t is used extensively for 

the numerical analysis of the biomechanical behaviour of human bones. By combining 

imaging data w ith finite element modeling, numerical models can be built to 

incorpora te both the geom etry and material properties of individual femurs. As such, 

subject-specific finite elem ent modeling can be used to compare different implant 

geometries in one particular femoral geometry, and also analyze one particular implant 

geometry in different femoral geometries. Grea t a ttention is posed to the automation of 

the modeling stra tegy to make it compatible with the clink al practice [280, 284). The 

method of choice for the genera tion of those models is to derive information on both 
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bone geometry and its material properties from CT data. In reality, CT data provides 

quantitative information on the attenuation coefficient of the bone tissue that can be 

related to its density, provided the CT scanner has been properly calibrated. [285] 

Density can, in turn, be related to the mechanical characteristics of the bone tissue, 

using one of the many experimental relationships available in the literature [45] 

2.8.1.1.1 Creating the geometry-meshing 

To create a subject-specific finite element model, a three-dimensional representation of 

the patient's femur is produced through digi tal extraction of segmented femoral slices 

from grayscale CT scan images. To produce accura te models, images must be broken 

down into small and manageable elements. This so called 'meshing' can be achieved 

through voxel-based meshing o r geometry-based meshing. 

2.8.1.1.1.1 VoxeJ based meshing 

A voxel (volumetric pixel or Volumetric Picture Element) is a volume element, 

representing a va lue on a regular grid in three dimensional space. This is analogous to 

a pixel, which represents 2D image da ta in a bitmap (which is sometimes referred to as 

a pixmap). As with pixels in a bitmap, voxels themselves do not typically have their 

position (their coordinates) explicitly encoded along with their values. Instead, the 

position of a voxel is inferred based upon its position relative to other voxels. That is to 

say that, its position in the data structure tha t makes up a single volumetric image). 

Voxels are frequently used in the visualization and analysis 

of medical and scientific data. Some volumetric displays u se voxels to describe their 

resolution . [286] 
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Figure 84 A series of voxels in a stack with a single voxel highlighted [286] 

Voxel-based m eshing is a single-step method where the segmented voxel data are 

converted into an finite element model wi th brick elem ents. The elem ents take on the 

size of the , which enables the rapid genera tion of meshes. See Figure 85. Voxel-based 

meshing has a number of advantages, including trivial implementation, optimal 

elements, guaranteed conformity of meshes at interfaces, and easy assignment of in

homogenous m aterial properties to elem ents. 

Figure 85 Voxel based meshing used for Finite Element Analysis used by Keyak e t al 

[287] 

Page 156 of 331 



Reducing the Risk of Peri-Prosth etic Femoral Fracture: Prosthesis, Patient or Procedure? 

This method has been used to study the mechanical behavior of cancellous bone, with 

some success [288]. Although voxel-m eshing is a simpler, automated and more rapid 

teclmique compared to geometry-based m eshing, it is less able to deal with curved 

surfaces that are not easily represented by brick elem ents. A number of smoothing 

algorithms have been developed to alleviate problems of peak stresses and strains and 

inaccuracies in surface area calculations caused by the typical jagged-edged surfaces in 

a voxel-based mesh [289, 290]. In addition, voxel-based m eshing does not allow for the 

adaptation of element size to fea tures or allow for localized mesh refinement. [291] 

2.8.1.1.1.2 Geometry based m eshing 

Geometry-based meshing is a two-s tep procedure in which the contours of the femur 

are first extracted from the CT scan, a 3D cad model of some description is crea ted then 

an finite element mesh is created from this CAD representation, that is based on the 

model shape, the surface of the bone is reconstructed by building an finite element 

mesh with tetrahedral [292] or hexahedral [293, 294] elements. 
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Figure 86 finite element Meshes of the proximal femur created using geometry based 

modeling workflow. The bottom left shows both tetrahedron and hexahedron mesh 

options. (295] 

In contrast to pixels and voxels, points and polygons are often explicitly represented by 

the coordinates of their vertices. A direct consequence of this difference is that polygons 

are able to efficiently represent simple 3D structures with lots of empty or 

homogeneously filled space, while voxels are good at representing regularly sampled 

spaces that are non-homogeneously filled. (286] 

Comparisons between tetrahedron meshes and hexahedron meshes have found little 

difference between the respective models, so long as the meshes are sufficiently well 

refined. (296-298] Tetrahedron meshes have much more flexibility to accommodate for 

variable geometry which makes them more suited to AMG and subject specific models. 

The principal drawback of geometry-based meshing is that the success of the technique 

in generating meshes with low distortion is dependent on an initial high-quality 
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triangulated surface with appropria tely sized surface element distribution . In addition, 

this method generally involves manual editing, with possible associated loss of 

accuracy. Although only a small percentage of m esh surface nodes may require 

repositioning, it rem ains a particularly daunting and time-consuming task with large 

three-dimensional meshes. [291] 

2.8.1.1.1.3 Volumetric marching Cube Meshing 

To overcome the drawbacks of voxel-based m eshing, further meshing techniques have 

been established, most notably the technique of Volumetric Marching Cubes (VoMaC) 

and extended VoMaC (EVoMaC) approaches. [291] These techniques combine the 

advan tages of voxel-meshing effectively but with the issue of having stepped mesh 

surface definition. This is achieved by adaptation of the marching cubes approach [299] 

to genera te volume meshes so that for every base case, instead of simply determining 

surface triangula tions, there is a complete tetrahedralization of the hexagonal volume is 

pre-computed. In order to address disadvan tages of the VoMaC approach, most notably 

its applicabili ty to only nested or multiple spatially unconnected domains, suitable 

schemes and algorithms have been developed and implemented into a flexible mesher, 

+ScanFe (Simpleware Ltd . 2006), which is part of the integrated image processing and 

meshing environment ScaniP (Simpleware Ltd, Exeter, United Kingdom). 

A number of studies have now validated the range of problems, which can be robustly 

treated using the VoMaC approach in conjunction w ith ScaniP (Simpleware Ltd 2006). 

In a single part m eshing study, which compared traditional unstructured three

dimensional m esh genera tion w ith the EVoMaC approach implemented in +ScanFE 

(Simpleware Ltd 2006), the EVoMaC approach was able to produce a significantly better 

quality mesh. The mesh produced by the traditional method being of very poor quality 

with high element side ra tios(300] . Similarly, in a multipart modeling study, the 

EVoMaC approach with +ScanFE produced a full volumetric mesh, which was smooth, 
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of high surface element quality, and highly conforming. Comparative meshing 

techniques failed to mesh the multi-part surface mesh es with volume meshes [300] . 

Given these results, it is clear that the use of the Simpleware Scan FE package and the 

EVoMaC m eshing capabilities w ithin this software is a powerful and appropriate tool 

for the generation of subject specific bone geom etry. 

2.8.1.1.2 Assignment of material properties 

A second consideration in the generation of subject-specific finite element models is the 

use of appropriate material properties. It is now commonplace w hen building subject 

specific finite element models to take into account in-homogeneity of bone. 

Vose and Kubala [301] were possibly the first to quantify how much m echanical 

properties depend on composition, obtaining a correlation between ultimate bending 

strength and mineral content. One of the most cited works is Carter and H ayes [45], 

who found tha t elastic modulus and the strength of trabecular and cortical bone are 

closely related to the cube and square of the apparent wet bone density, respectively. 

There is little agreement in the literature as to the correct, most accurate or best accepted 

way to assign material properties to subject sp ecific finite element models. The 

approaches taken vary from basic simplified methods that discount heterogeneity and 

assign linear elastic isotropic homogenous material properties to the bone model, [302] 

through to complex representations of the bone accounting for material property 

heterogeneity throughout the volume and the anisotropy of bone [303]. 
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2.8.1.1.2.1 Heterogeneous material property mapping 

This can be achieved by utilizing the a ttenuation coefficient of the material present in 

each voxel. [291] A number of different rela tionships can be defined/ including: the use 

of a linear or non-linear stress-strain relationship, the assignment of isotropic or 

anisotropic material properties/ the conversion of CT number to elastic modulus/ and 

the implemented failure theory. Provided the CT scanner has been properly calibrated / 

CT data can provide quantitative information on the a ttenua tion coefficient of the bone 

tissue that can be related to its densi ty. Density can/ in turn, be related to the mechanical 

characteristics of the bone tissue/ using one of the man y experimental rela tionships 

available in the literature [3041 305] 

2.8.1.1.2.2 Biphasic material property assignment 

Are more simplified but often adequate approach is to divide the bone into cortical and 

cancellous regions assigning an averaged1 distributed or generalized material property 

to each region. An example of th.is approach is seen by Bessho e t al. [306] who assigns 

an homogenous cortical bone shell to the model, then applies a bone mapping function 

to the cancellous bone. See Figure 87 and Table 5. 
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Figure 87 Bessho et al. allocates cancellou s bone and cortical bone regions to the fin.i te 

element mesh [306] 
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Table 5 Mechanical properties of Cancellous bone used by Bessho [306) 

Table 1. Mechanica l p ropertie 

Ash density (p) (g/cm ~) Yield stress (o) (MPn) 

p ::5 0.2 0 = 1.0 < 1020 
0.2 < p < 0.317 0 = 137 ( p1.88 
0.317 ::5 p 0 114 >( pl.72 

Ash density (p) (g/cm ') Young's modulus (E) (MPa) 

p 0 E - O.CXH 
0 < p -:; 0.27 E 33900 < p2.20 
0.27 < p < 0.6 E = 5307 p I -l 69 
0.6 s p E - 10200 ' p2.01 

Ash density (fl) (g/cm3) Poi 
--------------------------

1.8 ~ p 
0.2 <.. p < 1.8 
p <:.. 0.2 

0.22 
0.15 
OA9 

The elastic modulus and the strength of each element are calcu lated 
from the dala according to Keyak et aJ Y and Keller .13 and Poisson's 
ratio is also determined from the data according to Minamisawa<~ 

Another approach to material property assignment that is a ttractive is to just assign two 

material phases to the bone, a single cancellous phase and a single cortical phase. 

Pastrav [307) applied this stra tegy successfull y when simulating the vibration behavior 

of stemmed to tal hip replacement in situ. This approach is especially convenient when 

an implant is modeled alongside and interacting with the bone ti ssue. This is because 

utilizing a heterogeneous mapping property mapping strategy resul ts in the allocation 

of very low modulus material properties to some of the lower s tiffness cancellous bone 

elements in the mesh . When simula ting a tota l hip replacement in contact with the bone, 

these very low modulus elements are often in direct contact w ith the relatively stiff 

elements of the m etal implant. This dramatic stiffness differential in the mesh at the 

contact boundary between the implant and the bone causes numerical issues that make 

solution convergence extremely difficult to achieve. 
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Figure 88 Simpleware Software Products interaction between modules 

28.1.1.3 Subject specific finite element analysis loads 

Finally, in addition to an accurate assessment of bone strength, information on loading 

conditions encompassing the greatest risk of fracture must be considered. Fractures 

occur when loading on the bone is greater than the strength of the bone itself. Most 

fractures occur by a fall to the side but a significant number of hip fractures are 

spontaneous. As such, finite element modeling must include modeling the impact of a 

fall to the side and/ or modeling a single-legged stance [277, 293, 294]. 

The human femur, in physiological conditions is subjected to an instantaneous loading 

pattern that can be quite complex, which is due to the many muscles that insert in the 

femur and develop contractile forces. This loading pattern may change considerably 

with time and with the type of movement being performed. However, the overall 

structural effect of these loading conditions can always be seen as the superposition of 

an off-axis compression and torque moment around the long axis of the femur. The ISO 

7206 part 4 loading scenario previously discussed in section 2.7 Hip joint loading, 

provides a standardized representation of the combined load vectors acting upon a hip 
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joint. Because it is standardized it has a distinct advantage when attempting to make a 

to b comparisons wi th subject specific finite element m od els. 

2.8.1.2 Fracture prediction using subject-specific finite element models 

Subject-specific finite element models of bones derived from CT data are a promising 

tool to non-invasively assess the stress-sta te and fracture risk of bones in individual 

patients. In genera l, bone strength can be characterized through internal (shape, bone 

tissue distribution and bon e tissue properties) and external determinants (loading 

conditions) [278]. Subject-speci fic finite elem ent models can be designed to include most 

of these internal parameters and to simulate the influence of external conditions [292, 

308]. In principle therefore, subject-specific finite element models have the capaci ty to 

enable prediction of fracture risk for any specific bone segm ent under any generic 

loading condition. In practice, however, this s till represents a considerable challenge. 

The studies performed by J.H . Keyak et al. [287, 309-313]showed that CT scan-based 

finite element models of the proximal femur could predict fractu re location and fracture 

type with modera te accuracy. Her studies showed tha t these computed tomography 

scan-based fini te elem ent m odels could be used to estimate the strength of femoral 

shafts with and without metastases. These models may be useful for assessing the risk 

of pathologic fractures of fem oral shafts. She also worked on the comparison of in situ 

and in vitro CT scan -based finite elem ent model to predict proximal femoral fracture 

load. 

Finite element models have been dem ons tra ted to outperform densitometric 

measurements in the explanation of the failure load variability among d ifferent subjects 

[278, 314]. However, a lthough an accurate and consis tent predictor of bone strength has 

been achieved this was only possible under a specific loading condition [315]. Hence, 
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although prospectively useful for comparative studies (for example, evaluation of a 

pharmacological trea tment or screening of a target popula tion [316], such finite element 

models are limited by their lack of generality. The development of more general models 

is needed to predict and localize fracture risk for a bone segment under a generic 

condition (for example, including muscles). In o ther words, the model sh ould 

implement both a bone ti ssue failure criterion, and structural collapse criterion. 

Although several such studies have been performed, failu re to include valida tion 

against experimental tests prevents definitive conclusions from being derived [308, 317-

319]. Notably, although differing in the modeling strategy adopted and in the specific 

strength criterion chosen for the bone tissue, these studies w ere mainly based on stress 

parameters. Few validation s tudies on whole bones have investiga ted the p ossibility of 

applying stra in-based criteria and compared their performance with stress-based ones 

Schileo et al, Keyak J H et al and Lotz e t a] [18, 282, 294] . This is important in the 

context of recent ad vances in basic bone biom echanics, w hich demonstra te the 

effectiveness of strain-based criteria to describe yield or failure of normal bone tissue. 

Moreover, there is evidence to suggest that bone failure is driven by deformation (320, 

321] and there is growing agreement on the subs tantial isotropy of yield strain and its 

invariance to density [322-326]. 

Further support for the use of s train-based criteria s tems from work by Ford and 

Keaveny w ho, in 1996, suggested that strain-based failure theories might be superior to 

stress-based ones. They a rgued tha t it is the loading conditions which decide the 

superiority of the failure theory [317]. Their studies demonstra ted that strain-based 

failure criterion could identify the failure pa tterns of bones w hen implemented into 

subject-specific finite element models tha t are able to accurately predict strain levels. 

The appropria teness of a stra in-based criterion can also be supported, as it has been 

received as a better experimental characterizabon. Furthermore, it directly descends 

from experimental observa tions on the invariance of limjt s tra in with respect to density. 

While the adoption of a stress-based criterion in an inhomogeneous model implies the 
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inclusion of an other empirical rela tionship (betw een limit-s tress and density), which 

may bring in further uncertainties. H ence, it follows that strain-based criteria should be 

implemented in finite elem ent models of bone for prediction of fracture risk. 

In a recent combined experimental-numerical study by Schileo E., et al [18], the capacity 

for identification of the failure patterns of bones by strain-based failure criterion was 

evaluated using subject-specific finite elem ent models able to accurately pred ict s train 

[18]. Three cadaver femurs were CT-scanned and subsequently fractured in a clinically 

relevant single-stance loading scenario. Load displacement curves and high-speed 

movies were acquired to define the failure load and the location of frac tu re onset, 

respectively. Subject-specific finite elem ent models of the three femurs were built from 

CT data following a validated procedure. A m aximum principal strain criterion was 

implemented in the finite elem ent models, and two s tress-based criteria selected for 

comparison . The failure loads measured were then applied to the models, and the 

computed risks of frac ture were compared to the results of the experimental tests. 

SchiJeo E., et al [18] concluded that the proposed principal strain criterion managed to 

correctly identify the level of failure risk and the location of fracture onset in all the 

modeled sp ecimens. While the Von Mises or maximum principal stress criteria did not 

provide significant information. A maximum principal strain criterion can thus be 

defined as a suitable candidate for the in vivo risk factor assessment on long bones. 

The distortion energy (DE) failure theory, as used in this s tudy, was originally 

developed for engineering m a terials such as steel. Such materials differ greatly from 

bone in both their microstructure and their mechanical behavior. As a result, the choice 

of failure theory may not have been optimal. Al ternative failure theories include: 

Hoffman and a strain-based Hoffman analog, m aximum normal stress, m aximum 

normal strain, maximum shear stra in, maximum shear stress, Coulomb-Mohr, and 

modified Mohr failure theories. Factors of safety, defined as the ra tio of the allowable to 

the computed stress or s train according to a particular failure theory, were computed 
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for each element using several failure theories. By definition, a factor of safety Jess than 

1 indicates elem ent failure. The above mentioned failure theories were examined while 

assuming isotropy. The H offman, Coulomb-Mohr, and modified Mohr theories were 

developed for brittle materials and could account for differences in tensile and 

compressive strain The maximum normal strain and s train-based Hoffman analog 

could account for difference in tensile and compressive failure strain. 

2.8.1.2.1.1 Prediction of bone adaptation 

Subject-specific finite element computer models of the proximal femur in hip 

replacements could potentially predict stress-shielding and subsequent bone loss in 

individual p a tients. Before such predictions can be made, it is important to initially 

determine if the be tween subject differences in stress-shielding are sensitive to poorly 

defined parameters, such as the load and the bone material properties. Harrie Weinans 

[327] investigated if subject-specific finite element models provide consisten t s tress

shielding patterns in the bone, independent of the choice of the loading conditions and 

the bone density-modulus rela tionship used in the computer model. The analyses 

showed that for the four loading conditions and two bone density-modulus 

relationships the difference in stress-shielding between the two subjec ts was essentially 

constant (1 % variation) w hen the sam e loading condition and density -modulus 

relationship was used for both subjects. The severity of s tress-shielding within a subject 

was sensitive to these input parameters, varying up to 20% in specific regions w ith a 

change in loading conditions and up to 10% for a change in the assumed density

modulus rela tionship [327). 
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2.9 Literature review summary and direction 

2.9.1 Summary 

In the literature review, the natural hip joint is researched and described in detail. 

Important aspects about the biology of the bone along with relevant descriptions of the 

natural hip joints anatomy and physiology are presented. Further relevant mechanisms 

of natural hip jo int failure are described. Review of these failure mechanisms 

demonstrates that Osteoarthritis is a dominant fa ilure mechanism and tha t 

Osteoarthritis of the joint is a significant burden on the corrununity. Replacement of the 

hip is an effective treatment choice for the condition. 

Attention is given in the review to Osteoporosis which is a condition associa ted with 

aging that weakens the bone. This condition contributes to hip joint failure but is 

especially interesting for this work because it creates challenges for hip replacement 

patients such as weakened bone support for the prosthesis. 

The review demonstra tes that despite the success of hip replacement as a whole, there 

are failures, and these failures place a significant burden on the community. Many of 

the major failure mechanisms of total hip replacement are reviewed . When 

concentrating on femoral component failures, one of the more severe and less 

understood failure mechanisms is peri-prosthetic femoral fracture 

The review demonstrates that peri-prosthetic femoral fracture after total hip 

arthroplasty is a major complication. Further, the prevalence of peri-prosthetic femoral 

fracture is increasing. The increased number of joint replacements in an ever

broadening population of hip replacem ent recipients can be summarized as the 

dominant drivers of this trend. 
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Peri-prosthetic fractures can be classified as either intra-operative or post-opera tive 

fractures, w ith post-operative frac tures further classified as early or la te. Risk factors for 

peri-prosthetic femoral fracture include gender and increased age. Fracture risk is also 

increased when the prosthesis is cernentless and in revision hip arthroplasty setting. 

The review demonstrates that the usage of cementless primary implan ts is growing in 

much of the world . 

Specific a ttention is given in the review to the his tory, surgical technique and clinical 

results of the ABGII femoral stern . Specifically the stern and its predecessor (the ABGI) 

are analyzed in detail. The Australian Joint Registry published clinical reviews and the 

Sydney Hip and Knee Surgeons da tabase a re reviewed . Although the overall results for 

the ABGI and ABGII s terns a re good the ra te of post-operative peri-prosthetic femoral 

fracture for the ABGII s tem is higher than the ra te for o ther cernentless stems. 

Post-opera tive peri-prosthetic femoral fracture is divided into early and la te and clinical 

evidence from the Sydney Hip and Knee Surgeons database is used to show tha t the 

rate of fracture changes both between the early (less than 3 m onths pos t op) and late 

period and also between the ABGI and ABGII. Design changes be tween the ABGJ and II 

appear to have reduced the overall risk of pos t op peri-prosthetic fem oral frac ture but 

with the deleterious effect of increasing the ra te of earlier fractures. This review 

highlights the importance of prostheses design on peri-prosthetic fem oral fracture risk 

and shows tha t the ABGII is a good choice for further study of implant design to reduce 

the risk of peri-prosthe tic femoral fracture. 

A variant of total hip arthroplasty called fem oral head resurfacing is reviewed in detail. 

femoral head resurfacing has m any theoretical benefits over total hip arthroplasty 

however, this type of prosthesis has a much higher rate of peri-prosthetic fem oral 

fracture than total hip replacement does. The history, technique and clinica l results of 

femoral head resurfacing are reviewed in detail. The review highlights tha t the reasons 
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for the higher ra tes of peri-prosthe tic femoral fracture are predominantly su rgical 

technique (implant positioning) and p atient specific factors. (Pa tient selection) The 

review highlights tha t this type of prosthesis design is a good choice for further study. 

Computer assis ted orthopaedic surgery is reviewed in detail, concentrating on 

important basic concepts and the current sta te of play in the discipline. A detailed 

review of a comm ercially available Navigation System that can be used with the ABGII 

femoral s tem is undertaken as it rela tes to total hip replacement surgery. Further 

computer assisted orthopaedic surgery is also reviewed for femoral head resurfacing 

femoral component placement. 

Methods for su bject specific finite elem ent analysis modeling are reviewed including 

the generation of subject specific geometry meshing techniques, material property 

assignment and load application. The review focuses on the methods for geometry 

creation and meshing tha t are available w ithin the commercially available software 

package Simpleware. 

Prediction of bone fracture using subject specific finite element analysis is reviewed 

demonstrating tha t the use of s train based fa ilu re criteria are s tate of the art. Stud ies 

modeling native femoral bone tissue fracture with finite element an alysis are reviewed . 

However, no previous studies tha t a ttempt to predict bone fracture around fem oral 

stems were not found . To model peri-prosthetic femoral fracture around femoral stems 

obviously this is an area where further study is required. 

2.9.2 Direction 

The review shows the importance of the prosthesis, the pa tient and the procedure to the 

risk of peri-p rosthetic femoral fracture. Novel ways to consider all of these factors (in 

combination where possible) a re now pursued . 
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Understanding that the ABGII prosthesis has an unsatisfactory rate of peri-prosthetic 

femoral fracture, it is appropriate to look a t reducing the fracture ra te through implant 

design. From the review it is clear that the rate of fracture observed clinically can be 

influenced by small design changes. (ABGI and ABGII) . The ra te of earlier peri

prosthetic femoral fracture with the ABGII is most concerning and it is hypothesised 

that a reasonably simple change to the proximal coating (the addition of a roughened 

plasma coating) may reduce the risk of early peri-prosthetic femoral fracture. 

A cadaveric study where matched left/ right pairs of cadaveric femurs are used to 

compare the effect of the design change (roughened proximal coating) is undertaken. 

This experimental comparison forms the body of work in Chapter 3 of this thesis. 

Subject specific finite element analysis is an obvious choice to consider the 

abovementioned prosthesis and patient specific factors simultaneously and effectively. 

However no work was identified in the litera ture review where finite element analysis 

was used to specifically predict bone failure around prosthesis. A new finite element 

method must be developed . The cadaveric s tudy along with being extrem ely valuable 

in its own right; had the added advantage that it facilitated the development of subject 

specific finite element modelling techniques by allowing for an experimental 

comparison. The development of an finite element method for predicting bone failure 

(or more specifically cracking) around a femoral stem forms the body of work in 

Chapter 4. 

As shown in the review the procedure or the surgery itself is an important factor for the 

risk of intra-operative peri-prosthetic femoral fracture. However subject specific finite 

element analysis methods have not previously considered the loading from the 

procedure specifically. This is likely because the loading is dynamic in nature (not 

quasi-static as most finite element analyses are) and also it is quite impractical to 

measure the dynamic load experimentally. Looking at computer assisted orthopaedic 
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surgery systems it is clear computer assis ted orthopaedic surgery methods have 

matured sufficiently in recent times. It is proposed in Chapter 5 that an optical tracking 

system or a Naviga tion system could be used in combination with a subject-specific 

finite element analysis to characterise the loads that the surgeon imparts onto the 

patient during a to taJ hip replacement procedure. Further it is proposed tha t such a 

combination could be used clinically to regula te a surgeons beh aviour and almost 

eliminate any risk of intra-opera tive peri-pros thetic femoral fracture. 

The review demonstrates that the risk of peri -pros thetic femoral fracture for femoral 

head resurfacing is high . Further it shows tha t the risk is related to both the positioning 

of femoral component and patient sp ecific factors or, subject sp ecific bone strength. The 

surgeon undergoing a femoral head resurfacing has many possible positions that they 

could place the femoral component during surgery. To aid the surgeon to select a 

position for the femoral component all that is ava ilable is an understanding from 

clinical reviews and previous studies, tha t placing the femoral component into relative 

valgus should reduce the risk of peri-pros thetic fem oral fracture. But there are no rules 

for how much valgus or further what version they should place the component to 

reduce the risk of peri-prosthetic femoral fracture. In Chapter 6 a subject specific finite 

elemen t m ethod is proposed that utilizes a Design of Experiments approach to 

investiga te the impact of femoral position (both varus valgus and version) on subject 

specific peri-prosthetic strain in the femoral neck. The Design of Experiments approach 

allows for a goal driven optimisa tion tha t highlights the best options for the component 

to be placed for that subject. 
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Chapter 3 

A Plasma-Sprayed Titanium Proximal 

Coating Reduces the Risk of Peri

Prosthetic Femoral Fracture in 

Cementless Hip Arthroplasty 
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3.1 Introduction 

Periprosthetic femoral fracture is a serious complication of total hip arthroplasty and is 

often associa ted with p oor outcomes [328]. As described in Chapter 2, risk factors for 

peri-prosthetic femora l fracture include osteoporosis, femoral stem design, and surgical 

technique [329, 330]. Higher rates of peri-prosthetic femoral frac ture are observed with 

cementless fixation [104, 108, 331]. The use of cementless fixation is increasing in much 

of the world, and this trend may continue with cementless implants showing excellent 

long-term success ra tes [53-57] and decreased operating time [58]. Undoubtedly, this 

will result in an increased prevalence of peri-prosthetic fem oral fracture. A further 

increased prevalence of peri-prosthetic fem oral fracture will be observed as the patient 

population with hip replacements rapidly increases, which will be driven by an ageing 

population and a trend toward early intervention hip arthroplasty. Additionally, 

broadening of the indications for hip replacement has led to younger patients, who are 

at greater risk for high-energy trauma events, undergoing the procedure [104]. Overall 

the prevalence of peri-prosthetic fem oral fracture will increase and efforts to reduce the 

risk are needed. 

Based on the timing of the fracture, peri-prosthetic femoral fractures are classified as 

intra-operative, early postoperative, and late postopera tive, w ith unique m echanics 

involved in each situation [104, 108, 141]. Intra-operative peri-prosthetic femoral 

fractures can occur at any time during the surgical preparation; however, they most 

commonly occur during implant insertion as the surgeon strives to obtain the firm 

initial press fit, which is required to promote bony in-growth and achieve long-term 

fixation [14, 63, 307]. To achieve the required firm press fit, the stem is pressed into the 

fem ur with considerable force, causing a wedging effect and the resulting generated 

hoop stresses can become too great for the bone to resist. [104]. A minor episode of 

trauma is ci ted as the most frequent cause for postoperative peri-prosthetic femoral 

fractures [136, 332]. Postoperative peri-prosthe tic femoral fractures occur due to 
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anaton:tic forces resulting from the patient's own weight bearing and muscle loads. 

Mabry [333] sugges ted that early post-opera tive fractures (three months post

implantation) may be the result of an undiagnosed intraop erative fracture, which 

decreases the load-bearing capacity of the bone. 

The ABG II prosthesis (Stry ker Orthopaedics, Mahwah, NJ, USA) is a cementless 

implant with a grit-blasted hydroxyapatite-coated proximal on-growth surface with 

proximal medial scales and a polished dis tal s tern, and has a successful clinical history 

[172-174]. For the purpose of my study sequential design changes were made to the 

ABG II-standard implant; the first was lack of medial scales (hereafter referred as ABG 

11-NMS) and the second was a high-friction titanium plasma-sprayed proximal coating 

(hereafter referred as ABG Il-plasma). These implants were then compared to the ABG 

ll-standard implant. Femoral fractures were simulated using biom echanical loading to 

determine if either of the changes to the ABG II femoral stem design would primarily 

increase the load -bearing cap acity of the femur (decrease the proximal surface strains 

on the fern ur) during broaching, implant insertion, and early weight bearing; thereby 

improving implant longevity and durability. 

3.2 Methods 

3.2.1 Femoral specimens 

The experimental testing procedure was approved by the Royal North Shore Hospital 

ethics committee. Twelve cadaveric femurs (6 left and 6 right, m atched pairs) of donors 

with a mean age of 61 years (range, 39-77 years) were sourced from the International 

Institute for the Advancement of Medicine (IIAM Corporate, Jessup, PA, USA). The 

laboratory testing was conducted in a facility certified to operate with in a ll requirements 

as per the NSW Anatomy Act 1977 and Human Tissue and Anatomy Legislation 

Amendment Act 2003." The femurs were subjected to x-ray (see Figure 89) and then 

computed tomography evaluation in the anteroposterior and mediola teral planes to 
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ensure that they were free of pathology and to allow preoperative templating to 

determine the expected prosthesis sizes for the ABG II femoral components. 

Figure 89-Representative X-ray of cadaveric femora (top) axial slice of cadaveric femur 

(bottom) 

3.2.1.1 Cortical index: 

Cortical index is a m easure of the strength of bone. The cortical index of each bone was 

determined using the equation shown in Figure 90 

Page 176 of 331 



Reducing the Risk of Peri-Prosthetic Fem oral Fracture: Prosthesis, Patient or Procedure? 

CI = EC- IC 

EC 

Figure 90 Calculation of cortical index measurements on the left and formula to the 

right 

After templating, the femurs were sectioned and potted in a polymethylmethacrylate 

potting medium, 30 mm distal to the expected position of the distal tip of the prosthesis 

for the template size. Each femur was cleaned of all soft tissue. Strain gauge locations 

were prepared by defatting with propan-1-ol, sanding with fine grade sandpaper, re

defatting using propan-1-ol, and finally, neutralizing with a light detergent (See Figure 

91). 
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Figure 91 Preparation of cadaveric femurs removal of soft tissue 

Five rosette strain gauges (TML Co. Ltd., Tokyo, Japan) were attached to each femur 

anterolaterally (AL), anteromedially (AM), medially (M), posteromedially (PM), and 

posterolaterally (PL) (See Figure 92 and Figure 94). 
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/ 
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Figure 92 Representative strain gauge attachment to femur 

A mechanical testing jig was prepared to orient the bone 9 degrees in the sagittal plane 

and 10 degrees in the coronal plane. This was in order to closely replicate the anatomic 

loading of femoral stems (ISO 7206-4, 2010 specifications) (See Figure 93). 
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Figure 93 Representative potted femur loaded into testing jig in IS0-7206-4 2010 loading 

orientation 

3.2.2 Strain gauge location 

Strain gauge rosette 1 was placed at the thinnest edge of the osteotomy in the 

region of the trochanteric fossa. Gauge 2 was placed 23 mrn posteromedially from 

gauge 1 at the edge of the osteotomy. Gauge 3 was placed on the anterior aspect of the 

femur 17 mrn distal as well as lateral to the most medial aspect of the osteotomy. Gauge 

4 was placed 22 mm lateral and 10 mrn superior to gauge 3. Gauge 5 was placed on the 

inferior aspect of the femur (See Figure 92 and Figure 94). Each rosette gauge measured 
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the strain directly about 3 axes, which were oriented such that the axial, shear, and hoop 

strain were measured directly on each bone. 

Figure 94 Planned locations of strain gauges (top) actual locations (bottom) 

3.2.3 Prostheses 

Two types of experimental prostheses were manufactured by Stryker Orthopaedics 

Mawah: (i) ABG II-plasma-an experimental ABG II femoral stem with a high-friction 

plasma-sprayed titanium proximal in-growth surface. This surface was not HA coated, 
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as is most common practice for other commercially available Stryker stems. (see Figure 

95) and (ii) ABG II-NMS- an experimental ABG II femoral stem identical to the 

commercially available ABG II stems but without the medial scales being machined into 

the stem during manufacture (See Figure 95 and Figure 96). As controls, off-the-shelf 

standard ABG II stems were used as they have a proximal hydroxyapatite coating on a 

grit-blasted titanium surface with proximal scales (see Figure 95 right). 

As the ABGII Plasma had the additional coating, Vernier calipers were used to measure 

the thickness differential between the ABGII plasma and the ABG II stems in the 

anteroposterior dimension at the line marked "limit HA" in Figure 96. 

Figure 95 Experimental stems; ABGII Plasma (far left) ABGII NMS (middle left) ABGII 

Standard (right) 
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Figure 96 ABGII medial scales visible in region marked "DEPOT H .A" 

3.2.4 Biomechanical testing 

The strains across each gauge were measured a t four separate time periods using an 

MTS 858 mechanical testing system and simulation appara tus (MTS Systems 

Corporation, Eden Prairie, MN, USA): 

(i) Native femoral strain was recorded before surgery (Figure 93); 

(ii) Surgical prepara tion strains were recorded specifically as the canal was broached to 

receive the prosthesis; 

(iti) Stem insertion strains were recorded as the definitive prostheses were inserted into 

the canal; (See Figure 97) 

(iv) Strains were measured following the insertion of each femoral s tem (See Figure 98). 

At the first and last time points, a cyclic load of 80-800 N was applied to the femur. 

The femurs were then loaded to failure w ith the implants in situ. (See Figure 99) 

Strains at failure were not recorded and the procedure and order of testing are depicted 

in Figure 100 . 
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Figure 97 Impaction of stem into femur during testing 

Figure 98 Implant loaded under compression in the MTS testing system 
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Figure 99 Implant femur loaded to failure fracture clearly visible superior to inferior 
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Cyclically load intact femur with MTS mac hine n=12 

Remove femoral head and broach to receive Implant 

Measure height of broach 

n=6 n=6 
Insert ABGII·standard Insert ABGII-standard 

Measure height of A BG 11-standard Measure height of ABGII-standard 

Cycltcally load 1mplanl!d femur with MTS mach1ne Cyclically load Implanted femur w1th MTS mach1ne 

Measure height of ABGII·standard Measure height of ABGII-standard 

Remo ve ABGII·standard Remove ABGII·standard 

Insert ABGII ·plasma Implant Insert ABG 11-nm s 

Measure height of ABGII-plasma Measure height of ABGII·nms 

Cyclically load implanl!d femur with MTS machine Cyclically load Implanted femur with MTS machine 

Measure height of ABGII-plasma Measure height of ABGII·nms 

Remove ABGII·plasma Remove ABGII-nms 

No No 

Load ABG 11-p lasma to failure Load ABGII·standard to fa1lure 

Figure 100 Sequence of testing -The grey boxes indicate the steps where the strain was 

measured 
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~ 
Prepare bone using ABGII 

instrumentation 

Insert ABGII 

• impaction force 

• cortical strains 

Cyclic load ABGII 

·force, displacement 

- cortical strains 

-
x6 

•• 
Figure 101 Typical testing sequence 

Cyclic load 

ABGII (Plasma, nms) 

·force, displacement 

-cortical strains 

Insert 

ABG (plasma, nms) 

·impaction force 

-cortical strains 

The strain signals across all five rosette gauges (15 strain channels) were simultaneously 

measured at a sampling rate of 50 Hz for the intact bone during broaching and on 

insertion of the femoral stem (Labview; National Instruments, Austin, TX, USA). 

Following the insertion of each femoral stem, strain and force-displacement data were 

measured simultaneously during cyclic loading of the femur (1Hz, 50 cycles, sinusoidal, 

-80 N to -800 N (R = 0.1]) in the ISO 7206-4 type orientation. Both ABG II-plasma and 

ABC Il-standard implants were alternatively tested in a femur, six times under cyclic 

compressive loading. Similarly, the contralateral femur was used to test the ABG II

NMS and ABG II-standard implants six times. This testing regime was repeated with all 

of the paired femurs. On completion of the cyclic loading, the left and right paired 

femurs were implanted with ABG II-plasma and ABG II-standard, respectively, and 

loaded to compressive failure (bone fracture) under a constant ramp displacement of 1 

mmjs. The force and displacement signal was again collected at 50 Hz. This procedure 

was repeated with all of the paired femurs. 
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3.2.5 Statistical analysis 

Differences between groups were determined using an analysis of variance. 

Comparison between groups was made using a least significant difference post-hoc test, 

with a p value of <0.05 set as significant. Data will be presented as [median (range)]. 

3.2.6 Data analysis 

Figure 102 shows an example of the cortical bone strain during implant impaction using 

a hammer. The series of sharp steps in each strain channel coincide with the change in 

bone strain generated with each impaction blow to the implant. This data was then 

used to determine the peak compressive or tensile strain of each channel during 

implant insertion, and the final strains after the implant was fully seated. 

Wa~eform Graph 
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Figure 102 Example strain versus time plot during impaction stage of the testing 
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The Figure 103 shows an example of the strain, force and displacement versus time 

signals for one implant tested over the 50 sinusoidal loading cycles. To allow for 

implant settling and bone conditioning, only the last 20 cycles were used for analysis. 

Strains versus force plots were created and a linear trend line was fitted to each strain 

channel. (Figure 104) From this trend line both the slope and Y -intercept were extracted. 

The magnitude of the slope represented the cortical bone sensitivity to implant loading 

(strain/ force) while the Y -intercept represented the residual strain remaining in the 

bone at zero load. 

Figure 103 Example strain versus time plot for the cyclic loading part of the testing 
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Figure 104 Example strain versus force plot. Note that most channels demonstrate a 

near elastic behavior with only a minimal hysteresis loop 

3.3 Results 

3.3.1 ABG 11-plasma versus ABG 11-standard 

One of the femurs with the ABG II-plasma implant fractured during insertion; therefore, 

only five pairs have been reported for that group. 

3.3.1.1 Comparison of implant sizes 

ABGII-Plasma stem external dimensions were greater than ABGII-standard in all 

dimensions 

mediolateral proximal - Size 5 by 0.5mm, Size 3 by 1mm 

anteroposterior- proximal - Size 5 by 0.4 mm, Size 3 by 0.6 mm 

anteroposterior distal- plasma 1.2 mm greater for both 
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3.3.1.2 Implant height after impaction 

There was significant variation in the seating of the implants when compared to the 

final broach position. In 5 out of the 6 bones analysed, both the ABG II-plasma and ABG 

Il-standard implants were seated higher than the broach. In the remaining bone, both 

the implants were seated lower than the broach. On average, ABG 11-plasma was seated 

0.3 mm higher than ABG 11-standard (maximum, 1 mm). 

Figure 105 Implant heights after impaction measured with MTS machine 

3.3.1.3 Implant impaction 

The maximal impaction cortical hoop strain was ]ower across all the gauges (less 

tensile) with the ABG II-plasma stem than with the ABG II-standard stem. The 
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difference was significant in 4 out of 5 gauges, nam ely: the PM gauge (p = 0.0004), PL 

gauge (p = 0.0025), al. gauge (p = 0.0157), and M gauge (p = 0.0060) . 

The final impaction cortical hoop strain was lower across all gauges (less tensile) with the ABG 

JJ-plasma stem than with the ABG 11-standard stem. The difference was signi ficant in 3 out of 5 

gauges, namely: the PM gauge (p < 0.000 I), PL gauge (p = 0.0002), and M gauge (p = 0.0009). 

Hoop- Maximal Impaction Strain 

PM Significant 

M Significant 

PL Significant 

AM no t significant 

AL Significant 

Hoop -Final Impaction Strain 

PM Significant 

M Significant 

PL Significant 

AM not significant 

AL not significant 

plasm a less tensile than s tandard 

plasm a less tensile than standard 

plasma less tensile than standard 

plasma less tensile than standard 

plasma less tensile than standard 

plasma less tensile than standard 

plasma less tensile than standard 

plasma less tensile than s tandard 

plasma less tensile than s tandard 

plasma less tensile than standard 
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Axial- Maximal Impaction Strain 

PM Significant 

M Significant 

PL Significant 

AM not significant 

AL Significant 

Axial - Final Impaction Strain 

PM Significant 

M no t significant 

PL not significant 

AM Significa nt 

AL not significant 

plasma less tensile than standard 

plasma less tensile than s tandard 

plasma less tensile than standard 

plasm a less tensile than standard 

plasm a less tensile than standard 

plasma less tensile than standard 

plasma more tensile than standard 

plasma more tensile than standard 

plasma less tensile than standard 

plasma less tensile than standard 

Table 6 Impaction da ta( comparing ABGII Plasma and ABGII Standard) 

3.3.1.4 Strain sensitivity 

The hoop strain measured in the ABG 11-plasma stem was closer to tha t of intact bone; 

the modified design was significantly less tensile than ABG 11-s tandard based on the 

measurements from theM (P < 0.0001), AM (P = 0.0173), and al. (P = 0.0009) gauges (See 

Figure 106). The axial strain measured in the ABG II-plasma stem was significantly 

lower than those of the ABG 11-standard implant and intact bone for the M gauge. No 

differences were noted in the other stra in gau ges for axial strain (See Figure 107). 
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Table 7 Hoop strain sensitivity 

Hoop -strain sensitivity 

GAUGE Standard vs Plasma Trend 

AL Significant plasma less tensile - closer to intact bone 

AM Significant plasma less tensile - closer to intact bone 

M Significant plasma less tensile - closer to intact bone 

plasma more compressive - closer to intact 

PL Significant bone 

PM not significant both compressive- similar to intact bone 
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Figure 106 Hoop strain sensitivity 

Page 194 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Table 8 Axial strain sensitivity 

Axial-Strain sensitivity 

Standard vs 

GAUGE Plasma Trend 

AL not significant all similar 

AM not significant all similar 

plasma less compressive than standard and 

M significant intact 

PL not significant all similar 

Plasma and standard less compressive than 

PM not significant intact 
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Axial Strain Senstivity 
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Figure 107 Axial strain sensitivity magnitudes 

3.3.1.5 Residual strain 

In 3 out of 5 gauges, the final residual hoop strains of the ABG II-plasma stern were 

lower than those of ABG II-standard and were also closer to those of intact bone. 

However, these values were only statistically significant for the al. (P = 0.0002) and PM 

gauges (P = 0.0068) (See Figure 107). In 2 out of 5 gauges, the axial residual strains of the 

ABG II-plasrna stern were closer to those of intact bone as compared to ABG II-standard. 

These values were statistically significant for the AM and al. gauges (See Figure 108). 
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Table 9 Hoop residual strain signifiance 

Hoop -Residual Strain 

Standard v 

GAUGE Plasma Trend 

AL significant plasma less tensile - closer to intact bone 

AM not significant all similar 

M not significant all similar 

PL significant standard less tensile - closer to intact bone 

PM significant plasma less tensile- closer to intact bone 
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Figure 108 Hoop residual strain magnitudes 
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Table 10 Axial residual strain significance 

Axial-Residual Strain 

Standard 

GAUGE Plasma 

AL significant 

AM significant 

M not significant 

PL not significant 

PM not significant 

v 

Trend 

plasma less compressive - closer to intact bone 

plasma less compressive - closer to intact bone 

all similar 

all similar 

Plasma and standard less tensile than intact 

bone 
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3.3.1.6 Failure load 

The ABG II-plasma, in all of the paired bones tested, showed a significantly higher load 

to failure, when compared to ABG II-standard . 

ABG II- Plasma demonstra ted higher load tolerance [32% (12% to 102%)] when 

compared to ABG II-standard (p<0.05) (Table 6). 
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Table 11 Failure Load ABC II-Plasma vs ABCII- Standard 

ABG II-plasma ABC II-standard 

Sample ID Load (N) Sample ID Load (N) % diff 

2961L -8635.5 2961R -6550.8 32% 

2285L -10314.0 2285R -9184.7 12% 

2274L -4510.4 2274R -2236.5 102% 

2278L -3764.8 2278R -3300.0 14% 

2264L -7604.0 2266R -6479.9 49% 

Mean 42% 

P= 0.014 

3.3.1.7 Failure load versus cortical index 

A close correlation between the cortical index and the failure load was shown for both 

the ABC-standard and the ABC-plasma. For the same cortical index the ABC-plasma 

had a greater failure load than the ABC-standard. See Figure 110. 
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Figure 110 Failure load vs cortical index 
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3.3.2 ABG 11-NMS versus ABG 11-standard 

There was no significant difference for the maximum impaction strains between the 

ABGII-NSM and the ABGII-standard across all five gauges. In addition there was no 

significant difference in the implan t height between ABG II-NMS and ABG II-standard. 

There was also no statistically significant difference in the residua] strain between the 

ABG II-NMS and ABG IJ-standard across all 5 ga uges. Failure load was not tested in 

ABG II-NMS. 

Strain sensi tivity measurements did not show any difference between the two implants 

across the PL, AL, or AM gauges. However, the ABG II-NMS s tem was significantly 

more tensile than ABG II-standard for the M gauge (P < 0.0001), and significantly less 

tensile for the PM gauge (P < 0.0001). 

3.4 Discussion 

In this study, two experimental cem entless femoral designs were compared; the ABG II

plasma and ABG II-NMS, with the commercially available ABG II-standard cementless 

implant. Results show that the modified ABG II-plasma, wi th a high-friction titanium 

plasma-sprayed proximal coa ting, was associa ted wi th increased load-bearing capacity 

and lower surface strains as compared to the ABG Jl -standard. Additionally, the surface 

strains with the plasma-sprayed stem were closer to those of the native bone, 

suggesting a more anatomic load transfer to the proximal femur. Less dramatic 

differences between the ABGII-NMS and the ABG-II standard were observed with only 

a localized change in the strain sensitivi ty in the gauges immediately around the 

modification. 

The most significant finding in this work was tha t the failure load of the ABG II-plasma

irnplanted bone was an average 42% (32% median) greater than that of the ABG II

standard-implanted femurs. Thus, the load-bearing capacity of the femur in the early 
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post-operative period would be greater when a plasma-sprayed stern is used, rather 

than a smooth s tern. Clinically this would decrease the risk of early peri-prosthetic 

femoral fracture by creating a factor of sa fety against fracture. 

The observed d ifferences between the ABGII plasma and the ABGII standard can be 

explained by an increase in the frictional forces a t the bone-implant in terface. The 

increased frictional forces are due to the addition of the roughened plasma-sprayed 

coating, which increases the friction co-efficient at the interface. The increased frictional 

force at the interface can better resis t the slippage of the implant into the femoral canal 

when the implant is forced into the femur under simula ted anatomic loading. The 

resistance prevents a wed ging effect that would expand the proximal femur and result 

in an increase in hoop strains in the bone. A strong analogy for the above-mentioned 

mechanism would be tha t a smooth sharp axe would split a log with considerably less 

effort than a rusty dull (higher friction) axe. This theory is supported by the find ing tha t, 

when compared to ABG II-stan dard; the ABG II-plasma implant was on average seated 

higher in the femur after insertion. 

The higher final sea ting with the ABGII- Plasma is, however, in itself a concern. A 

previous study by Fitzgerald [334] reported an increased incidence of intra-opera tive 

fractures with the Ornnifit prosthesis (15.2%) and attributed the fractures to the 

oversizing of the femoral prosthesis rela tive to the ins truments. The plasma-spray 

coating of the ABG II-plasrna added thickness to the implant and did, therefore, result 

in an oversize of the implant rela tive to the broach. The thicker coating might lead the 

surgeon to inadvertently induce an intra-opera tive peri-prosthetic femoral fracture by 

trying to seat the thicker stem further into the canal. Despite the increased friction, the 

thicker stem would then cause high er hoop s tresses in the bone at the same level due to 

further expansion of the bone canal. In this study, the additional thickness of th e coating 

caused the plasm a-sprayed stern to be sea ted higher on average than the other stems. 

Fractures during stern insertion were not observed; however, this m ay not be the case in 
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a wider clinkal settin g. It is con ceivable tha t an increased incidence of intra-opera tive 

peri-prosthetic fem oral fracture could be seen if the addition of a plasma coating to the 

implant was n ot accompanied by new broaching instruments and this mus t be a 

considera tion . 

It is, however, p ossible tha t the additional thickness could be advantageous. The 

addition of thickness w ill undoubtedly result in a tighter apposition of the implant 

against the bon e. The common design p rinciple for cem entless fem oral s tems is to 

achieve a close fit of the prosthesis, to restore s trains in the proximal femur, and obtain 

maximum stability of the implant. Aamodt A., et a l and Kim Y.H ., e t a l [63, 335] 

demonstra ted tha t a closer proximal fit can produce closer to normal m agnitude and 

patterns of s tress. It w as also observed tha t the experimental plasm a-sprayed s tern 

appeared to load the femur more an a tomically; the surface s trains on the sp ecimens 

implanted w ith ABG II-plasm a were closer to those of the ana tomic femur as compared 

to the other com para tive s tem s. This is advantageous, as anatomic load transfer would 

cause less pronounced stress shielding, thereby p reserving the p roximal femoral bon e. 

To maintain bon e stock, p roximal an a tomic stress transfer mus t be a prominent fea ture 

of the cementless imp lant system. Bon e stock preserva tion is crucial w hile performing 

rnA, especially in young patients who are m ore likely to require a revision procedure 

in their lifetime [336]. This may be crucial for implant longevity; if load transfer a t the 

proximal p rosthesis is too dissimilar from tha t a t the physiological level, anomalous 

bone resorp tion could lead to failure of the bone-implant interface, resulting in 

instability and loosening of th e prosthesis, as is n o ted in la te p eri-prosthetic fem oral 

fractures [ 63] . 

]tis important to p oint out, however, tha t the differences observed between the ABGII

Piasma and the ABGII-Standard may no t persis t beyond the ea rly post-op era tive period . 

After approximately three months it would be expected that bon y in-growth would 

have occurred into either s urface. Th erefore, either d esign would be rigidly a ttach ed a t 
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the bone to implant interface. In this circumstance the friction co-efficient is much less 

relevant. Rather, the bond would rely on the bone strength a t the interface. As bony in

growth cannot be simulated in a cadaveric study, no conclusions can be drawn from 

this work about the period after bony in-growth has occurred. It is likely that minimal 

or no clinical difference would be observed between these stems after bony in-growth 

has occurred. Several studies with the ABG II-standard implant h ave been associated 

with good long-term outcomes and favorable proximal bone remodeling responses 

[172-174]. This would support the assumption that the high-friction plasma coating may 

not be clinically significant beyond the early postoperative p eriod. 

The ABG II-NMS version was devoid of medial scales that are intended to promote 

proximal load transfer . The experimental results show that the removal of the medial 

scales did not appear to have a dramatic effect on the overall scenario. There was no 

observed difference in the maximum impaction strains, the seating h eights, nor any 

difference for the residual strains. However, a localized difference was observed for the 

strain sensitivity measurements a t the M and PM gauges. The ABG II-NMS stern was 

significantly more tensile than ABG II-standard for the M gauge (P < 0.0001), and 

significantly less tensile for the PM gauge (P < 0.0001). No strong conclusions could be 

drawn from this result, other than to say that the removal of the medial scales has a less 

dramatic effect on the strain state of the proximal femur than the addition of the plasma 

coating. In this study, alternate designs were inserted into the same femur progressively. 

This approach could be criticized as the successive impactions may leave a lasting 

change on each bone and therefore corrupt the results of further tests. This progressive 

approach was accepted after considering the results of a similar experimental set up by 

Elias J.J., et al who specifically analysed the effect of successive impactions and found 

and reported no difference. [14]. A further limitation must be acknowledged in that the 

friction co-efficient of the surfaces of the implants was not m easured . 
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Chapter4 

Subject-specific Finite Element 

Modeling of Peri-prosthetic Femoral 

Fracture using Element Deactivation 

to Simulate Bone Failure 

Page 205 of 331 



Reducing the Risk of Peri-Prosthetic Fem oral Fracture: Prosthesis, Patient or Procedure? 

4.1 Introduction 

Postopera tive peri-prosthetic femoral fractu res, following total hip arthroplasty, 

are difficult to trea t and are associa ted with increased postoperative complications [104, 

328, 332], and thus lead to poor functional outcom es [15]. The prevalence of 

postoperative peri-prosthetic fem oral fracture ranges from 0.1 %-2.1 %, with a ra te of 4% 

reported in a revision setting by the Mayo Joint Registry [340]. The apparen t increase in 

its prevalence has been attributed to the growing population of patients with existing 

hip arthroplas ties, increasing pool of elderly patients a t risk of falls, and the increasing 

number of young active patients at risk of high-energy trauma events [340]. Despite a 

higher fracture risk being linked with cementless fixation, especially in the early 

postoperative period [341], the recent Aus tra lian National Joint Replacement Registry 

Report (2010) indicates a growing trend in the use of cementless prostheses as 

compared to cemented or hybrid prosthesis [69]. Risk factors for peri-prosthetic femoral 

fractures include pa tient-sp ecific or procedure-specific (technical) fac tors [342]. 

Subject-specific finite element m odels developed from computed tomography data are a 

powerful tool to investigate bone s trength in different simula ted clinical settings n on

destructively [18, 292, 343]. Three-dimensional finite element modeling is a better 

predictor of femoral strength than qua ntita tive CT and dual energy X-ray 

absorptiometry [278], as fini te element analysis techniques can model m ost of the 

parameters that contribute to bone fracture risk [279, 306, 344] and can also simulate the 

influence of general and variable boundary and loading conditions [279, 292, 345]. 

Therefore, subject-specific finite element models of bones, in principle, can help predict 

fracture risk for a bone segment under any generic loading condition (including 

muscles). However, this requires development of generalized models and 

implementation of bone tissue failure and structural collapse criteria [18]. Models that 

adopted both criteria based on stress were unable to provide definitive results, as the 

analysis was not validated against experimental tests [308, 346]. 
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Previous studies have also adopted modeling strategies that utilized a specific 

strength criterion to assess bone failure based on stress parameters and compared their 

results with strain-based criterion [282, 293, 345]. However, recent advances in bone 

biomechanics have demonstrated that strain-based criteria are more effective than 

stress-based criteria in describing yield or bone failure. Therefore, it may be advisable to 

implement these cri teria in bone finite element models to predict fracture risk [345]. The 

use of strain-based criteria can be further justified because they allow better 

experimental characterization and have been derived from experimental observations 

on the invariance of limit-strain with respect to density. In contrast, the use of stress

based criteria, especially in an inhomogeneous model, leads to inclusion of another 

empirical relationship between limit-stress and density, which may bring in further 

Subject-specific models should be capable of predicting fracture risk in the clinical 

setting if the bow1dary conditions, loading, and failure criteria are well-defined. This 

the development of a strain-based subject-specific finite element 

using crack modeling techniques, which may be u sed to accurately 

characterize a patient's postoperative peri-prosthetic femoral fracture risk prior to hip 

As peri-prosthetic femoral fracture obviously occurs around an implant, the modeling 

of both the implant and the bone is essential. It should be noted tha t all of the previous 

studies of bone fracture have only included native femoral geometry and have been 

predominantly used to predict native femoral neck fracture. When the implant is 

introduced, unique challenges are presented resulting from the modeling of contact, at a 

boundary where there is a large stiffn ess discontinuity. 
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4.2.1 Experimental testing 

One of the cadaveric femurs from the previous chapter was used for the development of 

the finite element models in this chapter. This allowed direct comparison of the finite 

element models to the experimental results. As the femurs were matched pairs the 

mechanical testing results of the matched pairs is of interest in this comparison . Thus, 

theexperimental setup for this pair of femurs is briefly restated and summarized here. 

A matched pair of cadaveric femurs donors was sourced from the International Institute 

for the Advancement of Medicine. (IIAM Corpora te, Jessup, PA, USA) The laboratory 

testing was conducted in a facility certified to op erate within all requirements as per the 

NSW Anatomy Act 1977 and Human Tissue and Anatomy Legislation Amendment Act 

2003." The femurs were subjected to x-ray and then CT evaluation to ensure that they 

were free of pathology and to allow preoperative templating for determining the 

expected prosthesis sizes for the ABG II implants. After templa ting, the femurs were 

sectioned and potted in a polymethylmethacrylate (PMMA) potting medium, 30 mm 

distal to the expected position of the distal tip of the prosthesis for the template size. 

Each femur was cleaned of all soft tissue. Two experimental prostheses manufactured 

by Stryker Orthopaedics (Mahwah, NJ, USA), the ABG II-plasma and the standard ABG 

Dstem, were implanted in the left and right femur, respectively, after a neck osteotomy. 

In order to closely replica te the anatomic loading of femoral stems, a mechanical testing 

pg was prepared to orient the bone 9~ in the sagittal plane and 10, in the coronal plane 

(ISO 7206-4, 2010 specifications). An MTS 858 mechanical testing system and simulation 

apparatus (MTS Systems Corporation, Eden Prairie, MN, USA) was u sed to load the 

femurs to failure with the implants in situ . 
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Figure 111 Mechanical testing setup implanted stem 

4.2.2 Generation of a subject-specific finite element model 

The CT scan of a left-sided femur (from the experimental study) was used for 

preparation of the finite element model. This was obtained prior to the mechanical 

testing being carried out. 

4.2.3 Finite element model development 

4.2.3.1 Summary of issues encountered in the model development 

4.2.3.1.1 Simpleware standardized workflow was not appropriate 

As discussed in the literature review, Simpleware is a commercially available set of 

software tools that allow for the conversion of 3D linages into CAD and Finite Element 
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Sirnpleware offers three modules for processing and meshing 3D image data 

the preparation of subject specific finite element models: 

ScaniP Module: Core image processing platform 

ScanCAD Module: Bolt-on module for CAD integration 

ScanFE Module: Integrated module for Mesh generation 

1.1 Summary of standardized workflow 

recommended way to utilize the Simpleware suite of products would be to flow 

one module to the next in the order depicted in Figure 112 which would be to; 

Create subject specific geometry by utilizing ScaniP to segment the 3D geometry 

from a CT scan. This creates a CAD representation of the subjects' bone 

geometry. 

After creating the patient specific geometry in ScaniP, the model of the native 

femur should be imported to ScanCAD for the simulation of the surgery by 

introducing and placing the CAD files of the implants in the required location 

and removing the surgically removed bone by performing Boolean operations. 

After the surgical intervention is simulated with the implant CAD files in place, 

the models are exported to ScanFE, where a finite element mesh is created and 

material properties are assigned. 

With all of the pre-processing undertaken in Simpleware, an input file to the 

finite element solver is generated from ScanFE and this input file is transferred to 

the finite element solver pre-processor where boundary conditions and loads are 

added. 

The model is then submitted to the solver and post-processed in the post

processing application of the finite element solver. 
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Figure 112 Relationship between Simpleware modules and workflow 

Unfortunately, this standardized method was not suitable for this specific problem and 

following this standardized workflow resulted in some issues. The issues were 

predominantly around the interface between the CAD model of the implant and the 

bone where inadequate meshing boundaries between the implant model and the bone 

model caused either convergence issues or localized strain discontinuities. These were 

not acceptable to the failure simulations adopted in this study. To overcome these 

issues, a modified workflow was adopted. The modified workflow and justification for 

these modifications is described below. 

4.2.3.1.2 Heterogeneous material property mapping causes mesh discontinuities 

A further, but related issue encountered was to do with material property assignments. 

As mentioned above, the finite element models were created from a CT scan of one of 

the cadaveric femurs that was then used for the mechanical testing described in the 

previous chapter. This obviously has the distinct advantage that the simulation results 

could be compared with the mechanical testing results for verification and validation. 

However, at the time the CT scans were taken no calibration phantom was available. 

This would have allowed for the assignment of material properties in a straightforward 

way. Other authors Turner., et al [347] have had success creating subject specific finite 

Page 211 of 331 



the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

models with heterogeneous material mapping strategies, where the cortical 

itself was used for the calibration of a material property mapping function. A trial 

approach was attempted and is described below. However, it was discovered 

the very low modulus bone material properties applied to the cancellous bone at 

bone implant interface did cause significant issues for the failure simulation 

deactivation) that was adopted. 

this reason, it was decided to utilize another approach to material property 

which has also been adopted by other authors [307] where the bone 

I property assignment was divided into two regions, the cancellous and the 

bone regions. This was much more suitable to the crack modeling approach that 

adopted for failure modeling. 

Workflow adopted for Modeling 

following is the methodology that was used to create the finite element models in 

1 Segmentation of geometnj from CT scan 

Scan IP was used to segment the geometry of the femur from the CT scan. 

(Digital Imaging and Communications in Medicine) file, which is the 

file format for all medical imaging files, that contained the CT scan data of the 

was obtained on an external USB drive. 

file was imported into ScaniP and visualized using the standard tools available in 

import module. See Figure 113. 
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Figure 113 Import DICOM file into Scan IP 
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The window width and level controls allow the user to change the grayscale appearance 

and contrast to visualize the CT scan to be segmented. A preset for bone is available and 

this was chosen for the segmentation. See Figure 114. 
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Figure 114 Pre-set window width and level for visualisation of CT scan slices 

the size of the volume that was of interest was isolated and irrelevant volume 

the CT scan was removed. That is volume not representing proximal femoral bone 

was removed. See Figure 115. This has the effect of significantly reducing the size of the 

for the segmentation. That is because the number of voxels in the volume are 

~ltuuu:u. See section 2.8.1.1 for a description of voxels. 
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Figure 115 Crop region of interest in Simpleware 

Utilizing the grayscale values from within the voxels; firstly a threshold value of 

grayscale was determined; below which the voxel could be assigned to be bone and 

above which the voxel could be assigned to be space or softer tissue. Utilizing this 

threshold value a floodfill segmentation operation was used on the bone volume to 

roughly segment the bone from the surroundings. See Figure 116. 
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Figure 116 Floodfill segmentation in Simpleware 
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floodfill segmentation results in a rough segmentation of the volume. It results in 

irregular volume boundary and has holes in the volume that are not captured by the 

fill the holes in the bone volume a tool called a cavity fill is used that fills in the holes 

the volume. See Figure 117. 

., 
v 

Figure 117 Apply cavity fill in Simpleware 

r 
231 . ... 

.... 

The cavity fill fills in the proximal femoral geometry but also has the effect of filling in 

the intra medullary canal. The canal is in reality filled with bone marrow and should 

not be included in the geometry mesh of the bone. To remove the marrow, a second 

segmentation threshold is set up. It is set to only capture the marrow volume in the 
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. See Figure 118. After segmenting the marrow with a threshold, another 

called a Morphological Close to unite the marrow volume is required. See 

119. To remove the bone marrow volume, a Boolean operation is performed that 

the marrow volume away from the proximal femoral bone volume. See Figure 
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Figure 118 FloodFill tool panel and segmented marrow in Simpleware 
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Figure 120 Femur mask after Boolean subtraction of the marrow in Simpelware 

Now with the correct geometry isolated, the voxel mesh with irregular edges must be 

smoothed and transformed into a geometry mesh. See section 2.8.1.1 which describes 

the difference between the two approaches. The necessity for a geometry based mesh is 

because of the need to model contact at the implant to bone interface. A voxel based 

mesh, having a jagged surface would be inappropriate for contact modeling. It would 

cause stress concentrations and solution convergence issues. To smooth and transform 

the mesh, a Gaussian filter is chosen and good results are achieved. See Figure 121. 
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Figure 121 Difference after application of recursive Gaussian filter in Simpleware 

1.2.3.2.2 Export model to ScanCAD 

The Femur model ALONE was then exported to the ScanCAD module of Simpleware 

.where a single-cut neck osteotomy was simulated by introducing a CAD primitive and 

performing a Boolean operation. See Figure 123 CAD model of ABG II stem, 

a) With scales. b) Without scales. CAD models of the definitive ABG II prostheses in .stl 

file format, with some minor geometrical simplifications (removal of small cut-outs in 

the proximal region), were provided by Stryker Orthopaedics. See Figure 124 Anterior, 

lateral and 3D views of the model in ScanCAD. The removal of the small cutouts 

simplified the mesh generation and contact modeling. 
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Figure 122 Femoral neck osteotomy with CAD primitive in 

Simoleware Scan CAD 

a 

Figure 123 CAD model of ABG II stem, 

a) With scales. b) Without scales 

In the Sirnpleware ScanCAD module, a size 4 ABGII femoral stem (TI1e correct size for 

this femur) was virtually positioned into bone to simulate the surgical preparation as in 

Page 220 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

the experimental testing. It's position was verified by a company representative familiar 

with the surgical technique for the ABGII implant. Boolean operations were applied to 

simulate the removal of the cancellous bone by broaches and the distal reaming step 

around the distal stem, as surgically required for the insertion of the prosthesis. Further, 

a CAD primitive and a Boolean operation were used to section the femoral shaft 30 mm 

below the tip of the stem and perpendicular to the shaft axis to represent the potting 

height that was used in the experimental setup. 

Figure 124 Anterior, lateral and 3D views of the model in ScanCAD 
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4.2.3.3 Generation of finite element mesh 

4.2.3.3.1 SummanJ of mesh inconsistency problems 

As mentioned, when using the standard workflow of Sirnpleware there were issues 

when meshing occurred at the boundary between the implant and the bone. Examples 

of these issues are depicted in Figure 125 through to Figure 127. It was not possible to 

overcome this problem using the mesh control tools available in Simpleware. 

Figure 125 Inadequate mesh boundary between implant and bone using Sirnpleware 

mesh control tools. 
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Figure 126 Inadequate mesh boundary between implant and bone using Simpleware 

mesh control tools 
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Figure 127 Inadequate mesh boundary between implant and bone using Simpleware 

mesh controls 

It was discovered that the mesh control issues in Simpleware were primarily due to the 

attempts by the automatic meshing algoritluns to keep an interlocked mesh across the 

boundary between the two parts. Unfortunately, there was no ability to simply mesh 

the parts as individual entities in Simpleware. Discussion with the Simpleware 

development team, in an attempt to resolve these issues revealed that these issues were 

not being encountered by other users of the software. This was due to other users only 

modeling the anatomy itself without implants in place. Alternately, they were not as 

concerned with the mesh quality at the implant boundary because their regions of 

interest were distant to the interface. 

Given the approach to failure modeling being undertaken in this work (crack modeling 

with element deactivation) there was no ability to ignore the mesh inconsistencies. The 

mesh inconsistencies caused local strain concentrations that caused element failure 

(element deactivation/ deletion), which in turn causes the mesh to be altered and a 

cascade of strain concentrations occur around the mesh defect causing an erroneous 

crack path to be generated. For example, in the model depicted in Figure 127 and Figure 

128, the crack propagation was beginning in a region where the mesh inconsistency 

caused this cascade of events to occur and an unrealistic crack simulation resulted. 
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Figure 128 High strain area resulting from mesh inconsistency a the implant bone 

boundary 

4.2.3.3.2 Overcoming mesh inconsistency problems by altering workflow 

As described above, those users of Simpleware who were not modeling implants in 

place did not get the mesh inconsistency problems at the surface of their meshed 

models. To overcome these meshing issues, a different approach was adopted. 

When the meshed bone model alone (after the Boolean operation to remove the bone 

material to accommodate the implant) was exported to Scan FE and meshed alone the 

boundary was smooth and consistent. See Figure 129. 
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Figure 129 Meshing implant in ABAQUS CAE gives consistent mesh boundary at the 

interface 

The meshed bone model alone was transferred to Simpleware Scan FE (Simpleware 

Limited) where it was meshed using the automatic meshing capabilities of the software 

with 226,362 C3DlOM elements. No mesh convergence study was performed as the 

elements were limited by the voxel size of the CT scan, and the mesh was at its highest 

density possible. 

The element type C3D10M was used for the bone model, due to its excellent contact 

properties. This element type is a second order ten node modified quadratic 

tetrahedron. This "modified" element is designed for use in complex "hard" contact 

simulations, which allow for accurate calculation of contact pressures [348-350]. The 

specialized element is robust for large deformation and contact problems, compared to 

regular tetrahedral elements (C3D10), which have zero contact force at the corner nodes, 

thus giving inaccurate predictions of contact pressures [350]. A basic tetrahedral mesh 

and ten node tetrahedron element are shown in Figure 130 . 
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FEM model for femur 

2 

Figure 130 Ten node tetrahedron element used in the mesh of a femur model. [306] 

As this model only contained the bone with the femoral cavity prepared, it was 

required to combine the stem and bone mesh together in the finite element Solver pre

processor, ABAQUS CAE (ABAQUS Inc., Providence, RI, USA). The CAD model of the 

ABG II size-4 stem, (The same size stem that was implanted in the mechanical testing) 

was re-introduced and placed in the femoral cavity of the bone, which had been 

previously prepared in Simpleware Scan CAD. 

Further, a 28-mm femoral head was assembled on the proximal taper in accordance 

with the experimental testing setup. The implant model was meshed in ABAQUS CAE 

using the automatic meshing capabilities of the software with 16,938 R3D3 elements. 

This approach produced a consistent mesh boundary that was adequate for the failure 

approach being undertaken. Evidence of this superior meshing can be seen when the 
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initial contact surfaces are visualized side by side. With the second approach giving a 

much higher contact surface (See Figure 130). 
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Figure 131 New approach (right) provided more constant initial contact between the 

bone and the implant than previous approach (left) 

4.2.3.4 Adequate boundary conditions 

4.2.3.4.1 Contact Boundaries 

To represent the implants geometry correctly, the area representing the grit blasted 

hydroxyapatite zone (Figure 132) was isolated and designated as the friction zone (see 

Figure 133). 
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Figure 132 Higher friction zone on the implant labeled "DEPOT H.A" 

The contact boundary for the loading of the femoral head is described below in 4.2.3.5. 
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Figure 133 Friction Zone (Red) Frictionless Zone (Green) 

4.2.3.4.2 Distal Potting Boundary 

To represent the potting medium, a fixed boundary condition was applied to the 

most distal elements of the bone mesh as the model had been sectioned 30 mm below 

the tip of the prosthesis. This represented the potting height that was used in the 

experimental testing. See Figure 134. 
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134 Fixed distal boundary conditions and load orientation (left) set to resemble 

To represent the loading in the experimental setup, a plate was modeled just in 

contact with the femoral head and angled to represent the loading direction of the 

mechanical testing setup. This loading direction was orientated as per the ISO 7206-4 

specifications (2010) as 10° varus in the coronal plane and 9° flexed in the sagittal plane 

4.2.3.5.1 Exploration of ISO 7206-4 compliant loading scenarios 

Whilst setting up the loading scenario it was noted that there was some ambiguity and 

flexibility in the ISO 7206-4 loading specification. To demonstrate this, both loading 

scenarios below would conform to the ISO 7206-4 loading specification. In reality, the 

friction that exists between the testing jig and the femoral head would be difficult to 

control. Therefore, both loading scenarios were tested to determine the sensitivity of 
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each scenario to the friction at the interface by performing a sensitivity analysis. The 

sensitivity analysis was performed only on the biphasic material assignment model. 
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Figure 135 ISO 7206-4 compliant loading scenarios 

4.2.3.6 Failure modeling approach 

As previously mentioned, the element deletion capability available in ABAQUS 6.9 was 

used to simulate a crack path in the bone tissue, based on a threshold of strain. Brittle 
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element failure mode was assumed, whereby an element with a strain value of 0.01 was 

considered to have failed and was "deactivated." After deactivation, the element could 

no longer exert any influence on the analysis in the subsequent time steps. 

A forced displacement was applied to a plate along the axis of the bone in order to 

simulate the load. The resultant force value versus time (which correlated with 

displacement because the displacement was constant) curve was plotted, and the failure 

load was defined as the point on the curve where a dramatic decrease in the load 

(increase in displacement) was recorded. For all simulations, the reaction force on the 

implant versus the displacement was recorded. As the crack developed, the force 

dropped abruptly and the peak force was defined just before the curve dropped as the 

"crack failure load". See Figure 136 for typical failure plots. 
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Figure 136 Typical force vs time plots for failure characterization 

4.2.3.7 Assignment of material properties 

Three strategies were investigated for the assignment of material properties to the bone 

model. In all three approaches the implant material was considered homogenous, 

isotropic, and linear-elastic. 
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Figure 137 Different material property assignments used in this work 

4.2.3.7.1 Heterogeneous Material Mapping 

Simpleware ScanFE assigns heterogeneous material properties to each element based on 

the underlying gray scale value obtained from original CT scan from which the model 

was created. All materials within the bone model were assumed to be isotropic and 

linear elastic. Bone material properties were assigned to each element, where apparent 

were interpolated linearly from the CT numbers by assuming the bone 

were in the range of 0.1-2.0 g/cm3. [347] The elastic moduli were then 

from the apparent densities using a cubic relationship of Carter and 

E = 2875 p3 . 

This mapping function is applied through the Simpleware ScanFE export feature, which 

designates a material property for each element immediately prior to export into 

ANSYS CAE. See Figure 138. 
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Figure 138 Simpleware Scan FE material property assignment for applying 

heterogeneous material properties to the bone model 

4.2.3.7.2 Biphasic material assignment 

Within the bone model mesh, there are two separate bone material properties: one for 

cortical bone, and one for cancellous bone. The bone was modeled as an orthotropic, 

linear-elastic material in which the cortical and cancellous bone properties were 

assigned to the outer and inner layers of elements, respectively. This approach was 

similar to that of Pastrav [352]. 

4.2.3.7.3 Triphasic material assignment 

A triphasic model that included the compact, middle, and cancellous bone. The material 

properties were obtained from the CT scanned femur model by calculating the average 

density of the three layers of bony material. The assignment was done in the ANSYS 

CAE pre-processor. Beginning with the heterogeneous material property mesh with 

material property assignment, already done using ScaniP, the modulus of elasticity was 

extrapolated from the elastic modulus versus the density graph. See Figure 139. 

The elastic moduli pertaining to different types of bone are shown in Table 12. 
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Figure 139 Elastic modulus vs density for triphasic bone 

Table 12- Modulus of elasticity of various components of bone in biphasic and triphasic 

finite element femur models 

Elastic modulus (MPa) 

Models 

Biphasic model 

Triphasic model 

Compact 

bone 

6000 

7610 

4.2.3.8 Finite element solver used 

Middle 

bone 

N/A 

2060 

Cancellous bone 

375 

1830 

All simulations were carried out using the explicit solver ABAQUS V6.9 (Dassault 

Systemes, SIMULIA, Providence, RI, USA) because of its powerful contact and large 

scale model processing capability. The ability of the Abaqus Explicit solver to effectively 

handle severely nonlinear behaviour, such as contact, makes it very attractive for the 

simulation of many quasi-static events [348]. Furthermore, its ability to fully utilize 

parallel processers to significantly decrease computational time was a distinct 

advantage over the Abaqus standard solver. 
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4.2.3.9 Computer and simulation times 

Processor: Intel Xeon 5450 Quad-Core 3.0GHz 12MB Cache 1333MHz FSB 

2x 3.0GHz, Quad-Core, (8 processors in parallel) 12MB Cache, 1333MHz FSB, Socket 

771,45nm 

Memory: 8 x 4GB PC5300 ECC FBDIMM (32 GB Total) 

667MHZ, 240-pin, ECC Fully Buffered, CLS 

Hard Drive: 2 X Western Digital Raptor 150GB 10000rpm with RAID Configuration: 

RAID 0- Disk Striping, Enhanced Read/Write Performance, 

lO,OOOrpm, 16MB Cache, 4.5ms Read, SATA/150 Interface 

Operating System: Microsoft Windows Vista Ultimate 64-Bit 

Simulation times varied significantly, Typically two or three simulations could be run in 

a 24-hour period, depending on the time that they were commenced. No Simulations 

utilizing Abaqus explicit solver ran longer than 24 hours. 

Early in the project whilst attempting to use the Abaqus Standard solver simulations 

would routinely run for three or more days. Utilization of the standard solver was 

abandoned in favor of the explicit solver because of these issues. 

4.3 Results 

4.3.1 Crack propagation/failure mechanism 

4.3.1.1 Experimental testing 

The left-sided and the right-sided femoral specimens showed a failure load of 

4510.4 Nand 2236.5 N, respectively. A sudden fracture process was detected (a sharp 

decrease in load after reaching the peak value) with no noticeable decrease in the slope 
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of the curve immediately before failure. This is suggestive of generalised yielding. Both 

left-sided and right-sided femoral specimens demonstrated a similar failure mechanism. 

The prosthesis first displaced into the femoral canal with a brittle crack suddenly 

emanating from the neck osteotomy on the medial and the lateral side, and the medial 

calcar of the bone was displaced. Although the internal structures were not seen, it is 

believed that the crack initially propagated through the upper cortical layer (See Figure 

140). However, this could not be confirmed. The crack propagation appeared to be very 

rapid and the thorough separation of the fracture surfaces lasted for a very short time 

period. 

Figure 140 Typical failure of bone during experimental testing. 
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Figure 141 Force vs time plot for failed bone 

4.3.1.2 Finite element model 

4.3.1.2.1 Sensitivity analysis of ISO 7206-4 compliant loading scenarios 

As mentioned in the methods section, both of the loading situations that were 

permissible under ISO 7206-4 were investigated with a sensitivity analysis where the 

friction co-efficient at the femoral head to plate interface was varied for both scenarios. 

The results were surprising. The first test method appeared to be very sensitive to the 

friction co-efficient; whereas the second test method did not appear to be as sensitive 

(See Figure 142). Therefore the second test method setup was used for subsequent 

simulations. 
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Figure 142 Sensitivity of failure load to friction at the loading plate to femoral head 

contact interface 

4.3.1.2.2 Results of heterogeneous material property modeling 

Modeling heterogeneous material properties was attempted. However, the models were 

inherently unstable and would not solve. This appeared to be a problem when the 

failure of very low modulus bone occurred at the implant to bone interface or contact 

surface. Two problems existed. 

Firstly, deleting an element in contact situation means that formerly interior faces 

(behind the deleted element) become exterior faces. Thus, the contact algorithm has to 

calculate new contact surfaces, and new contact forces, and sometimes it can cause 

numerical instabilities. Without element deletion, the contact calculation is obviously 

much easier and the same models would converge, just with very high strain areas (See 

Figure 143). Secondly, there is a large stiffness discontinuity at the implant to bone 
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boundary. Therefore, attempts to model failure with element deletion and 

heterogeneous material properties were abandoned. 
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Figure 143 High strain area in models that would not converge with element deletion

these models converged when element deletion was not used. 

4.3.1.2.3 Results of biphasic and triphasic material property modeling 

Compared to the triphasic models, the biphasic models more closely replicated the 

failure mode of the experimental specimens, but there were some noticeable differences 

(Figure 144 middle and right) . In both models, the prosthesis was initially displaced 

into the femoral canal, with a brittle crack suddenly emanating from the midline of the 

neck osteotomy on the medial and the lateral side. In the biphasic model, the crack then 

moved distally and unlike the experimental specimen, it did not fully displace the 

calcar region of the bone. Later, the crack progressed laterally and out through the 

lateral diaphysis before a secondary crack emanating distally from this crack line 

progressed medially and displaced the medial calcar. However, in the triphasic model, 

the initial crack progressed distally and laterally and also displaced the trochanter away 

from the femur, quite unlike the experimental specimen. 
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Physical test crack mode So mutation crack mode 

Figure 144 Typical failure mode physical test specimen (left) biphasic (middle) 

triphasic (right) 

4.3.2 Failure load 

The triphasic models showed a considerably higher failure load than the biphasic 

ones (See Figure 145). In both models, an increase in the friction coefficient at the 

implant-bone interface led to a corresponding increase in the failure load (See Figure 

146). This suggests that failure was sensitive to the friction coefficient. However, over

prediction of the failure load was observed in the models with the higher friction 

coefficient. The finite element analysis showed that the triphasic bone models were 

much stiffer than the experimental femoral specimens (See Figure 146). 
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4.4 Discussion 

ln this chapter, the development of a simplified patient-specific finite element modeling 

methodology to predict peri-prosthetic femoral fracture in the early postoperative 

period is described. The approach taken used a novel technique to simulate bone failure 

and was not derived from an element-specific failure risk calculation as described in 

previous studies [344, 345, 353]. 

This technique utilizes commercially available software, namely the Simpleware set of 

software tools and ABAQUS CAE 6.9, for pre and post processing. The ABAQUS 

Explicit solver is used for all of the analyses which allowed for significantly decreased 

computational time over the Standard solver. 

The technique utilizes a newly available feature in the ABAQUS CAE module to 

simulate the failure of the bone. That is the capability to set element deactivation or 

deletion based upon a threshold field value. The threshold field value chosen for this 

analysis was strain. 

As mentioned earlier, recent advances in bone biomechanics have demonstrated that 

strain-based criteria are more effective than stress-based criteria in describing yield or 

bone failure [282, 293, 345]. The use of strain-based criteria can be further justified 

because they allow better experimental characterization and have been derived from 

experimental observations on the invariance of limit-strain with respect to density. In 

contrast, the use of stress-based criteria, especially in an inhomogeneous model, leads to 

inclusion of another empirical relationship between limit-stress and density, which may 

bring in further uncertainties [345]. Therefore, these criteria were implemented in this 

chapter. 
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When preparing the models, ambiguity in the ISO 7206 - 4 testing standard was 

discovered. This was investigated with a sensitivity analysis and found that there was 

significant variation in one setup and less variation in the second setup. The less 

sensitive setup was used for subsequent models. This issue is important to highlight for 

because the variability in the testing standard could affect future testing setups 

resulting in misleading conclusions. This is an important finding. 

The finite element models were compared with the femoral test specimens, from which 

they were created, as well as with the specimens from the contralateral side of the same 

donor. When comparing the models to the experimental testing, the crack mode for the 

biphasic models was very similar to the mechanical testing crack mode, with a similar 

shape of the crack, and similar crack path. See Figure 147. 

Phys,cal test crack mode Simulat ion crack mode 

Figure 147 Biphasic models show good agreement with test specimens for crack mode 

The results showed that the finite element analysis models over-predicted the femoral 

strength, especially in the triphasic models. Both the biphasic and the triaphasic models 

appeared to be stiffer than the test specimens, which may have contributed to the over

prediction. The reason for the additional stiffness is thought to be because of the chosen 

method of material property assignment. 
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An explanation for the increased stiffness in the triphasic models would be the presence 

of middle bone, the layer between cortical and cancellous bone that was included in the 

finite element model, with a high modulus of elasticity. 

Though studies have used complex property mapping strategies to accurately model 

the heterogeneous nature of bone [354, 356]. The heterogeneous material property 

mapping was not possible in conjunction with the element deletion failure modeling 

approach. Instead of heterogeneous properties, we assigned simplified material 

properties to bone as described by Pastrav et al. [307] for ease of FE modeling. 

The process of failure is more complicated than mere identification of a localized failure 

initiation point; therefore, calculation of a failure risk criteria may be inappropriate, 

especially in situations with implants being modeled in situ. In the experimental 

specimen, structural failure was observed due to a brittle crack that occurred in the 

cortical bone, caused by a sharp decrease in load after reaching a peak value with no 

noticeable decrease in the slope of the curve immediately before failure. This suggests 

generalized yielding rather than localized yielding of the cancellous bone supporting 

the implant. A similar mechanism for structural failure was reported by Schileo [345]. 

The assumption of this study is that the yielding of the cancellous bone is a precursor 

and a critical step in the entire process of structural failure but, by itself, may not be the 

correct indicator of the failure load. 

This theory was supported by observations from the experimental testing that prior to 

failure; the prosthesis was slowly displaced into the femoral canal causing a wedging 

effect on the cortical bone. Complete structural bone failure is unlikely to result from 

only yielding of the cancellous bone immediately surrounding the prosthesis. A fracture 

risk calculation would be inappropriate in a scenario in which hoop stresses generated 

as a result of the wedging effect contribute significantly to the structural failure of bone 
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and not localized yielding of cancellous bone. Thus, simulation of bone failure via the 

"element deactivation" technique seems rather justified. 

The strain-based failure criteria used as the threshold value for element deactivation in 

the finite element model used in this study was as defined by Schileo [345]. This study 

used the same failure criteria for cortical and cancellous bone. A previous study 

compared the yield properties of human femoral trabecular and cortical bone tissue and 

concluded that the yield strain for trabecular bone is 15% lower than that for cortical 

bone [354]. In the modeled specimen, I believe that the cortical bone appeared to fail 

due to the tension resulting from hoop strains generated at the surface by the prosthesis 

wedging further into the prepared canal, while the cancellous bone appeared to fail 

under compression as the prosthesis crushed and yielded the supporting cancellous 

bone. My failure criteria did not account for the tensile-compressive yield strength 

asymmetry of the cancellous bone, which has been reported as 0.62 on average [355]. 

No previous studies have associated friction coefficients with fracture loads. In this 

study, the finite element models with lower friction coefficients showed failure loads 

that were closer to those seen in the experimental specimens. Therefore, I believe that 

the failure load is sensitive to the friction coefficient. Further studies in this area may 

help in calibration of the unknown friction coefficient if the failure load is known. 

Though studies have used complex property mapping strategies to accurately model 

the heterogeneous nature of bone [354, 356]. The heterogeneous material property 

mapping was not possible in conjunction with the element deletion failure modeling 

approach. Instead of heterogeneous properties, I assigned simplified material properties 

to bone as described by Pastrav et al. [307] for ease of finite element modeling. 
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It must be noted that the use of only a single specimen in this chapter is a limitation. 

However, the presentation of this simplified technique would not have been enhanced 

by including more specimens. 
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Chapter 5 

Subject-specific Finite Element Model 

with an Optical Tracking System in 

Total Hip Replacement Surgery 
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5.1 Introduction 

Intra-operative periprosthetic femoral fractures are a significant concern in total hip 

arthroplasty [340, 357], and are more commonly observed with cementless implants 

(5.4%) than in a cemented setting (0.3%) [340] . Revision surgeries have reported 

considerably higher rates with both cemented (3.6%) and cementless (20.9%) stems [340]. 

Outcomes of 519 patients in the Danish hip registry suggest that intra-operative peri

prosthetic femoral fracture increases tl1e relative risk of a revision procedure during the 

first six months after total hip arthroplasty [358]. 

Intra-operative peri-prosthetic femoral fractures can occur at any time during surgery, 

with the highest incidence during implant insertion. This is because the surgeon strives 

to obtain a firm initial press fit to ensure stability to facilitate bony in-growth for long

term fixation [63, 104, 307, 340, 357]. This is usually achieved by preparing a slightly 

undersized femoral canal and using a mallet for implant insertion [357]. Increased loads 

exerted to attain a firm fit cause a wedging effect, and fracture occurs when the hoop 

stresses generated by the implant on the bone are too great for the femur to resist [3, 

357]. The frequency of intra-operative fractures varies with implant design, surgical 

technique, bone quality, and bone deficiency [340]. The femoral stem design is a known 

risk factor for peri-prosthetic femoral fractures [342], with a significantly high intra

operative fracture rate of 15.2% observed with the cementless Omnifit system [334]. 

Most of the patients undergoing hip arthroplasty have poor bone quality [342] and 

consequently, diminished bone strength. During implant insertion, the surgeon needs 

to balance the force applied to the bone with the load-bearing capacity of the bone. 

Therefore, load characterization during surgery would be extremely beneficial to the 

surgeon, thereby reducing the risk of intra-operative peri-prosthetic femoral fracture. 
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Subject-specific finite element models developed from computed tomography data have 

been used successfully as a non-destructive tool to investigate bone strength in 

simulated clinical settings [306, 345). Most of the parameters, which contribute to bone 

strength can be modeled using this technique [287). Additionally, the influence of 

general and variable external boundaries and loading conditions can also be simulated 

[345, 359). Subject-specific finite element bone models can successfully determine the 

fracture risk in patients [311, 313] if the boundary conditions and the loading scenario 

are well-defined [345) [360). However, in order to predict intra-operative peri-prosthetic 

femoral fracture, it is essential to input accurate force characterization data into the 

finite element analysis model. 

Recently, computer-aided navigation systems, utilizing optical wireless tracking 

mechanisms in total joint arthroplasty, have gained popularity [2, 47, 361]. During 

surgery, they can accurately control component placement, leading to improved 

precision in implant positioning relative to the patient's anatomy [ 60, 62, 72]. This is 

important as the mal-positioning of the prosthesis can lead to a peri-prosthetic femoral 

fracture and lateral insufficiency fractures due to varus positioning of the femoral 

component of the implant [111]. The optical tracking systems use a tracker to 

continuously localize the three-dimensional (3D) position of the instruments. It is 

envisaged that if this position is synchronized with time, the velocity of these tools 

could be estimated. Using this data, the magnitude of force exerted on the implant and 

the bone could be measured by inputting the velocity into a dynamic finite element 

In this chapter, a novel method is presented, which combines subject-specific finite 

element analysis with an optical tracking system to model patient-specific bone 

properties as well as procedure-specific loading. This study will demonstrate that this 

method can account for patient-specific variability in bone strength and aid in 

characterizing the load application by the surgeon. Further developments to this 
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method could provide the surgeon with patient-specific feedback that will help reduce 

the risk of intra-operative peri-prosthetic femoral fracture. 

5.2 Methods 

51.1 Experimental measurement of hammer velocity 

A surgical simulation was undertaken to demonstrate quantification of the hammer 

(mallet) velocity using the Stryker Navigation System (Stryker Navigation, Kalamazoo, 

MI, USA). This navigation system utilizes active infrared tracking technology to 

continuously localize battery-powered tracking devices within its field of view with a 

refresh rate of 100 Hz. 

t• -

4-:;. ~,.. 
• 

~ s 

Figure 148-Stryker Navigation System- commercially available optical tracking system 

5.2.1.1 Non clinical 11Research Version" of software 

A nonclinical modified version of the Stryker Knee Navigation Software was provided 

by Stryker Navigation Advanced Technology, Freiberg, Germany. 
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5.2.1.1.1 Purpose of the software 

The research mode add-in software was programmed by the Stryker Advance 

Technology division, with the purpose of allowing more freeform internal research to 

be conducted that utilizes the commercial navigation systems hardware. The 

capabilities of the research version of software are similar to the capabilities of a 

dedicated motion capture system, such as an Optitrak system, which is familiar to many 

biomechanical research labs. See Figure 149. 

Figure 149 A familiar Optitrack motion capture system (from Optitrack website 

www. opti track.com) 

The Stryker research add-in software, however, has the distinct advantage that it can 

utilize the Stryker Hip Navigation instruments, which can be easily incorporated into a 

surgical simulation. The Stryker Hip navigation instruments already have dedicated 

attachments to hardware, which interface well with hip replacement surgery. 

Furthermore, if the work of this chapter progresses further into a real clinical evaluation, 

the Stryker Navigation hardware has been proven to be clinically safe and approved by 
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all major healthcare regulators for real hip surgery. Thus rendering it, ethically, a much 

better choice than another motion capture system. 

Figure 150 Stryker Hip Navigation Smart Instruments being utilized in a total hip 

replacement 

The research add-in is available as a graphical user interface that provides additional 

dialogs to the standard version of the Stryker knee Navigation Software. The additional 

dialogues allow the user to digitize a different kind of data in a very flexible and 

customizable way. This is different to the commercial versions of software, which will 

force the user to digitize only data relevant to the commercial version of software's 

output. If this were a knee navigation, it would force you to only digitize information 

related to the knee, whereas the research add-in allows the user flexibility to customize 

what is digitized and the reference frame in which it is recorded. The recorded data can 
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be converted into text files in comma-separated format, which can then be imported 

into Excel or another program for post processing of the data. 

Different types of data can be recorded and the reference frame in which this data is 

recorded can be customized. The available reference frames are: 

• The Navigation camera itself; 

• Another tracker that is already being localized by the camera; 

• An already constructed reference frame constructed by following the standard 

workflow of the commercial software. For example the femoral axis from the 

knee software. 

The types of data that can be recorded are; 

• Points, 

• Lines, 

• Planes/ reference planes 

• Point clouds 

• Or Movements which is what is recorded for this work 

See Figure 151 
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Figure 151 Types of data that can be recorded with the Stryker Navigation research 

version of software 

5.2.1.1.2 Movements 

A research data item of type movement stores the transformations from the object to the 

reference systems. An unlimited number of transformations can be stored, thus 

recording the movements of the object relative to a reference system. 

When the record button is pressed, the recording starts and will periodically collect data 

until the record button is pressed again, stopping the recording. Collecting data will 

occur 100 times per second, but only when the tracker positions have changed, i.e. when 
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something has moved. For each transformation the object point relative to the reference 

and small coordinate axes are displayed. 

The Stryker Advanced Technology team in Frieberg, Germany, made a further 

modification to the research version of software after a special request was made. This 

was to modify the software to time stamp each of the outputted positions, allowing a 

velocity calculation to be made. See Figure 152. The software graphical user interface 

which is displayed in figure 152 was not altered by the change in the software. Only the 

numerical outputs are changed. Note also that a tibial tracker is a blue tracker in this 

software. That is the tracker that was attached to the hammer. 

Figure 152 digitizing a movement in the Stryker research version of software 
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5.2.1.2 Recording the hammer velocity 

The software was configured to output information for a tracker that was rigidly 

attached to the surgical mallet (See Figure 153). The total mass of the mallet and tracker 

was measured to be 1.6 kg. 

Figure 153 Stryker Navigation tibial tracker rigidly attached to the mallet 

Usmg this mallet and the instruments provided by the manufacturer, Stryker, a 

simulation of the femoral preparation for an ABG II femoral stern (Stryker Orthopaedics, 

Mahwah, NJ, USA) was undertaken following the company's recommended surgical 

technique. The simulation was undertaken on a plastic saw bone (Pacific Research 

Laboratories, Inc, Vashon, Washington, USA). See Figure 154. 

Page 258 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Figure 154 Setup used to record hammer velocity with the Stryker Navigation research 

version of software 

As the risk of intra-operative fracture is highest during stem insertion [357], the output 

of the 3D co-ordinates relative to the navigation system's reference frame at each time 

increment during this stage was isolated, exported into Microsoft Excel (Microsoft 

Corporation, Redmond, WA, USA), and processed. The time immediately before the 

impact was manually identified for three separate impacts. Using these time points, the 

x, y, and z co-ordinates for the preceding second in each case were isolated and the 

velocities were calculated, setting /1 (t) to be 0.1 of a second. 
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ll d = ;j(xz - xt)2 + (yz - y1)2 + (zz - Z1 )2 

Velocity = 6( d) I 6(t) 

This value was used as the input data for the explicit finite element model. 

5.2.2 Construction of a subject-specific finite element analysis model 

This general process was described in the previous chapter. 

A CT scan of a cadaveric femur from the previous study, with prior ethics committee 

approval, was obtained in the digital imaging and communications in medicine 

(DICOM) format. The commercially available Simpleware ScaniP (Simpleware Limited, 

Exeter, UK) was used to segment, smoothen, and export the proximal femoral geometry 

to Simpleware ScanCAD (Simpleware Limited, Exeter, UK). A single-cut neck 

osteotomy was simulated using a computer-aided design primitive and applying a 

Boolean operation to the femur model. Stryker Orthopaedics (Mahwah, NJ, USA) 

provided CAD models of the definitive ABG II prosthesis, with some minor geometrical 

simplifications (removal of small cut-outs in the proximal region). Within the software, 

an ABG II size 4 femoral stem was virtually positioned into the bone, with its position 

verified by a company representative familiar with the surgical technique. Boolean 

operations were applied to simulate the removal of the cancellous bone by broaches. 

The distal reaming step, as required by the manufacturer's surgical technique for this 

stem, was simulated using another computer-aided design primitive positioned around 

the distal pilot of the stem and another Boolean operation. The femoral shaft was 

sectioned 30 rnm below the distal stern tip to reduce the model size. 

5.2.3 Generation of an finite element mesh 

The femur from the model described above was exported to the commercially available 

package Sirnpleware Scan FE (Simpleware Limited, Exeter, UK), where it was meshed 
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Simulation of intra-operative loading scenario 

introducer with a stainless steel shaft and an acetyl handle were modeled (See 

155). Thereafter, a 1.6-kg rigid body mass was introduced immediately adjacent 

in line with the impactor handle, in order to simulate the mallet of the same weight. 

cylindrical guiding jig was then placed to ensure that the punch would transfer the 

to the implant stem axially. The finite element mesh information for the hammer 

the implant is shown in Table 13. 

Hammer constrained 
DOF 1,2.4.5.6 

1.5m/s velocity on 
DOF3 

Guiding jig fixed 
DOF 1,2,3 

Bone bottom Fixed 
DOF 1.2.3 

Hammer 

~Driver-Head 

Guiding-Jig 

~ Driver-Body 

"------ Implant 

~Bone 

Figure 155 Representation of loading scenario in the Simulation 

Page 262 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Figure 156 Typical impaction of stem into femur (From ABG II surgical Technique) 

5.2.5 Material property assignment 

The bone was modeled as an orthotropic, linear-elastic material and the implant 

material (Ti6A14V) was considered to be isotropic and linear-elastic. The mechanical 

properties of the materials and the reference orthogonal system are shown in 
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Table 14. To account for different types of bone in the femur, cortical bone properties 

were assigned to the two outer layers of the elements and cancellous bone properties 

were assigned to the remaining inner elements (See Figure 157). This was the same 

approach as was most successful in the previous chapter of this thesis. 

Bone_Cortical 

Figure 157 Material property assignment used in this study for byphasic models 
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Table 14 Material properties assigned to various materials in the finite element model* 

Variable Unit Cortical Cancellous Titanium Acetyl Steel Orthogonal 

Young's 

modulus 

En 

Young's 

modulus 

En 

modulus 

EJJ 

Poisson's 

ratio 

V12=v23=V3 

Density 

bone 

GPa 6 

GPa 6 

GPa 13 

0.3 

kg/m 1800 

3 

*adapted from Pastrav [307]. 

bone 

0.375 

0.375 

0.6 

0.12 

500 

system 

110 1.73 200 

110 1.73 200 

110 1.73 200 

0.3 0.3 0.3 

4500 1290 7800 
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Application of adequate boundary conditions 

boundary conditions were applied as shown in Figure 155. The general contact setting 

used for all contact surfaces; all surfaces other than the implant-bone interface were 

to be frictionless. Two friction states were simulated between the implant and the 

i.e., friction coefficients of 0.1 and 0.4. All analyses were perfom1ed and evaluated 

the explicit solver ABAQUS V6.9 (Dassault Systemes, SIMULIA, Providence, RI, 

5.2.7 Modeling approach 

An initial quasi-static explicit simulation was performed on both models to seat the implant 

stabilize the model. This was attained by an enforced displacement of the implant into 

the bone until a 200 N reaction force at the punch dimple was achieved. This was followed 

by a dynamic loading step on both models, simulating the hammer strike by prescribing an 

initial velocity of 1.5 m/ s (the average experimentally measured hammer velocity) to the 

hammer mass. As the model was only for representative purposes, no further hammer 

5.2.8 Virtual strain gauge locations 

To compare the maximum principal strains between both models, four cortical bone 

surface strain gauge locations were selected; the posterolateral, posteromedial, 

anteromedial, and anterolateral (See Figure 158). These locations were based on surface 

strains observed in the maximum principal strain contour plots of pilot models. Strains 

were measured in the femur before (quasi-static load) and after impaction for both friction 
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Figure 158 Virtual strain gauge locations in the models 

1: posterolateral strain gauge 

2: posteromedial strain gauge 

3: anteromedial strain gauge 

4: anterolateral strain gauge 

~ 
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5.3 Results 

5.3.1 Outputs measured 

The mean velocity of the mallet measured with the navigation system over each second 

was determined to be 1.5 m/s (range, 1.3-1.8 m/s). 

Table 15 Calculated hammer velocity 

Hammer Strike 

2 

3 

Mean 

Measured Velocity 

mjs 

1.3 

1.4 

1.8 

1.5 

Observing the animation of the simulation, it was clear to see that during the impact 

loading step in the finite element analysis simulation, as the hammer hit the driver-head, 

the pressure wave propagated through the driver to the implant, and then finally to the 

bone for both models. This was accompanied by a further displacement of the implant into 

the femur. 

The outputs measured from the finite element analysis simulation included implant 

displacement in the bone, energies in the system, strains, and force measurements for the 

quasi-static preloading and the impaction steps. The forces at the hammer impact surface, 

the top of the implant, and at the distal restraint (base of the femur) for both models 

(friction coefficients of 0.1 and 0.4) were measured. 

5.3.2 Displacement and energy measurements 

During quasi-static preloading, a larger displacement of the implant into the bone was 

observed in the model with the lower friction coefficient than in the model with the higher 

coefficient (See Figure 159). Accordingly, the model with the friction coefficient of 0.1 took 

longer (0.02 s) to reach the 200 N reaction force threshold (See Figure 160). Higher kinetic, 
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strain, and total energies were observed in the model with the friction coefficient of 0.1 than 

in that with the friction coefficient of 0.4. Slightly higher friction energy was observed in 

the model with the friction coefficient of 0.4. The artificial energies in both models were 

negligible; with slightly lower energy in the model with the friction coefficient of 0.4 (See 

Table 16). 

Even during the impact step, a slightly greater displacement was observed in the model 

with the friction coefficient of 0.1. An overall displacement (in both loading steps) of 16.56 

nun was seen in the model with the lower friction coefficient as compared to 12.7 mm in 

the model with the higher friction coefficient (See Table 16). The kinetic energy recorded 

was equivalent to the total energy in the system as the same hammer mass and velocity 

measurements were used as input data for both models. Higher strain energy was 

observed in the model with the friction coefficient of 0.1, while the friction energy was 

higher in the model with the friction coefficient of 0.4. Similar artificial energies were seen 

in both models (See Table 16). 
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Table 16 Displacement and energies in the system during the quasi-static preload and 

impact loading steps* 

Friction Loading 

coefficient approach 

0.1 Enforce 

displacement 
-

0.4 Enforce 

displacement 

0.1 Impact 

0.4 Impact 
--

Displacement Energies in the system 0) 

(mm) 

Total Kinetic Strain Friction Artificial 

Quasi-static preloading 

12.6 0.509 0.029 0.145 0.319 0.0021 

9.6 0.457 0.022 0.031 0.345 0.0005 

Impact loading 

3.96 1.80 1.80 0.573 1.694 0.06 

3.1 1.80 1.80 0.267 1.759 0.05 

*maximum values have been included in the table. 

5.3.3 Strain measurements 

During quasi-static preloading, the magnitudes of the maximum principal strains in all 

gauges were higher in the model with the friction coefficient of 0.1 than in that with the 

friction coefficient of 0.4. In both models, the posteromedial gauge had the highest 

magnitude of maximum principal strain, followed by the posterolateral gauge, 

anteromedial gauge, and anterolateral gauge (See Figure 159). 

During impact loading, the displacement of the implant into the femur in both models was 

accompanied by a simultaneous increase in strains in the femur. The highest magnitude of 

maximum principal strain was observed in the anteromedial and posteromedial gauges in 

the models with lower and higher friction coefficients, respectively. Lower maximum 

principal strain was seen in the posteromedial gauge in the model with the lower friction 

coefficient than in the model with the higher friction coefficient. Higher strains were 

recorded in the anterior gauges in the model with the lower friction coefficient than in the 
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model with the higher friction coefficient. The posterolateral gauges recorded similar 

strains in both models (See Figure 160). 
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o.ol o a ~ '--"' .-.r c--::::_ 
o.ow o.rNS • .. • 

Tr-e 

(B) 
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Figure 159 Strain versus time at the quasi-static preload step in (A) friction coefficient = 

O.l(note time is in seconds and strain is dimensionless) 
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160 Strain versus time at the impact loading step in (A) friction coefficient= 0.1 (B) 

·on coefficient= 0.4 (note time is in seconds and strain is dimensionless) 

5.3.4 Force measurements 

The peak magnitudes of impulse force were greater in the model with the higher friction 

coefficient than in the model with the lower friction coefficient, as measured at the hammer 

impact surface (1.6 kN vs. 1.4 kN, respectively) (See Figure 161), implant top (1 kN vs. 0.7 

kN, respectively) (See Figure 162), and at the distal restraint (0.6 kN vs. 0.4 kN, 

respectively) (See Figure 163). 
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161 Force measured at the hammer impact interface in (A) friction coefficient = 0.1 

friction coefficient= 0.4 (note time is in seconds and strain is dimensionless) 
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Figure 162 Force measured at the top of the implant in (A) friction coefficient = 0.1 (B) 

coefficient= 0.4 (note time is in seconds and strain is dimensionless) 
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Resultant force at the base of the femur (distal restraint) in (A) friction 

= 0.1 and (B) friction coefficient = 0.4 (note time is in seconds and strain is 
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5.4 Discussion 

This chapter proposes a novel dynamic subject-specific finite element analysis model that 

uses an optical tracking system (navigation system) to characterize the load induced by the 

surgeon on the patient during a total hip replacement surgery. To demonstrate the viability 

of the method, a Stryker navigation system was used to track the position of a mallet 

during a simulated surgical setting. The mean mallet velocity was found to be 1.5 m/ s. 

Using this positional information, the swing velocity of the mallet was determined. This 

swing velocity was then input into the dynamic subject specific finite element analysis 

model, which had first been subjected to a quasi-static preloading step. 

Two friction states (friction coefficients of 0.1 and 0.4) were simulated between the implant 

and the bone. The outputs measured from the finite element analysis simulation included 

implant displacement in the bone, energies in the system, strains, and force measurements 

(the forces at the hammer impact surface, the top of the implant, and at the distal restraint) 

for the quasi-static preloading and the impaction load steps. 

Distinct differences between the models were observed, demonstrating that the roughness 

of the proximal coating has an effect on the mechanics of the stem implantation. Most 

notably, the highest magnitude of maximum principal strain was observed in the 

anteromedial and posteromedial gauges in the models with lower and higher friction 

coefficients, respectively. Lower maximum principal strain was seen in the posteromedial 

gauge in the model with the lower friction coefficient than in the model with the higher 

friction coefficient. Higher strains were recorded in the anterior gauges in the model with 

the lower friction coefficient than in the model with the higher friction coefficient. These 

differences in strain are thought to be related to the fact that more displacement occurred in 

the lower friction coefficient model. An overall displacement (in both loading steps) of 

16.56 mm was seen in the model with the lower friction coefficient as compared to 12.7 mm 

in the model with the higher friction coefficient. This caused a wedging effect that was 

previously described in Chapter 3, causing higher hoop stresses but lower shear stresses in 

the bone. The results suggest the lowest risk of fracture would be with higher friction 

coefficient (rougher proximal coating). 
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clinical situations, the impact load exerted by the surgeon during implant insertion is 

and its magnitude depends on factors such as the velocity, weight, and material 

) of the hammer. Furthermore, damping effects in the system determine 

of the load through the system. An explicit finite element solver accounts for 

dynamic parameters if the velocity of the object before it impacts the system is known 

, 120] [360]. Therefore, an explicit finite element solver was used for analysis as the 

impact load was dynamic and the impulse loads could be easily determined. 

further development, this system (combination of subject specific finite element 

·sand a navigation system) could be used to predict a pre-operative swing velocity 

tuut:.,uu•u for the mallet by determining the mallet velocity above which peri-prosthetic 

fracture could be expected (fracture threshold). Then, during surgery, the 

l\avigation system could be used to measure and report to the surgeon in near to real-time, 

velocity at which they are swinging the mallet. Further, the system could alert the 

surgeon if they are approaching the threshold value. This would allow the surgeon to 

modify their swing velocity to prevent peri-prosthetic femoral fracture. 

This novel technique has the potential to be adapted for future clinical use to aid in the 

prevention of peri-prosthetic femoral fracture. A patient-specific finite element analysis 

model could be created preoperatively and, if well prepared, could account for the patient

,.,~ .... m . parameters of bone strength in this setting. An iterative determination of the 

above which excessive surgical loads might lead to 

intraoperative peri-prosthetic femoral fractures, could be determined and set aside as a 
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·-

Flow of information 

Sets Velocity 
Threshold 

I• - .. - • 

Could be enforced by real time 
surgeon interaction 
(speedometer on your GPS??) 

Figure 164 Proposed flow of Information for clinical implementation 

Considering previous work, Hogg et al. used dynamic finite element analysis modeling to 

study the impaction of a cementless acetabular cup. The hammer velocity was found to be 

1.826 m/ s, which was similar to that observed in the experimental setup of this chapter 

1120]. In Hogg's study, the velocity was derived from the model in an iterative manner, 

where a number of analyses were run until the hammer velocity required to seat the cup in 

four hammer hits was determined. This was different from the approach in this chapter, in 

which the velocity was determined experimentally. 

In a study based on explicit finite element analysis of principal stresses in femoral 

components in a total knee replacement surgery, Kleuss et al. (362] also measured 

experimentally the velocity of mallet swing and reported velocities in the range of 1.7-5.5 

m/s. They also observed that experienced orthopaedic surgeons hit the impactor with a 
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velocities of surgeons with similar experience and comparisons between their 

repetitions of impacts showed slight variability. The average mallet velocity measured 

in this chapter was 1.5 m/ s, with little intra-subject variability. 

Hogg et al. reported impaction loads of 34.1 kN and 1.4 kN measured at the hammer

impactor interface and the base of the femur during insertion of a hip resurfacing implant 

[117]. The peak magnitudes of the impulse force measured in this chapter varied from 1.69 

kN at the hammer impact surface to 0.45 kN at the distal restraint (bone end). Lower peak 

loads could be related to the material of the insertion instrument, for example, the driver

head used in this chapter was acetyl. This has a much lower elastic modulus (1.73 CPa) 

than steel (200 CPa) which was used in the study by Hogg et al. [117] 

Although unreported, it is believed that a very high modulus of elasticity of the insertion 

instrument led to significantly higher impact loads ranging from 5.950 kN to 13.5 kN 

during stem insertion in a cadaveric study [357]. The 13.5-kN peak force reached the 

measurement capacity of the instrumentation, and interpolation of the force versus time 

curve showed the largest peak force to be as high as 16.7 kN. However, in this chapter, the 

peak force at impulse was reported at the time of contact between the mallet and the stem 

impactor, and did account for the force being dissipated through the system [357). 

In addition to the magnitude, the direction of load application may also be crucial. In the 

finite element analysis model used in this chapter, it was assumed that the mallet would 

strike the impactor along its longitudinal axis. However, it can be easily perceived that at 

some instances, the mallet strike may be off-axis, resulting in different peak loads. A 

cadaveric study has attributed this variation in peak forces and impulse levels between 

successive impacts to the difficulty in squarely striking the impactor with the relatively 

small head of the mallet [357). It is believed that an off-axis mallet strike would lead to 

decreased stresses being exerted on the bone in this chapter's scenario. Therefore, a straight 

impaction would be the worst-case scenario, which is appropriate for this chapter's model. 
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concern may be that the implant itself is not aligned with bone and may be 

pUvuu\.c:u. at an angle. A previous dynamic finite element study in a knee replacement 

showed the consequence of implant misalignment relative to the bone by 

misaligned femoral components tilted at 30° relative to the surgically prepared 

In this scenario, they reported higher resultant stresses on the implant, which in turn 

mean higher loads on the bone [360]. 

in hun1an cortical bone is reported to be consistent with strain-controlled failure 

. Therefore, a subject-specific finite element study advised implementation of strain 

· in finite element bone models and defined the maximum principal strain criterion 

determine fracture risk in femurs [345]. In this chapter, the highest maximum principal 

· observed was well below the level that would cause cortical bone failure (345]. This 

not surprising given that fracture did not occur in the simulated surgery and that the 

ated surgery was not done aggressively at all. Infact the measured hammer velocities 

low compared to other reports. [362] This may also reflect the inexperience of the 

hammer holder (the author). As discussed by Kleus et al [362] experiencecd surgeons 

swing with lower velocities. However, this chapter did not aim to determine strains 

responsible for bone failure but rather proposes a concept to characterize load application 

in order to predict fracture risk. 
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Chapter 6 

Subject-specific Implant Positioning for 

Femoral Head Resurfacing Using Goal 

Driven Objective Optimization 

Techniques and Finite Element Analysis 
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6.1 Introduction 

has been a lot of interest around hip resurfacing arthroplasty as a surgical alternative 

to total hip arthroplasty. This is due to several advantages including: femoral bone stock 

conservation, the use of a relatively larger and anatomically sized femoral head that 

reduces the chance of hip dislocation [228, 229, 364], better stress transfer to proximal 

femur [365], easier revision surgery for any subsequent revision, and improved technology 

and surgical technique. Bone conservation and non-violation of the femoral shaft make it a 

Jess invasive option. This is a significant advantage for younger and more active patients 

who are likely to outlive their primary hip replacement [233, 366, 367]. Available registry 

data suggests that hip resurfacing arthroplasty is a reasonable option for men less than 

sixty-five years old and women less than fiity-five years old [368]. 

The most common short-term concern for hip resurfacing arthroplasty is peri-prosthetic 

femoral neck fracture peri prosthetic femoral neck fracture affecting between 0-4% of 

patients undergoing the procedure, usually within months of the surgery, and is 

responsible for approximately 60% of early revisions. [199, 241, 369-371] The Australian 

National Joint Registry reports the early revision rate (<1 Year) for hip resurfacing 

arthroplasty in 2004 was 1.9%. This is well above the early revision rate for total hip 

arthroplasty. Of these revisions, 67% were due to femoral neck fracture. [11]. In a recent 

study of 3,497 cases of hip resurfacing in Australia, 50 fractures occurred (incidence, 1.46%) 

!371]. Shimmin and Black [371] also reported that fractures of the femoral neck were twice 

as likely in women than men and were more prevalent when the femoral implant was 

placed in the varus. The effect of femoral component positioning on the potential risk of 

neck fracture was further studied by the finite element analysis or cadaver studies, and the 

consensus is that valgus placement is recommended to avoid femoral neck fracture [241, 

243, 372, 373]. Although Vail and colleagues [242] suggested that small deviations from the 

anatomic placement of the component result in high localized stresses on the femoral neck. 
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Figure 165 peri-prosthetic femoral neck fracture after femoral head resurfacing 

X ray image provided Courtesy of Dr Peter Berton; Orthopaedic Surgeon Newcastle Private 

Figure 165 shows a typical peri-prosthetic femoral neck fracture after femoral head 

resurfacing. The causes of fracture can be either patient-related or technique-related. 

Patient-related factors include obesity, decreased bone mass, and inflammatory arthritis. 

Surgical errors include notching of the femoral neck, tilting of the prosthesis into excess 

varus (<130° neck-shaft angle), and improper prosthetic seating. Clinical reviews have 

shown that patient selection [221] and implant positioning are important determinants of 

peri prosthetic femoral neck fracture in hip resurfacing arthroplasty patients [233, 366, 374]. 

Fracture rates are lower in younger males. It is assumed that this is because these younger 

males are more likely to have sufficient bone strength and volume to resist fracture. Also, 

lower rates of fracture have been observed when the femoral component is in a relatively 

valgus position [233, 366, 374]. However; too much valgus could lead to superior femoral 

neck notching, which has also been shown to increase the risk of fracture [367). 

One way to enhance the hip resurfacing arthroplasty process is to evaluate the effects of an 

operation prior to surgery. It is clear that patient specific and technique specific factors are 

important and should be considered if the rate of fracture is to be minimized. Currently, 

the only way for surgeons to address these issues is by trial and error and clinical 
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experience, which can take years to develop [375]. Yet their decisions may determine the 

success or failure of these operations. Computational patient-specific finite element 

modeling could be a powerful tool to provide useful information for selection and planning 

of hip resurfacing arthroplasty if it can be developed to yield results that are rapid, focused 

and coherent from a clinical perspective. Brekelmans [376] first used an finite element 

model to investigate the stresses acting in a human bone under the action of physiological 

loads. Since then, the use of finite element analysis in orthopaedic biomechanics has 

constantly expanded. However, clinical reviews have relied mostly on 2D coronal plane 

radiographic assessments of implant position and little is known about the effect of other 

alignment parameters such as version on fracture. 

This study attempts to address the problem of peri prosthetic femoral neck fracture with 

the development of a novel modelling technique, which optimizes the femoral implant 

position on a patient specific basis. It can be easily adapted to account for patient specific 

factors such as bone volume (morphology), bone quality, and load. The modeling 

technique aims at semi automatically optimizing the position of the femoral resurfacing 

implant to reduce the peri-prosthetic strain in the femoral neck. This study also investigates 

the influence of implant version on the peri-prosthetic strain in the femoral neck. 
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the CT scan of a cadaveric femur (used for the mechanical testing in Chapter 3) a 

was created of the proximal femur using the Simpleware Scan IP software. The 

was randomly selected. There was no experimental data available for comparison as 

is a resurfacing rather than THA. Thus the selection of the femur has no meaning. The 

head and neck geometry was generated by converting segmented 3-D image data 

a CT scan directly into meshes suitable for physical-based simulations. The 

creating an finite element model from a CT scan using 

Sirnpleware (previously described in 4.2.2) was used to create the finite element model. 

Specifically in this instance the proximal femur was segmented above the lesser trochanter, 

leaving the proximal femur with the femoral head and neck incorporated into the model. 

See Figure 166 and Figure 167. 

-- ...,..._ - --
__ ._ 

·--..... 1:.,..L- - ·-·-·-r-.-. ..... 

. -

... 

Figure 166 Proximal geometry of femur from CT scan viewed in Sirnpleware 
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Figure 167 Proximal geometry of femur segmented from CT scan viewed in Simpleware 

After segmentation and meshing in Simpleware, the geometry was imported into ANSYS 

Design Modeler which is the geometry pre-processing package available with the ANSYS 

Workbench 12.0 finite element analysis software package. The mesh created in Simpleware 

is able to be maintained in design modeller without compromise to mesh integrity. See 

Figure 168. 
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Figure 168 Proximal femoral mesh created in Simpleware is transferred into the ANSYS 

Design Modeler software for preprocessing 

Within the Design Modeler package, some landmarks were manually identified. This was 

achieved by identifying the coronal plane relative to the bone model. Two points, namely, 

the centre of the femoral head, and the centre of the femoral neck, lying on the coronal 

plane, were identified and defined. The two points are depicted in Figure 169. These points 

were then used to define the native femoral neck axis. 
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Figure 169 Identify; i) centre of femoral head; ii) centre of femoral neck as applied in this 

study 

Importantly as described in section 2.6.4.2 (Surgical technique for Hip Resurfacing), the 

varus/valgus and version of the femoral component is defined by the axis of a guide wire 

pin that is drilled through the femoral head and neck, over which a cylindrical reamer is 

guided, to prepare the femoral head and neck for the implant. See Figure 170. 
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Head Cutter 

Figure 170 Femoral component position is defined by a guide wire passing through the 

head and neck over which a cylindrical reamer is passed during a resurfacing procedure 

To describe parametrically the possible positions that the femoral component could be 

placed relative to the native neck axis, a function must be defined. This was achieved by 

defining a plane perpendicular to the native neck axis just described. To define the function, 

a floating point is required, whose position can be described by two parametric 

dimensions: a superior/inferior distance and anterior/posterior distance on the plane. 

A second axis (the guide wire axis), was defined by connecting the centre of the femoral 

head to the floating point. This allows a parametric variation of the implant position 

relative to the native neck axis. As the floating point is varied in the superior inferior 

direction, the guide wire changes the varus/valgus position of the femoral component. See 

Figure 171. 

As the floating point is varied in the anterior/posterior directions the guide wire changes 

the version of the femoral component. See Figure 172. The definition of the floating point 

and the guide wire axis ensures that the centre of rotation of the implant always coincides 

with the centre of the native femoral head to maintain femoral leg length and offset. 

Page 288 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

Anatomical 
Femur Axis 

Anatomical 
Femur Axis 

Native 
Neck Axis 

Head in Valgus 

Native 
Neck Axis 

Head in Varus 

Figure 171 Changing the floating point in the superior inferior direction changes the varus 

valgus position of the femoral implant 

Postorior tmgulation of the Jmprant shoft cr<is Antflrior angu~tion of tho implant srnnt ax'is 

Figure 172 Changing the anterior/posterior position of the floating point changes the 

version of the femoral implant 

Page 289 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

A cylindrical cut out representing the surgical reaming operation, is then defined about this 

axis. A chamfer is added to the profile of the cut that is the same as the internal dimensions 

of the resurfacing implant. The cylindrical cut position and therefore the simulated femoral 

position is defined in varus/valgus and version by the floating point. 

Using this parametric model, a deterministic finite element model as shown in Figure 173 

was defined in ANSYS Design simulation. The arbitrary position (or starting position) of 

the femoral component is when the floating point lies on the femoral neck axis. That is the 

femoral guide wire axis is co-incident with the native femoral neck axis. A simplified 

arbitrary load of 1000N, representing patient specific load, was applied to the bone at the 

implant/bone interface. To conserve computational resources, I assumed that the material 

properties of the femur are homogeneous. Although a material mapping strategy that 

relates the grey scale value from the CT scan to the material properties could also be used. 

The model was fully restrained at the distal face of the bone. The maximum principal strain 

in the femoral neck region was designated as the output parameter. See Figure 174. 

X 

v~ 

Figure 173 Deterministic finite element model boundary conditions and load 
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6.2.1 Goal driven optimisation 

6.2.1.1 Sample space 

Before the automated goal driven optimisation can be undertaken the sample space must 

be defined. This is achieved by manually varying the floating point to find the extremes at 

which the cylindrical reaming operation actually cuts into the femoral neck causing a notch. 

61.1.2 Design of Experiments 

A Design of Experiments was then setup within the ANSYS Workbench 12.0 interface. A 

Kringin type Design of Experiments was used, where the two continuous input parameters 

defined by anterior I posterior and superior I inferior dimensions of the floating point were 

varied in the range or sample space determined. 

61.1.3 Goal driven optimization 

The Design of Experiments was solved and a response surface was generated. The Goal 

Driven Optimization was set as the point where the maximum principal strain gets 

minimized with the highest importance. The input parameters were not given a goal. 

6.3 Results 

Figure 174 shows a typical strain contour plot obtained from the optimization. All of the 

deterministic finite element models that are not on the extremes show the maximum 

principal strain to be at the superior femoral neck, near to but not at the implant/bone 

boundary. The extreme positions of implant valgus and version angles have relatively high 

maximum principal strains but the location of the maximum is at the notch. When 

investigated using deterministic finite element models, very small notches of the neck can 

be seen where the high strain concentrations are observed. 
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Figure 174 Typical strain contour plot- maximum principal strain location 

The response curve from the Design of Experiments, as shown in Figure 175, shows that 

the model is sensitive to changes in implant varus/ valgus and version, with a tendency 

towards relative valgus and neutral version giving the lowest maximum principal strain in 

the neck. 
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Figure 175 Design of Experiments response curve showing strain level on the vertical axes, 

version on the left horizontal and varus/valugus (inclination) on the right side horizontal 

The Goal Driven Optimization outputs a relatively valgus neck position with neutral 

version as the optimized position. This position is shown in Figure 176. The exact position 

is measured directly from the specimen to be 12.6 degrees of valgus relative to the femoral 

neck axis previously defined. The version is 0.1 degrees of ante version (approximately 

neutral) relative to the neck axis. 

Page 293 of 331 



Reducing the Risk of Peri-Prosthetic Femoral Fracture: Prosthesis, Patient or Procedure? 

282418-5 
22722e-5 
U204e-5 
1 ,1685e-5 
6166e-6 
6.47188-71111 

0 000 • 0015 

X 

0 030 (m) v~ 

Figure 176 The optimized position and contour plot from the goal driven optimization 

6.4 Discussion 

This Chapter describes the development of a novel, patient specific finite element analysis 

modeling technique that utilizes a Design of Experiments approach with a goal driven 

optimization. It shows a simplified finite element modeling technique that reliably predicts 

an optimal implant position, which will give minimal strain in the peri-prosthetic bone 

tissue. This should translate to an implant position that has a reduced risk of peri prosthetic 

femoral neck fracture. 

The study shows that the location of the maximum strain, for all non-notching positions, 

was on the superior femoral neck, in the peri-prosthetic bone tissue. It showed that varus 

positioning resulted in higher strain while valgus positioning reduced the strain. This is 

consistent with other reports from the literature as described below. Further, it showed that 

neutral version had lower strain. 

Concern about the possibility of femoral neck fracture is a major issue currently limiting 

hip resurfacing arthroplasty. Several authors [233, 234] have suggested the degree of varus-
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valgus placement of the component stern within the femoral neck affects the likelihood of 

fracture, but the ideal placement is yet to be known. Recommendations have been made to 

surgeons for placing the component range from slight valgus, [228, 377, 378] to as much 

valgus as possible [227, 374, 379]. These recommendations are generic and not patient 

specific so do not consider patient specific variability which is known to influence fracture 

risk. 

The model presented in this study agrees with clinical reviews and previous studies that 

valgus positioning of the implant is protective against strain. For example, Nabavi et al. 

[380] assessed the effects of positioning and notching of resurfaced femurs on the 

mechanical strength of third-generation saw bone (TGSB) femurs using an in vitro analogue 

bone model. It was observed that, compared to the intact femurs, the load to failure in all 

resurfaced femurs was significantly decreased (29% - 57% reduction). Among the 

resurfaced femurs, valgus and anatomic femurs had the highest load to failure, followed by 

valgus notched, varus, and anatomically notched femurs. Notching weakened the construct 

by a further 24% -30%. 

Richards et al. [243] also suggested that a valgus orientation decreases the risk of peri 

prosthetic femoral neck fracture following hip resurfacing. Furthermore, obtaining the 

maximum possible valgus angle, while avoiding notching, may in fact provide the 

optimum protection from peri prosthetic femoral neck fractures. The model in this chapter 

also predicts that an implant version, relatively neutral to the femoral neck, is optimum. 

The actual magnitudes of principle strains were not relevant in this scenario because of the 

simplification of material properties. Rather there is relevance in the relative values, which 

are shown. 
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Chapter 7 

Conclusions 
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7.1 Concluding Points: 

7.1.1 Chapter 3: A Plasma-Sprayed Titanium Proximal Coating Reduces the 

Risk of Peri-Prosthetic Femoral Fracture in Cementless Hip 

Arthroplasty 

• In this study, two experimental cementless femoral designs were compared; the 

ABC II-plasma and ABC II-NMS, with the commercially available ABC IT-standard 

cementless implant. 

• Results show that the modified ABC II-plasma, with a high-friction titanium 

plasma-sprayed proximal coating, was associated with increased load-bearing 

capacity and lower surface strains as compared to the ABC II-standard. 

• The surface strains with the plasma-sprayed stem were closer to those of the native 

bone, suggesting a more anatomic load transfer to the proximal femur. 

• Less dramatic differences between the ABCII-NMS and the ABC-II standard were 

observed with only a localized change in the strain sensitivity in the gauges 

immediately around the modification. 

• The most significant finding in this work was that the failure load of the ABC II

plasma-implanted bone was an average 42% (32% median) greater than that of the 

ABC 11-standard-implanted femurs. 

• Thus, the load-bearing capacity of the femur in the early post-operative period 

would be greater when a plasma-sprayed stem is used, rather than a smooth stem. 

Clinically this would decrease the risk of early peri-prosthetic femoral fracture by 

creating a factor of safety against fracture. 

• The observed differences between the ABCII plasma and the ABCII standard can be 

explained by an increase in the frictional forces at the bone-implant interface. The 

increased frictional forces are due to the addition of the roughened plasma-sprayed 

coating, which increases the friction co-efficient at the interface. The increased 

frictional force at the interface can better resist the slippage of the implant into the 

femoral canal when the implant is forced into the femur under simulated anatomic 

loading. 
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• The resistance prevents a wedging effect that would expand the proximal femur and 

result in an increase in hoop strains in the bone. 

• This theory is supported by the finding that, when compared to ABG II-standard; 

the ABG II-plasma implant was on average seated higher in the femur after 

insertion. 

• The higher final seating with the ABGII- Plasma is, however, in itself a concern. The 

plasma-spray coating of the ABG 11-plasma added thickness to the implant and did , 

therefore, result in an oversize of the implant relative to the broach. The thicker 

coating might lead the surgeon to inadvertently induce an intra-operative peri

prosthetic femoral fracture by trying to seat the thicker stem further into the canal. 

Despite the increased friction, the thicker stem would then cause higher hoop 

stresses in the bone at the same level due to further expansion of the bone canal. 

• It can be concluded that the additional thickness of the coating caused the plasma

sprayed stem to be seated higher on average than the other stems. 

• Fractures during stem insertion were not observed; however, this may not be the 

case in a wider clinical setting. It is conceivable that an increased incidence of intra

operative peri-prosthetic femoral fracture could be seen if the addition of a plasma 

coating to the implant was not accompanied by new broaching instruments and this 

must be a consideration. 

• It is, however, possible that the additional thickness could be advantageous. The 

addition of thickness will undoubtedly result in a tighter apposition of the implant 

against the bone. The common design principle for cementless femoral stems is to 

achieve a close fit of the prosthesis, to restore strains in the proximal femur, and 

obtain maximum stability of the implant. 

• It was also observed that the experimental plasma-sprayed stem appeared to load 

the femur more anatomically; the surface strains on the specimens implanted with 

ABG 11-plasma were closer to those of the anatomic femur as compared to the other 

comparative stems. This is advantageous, as anatomic load transfer would cause less 

pronounced stress shielding, thereby preserving the proximal femoral bone. 

• It is important to point out, however, that the differences observed between the 

ABGII- Plasma and the ABGII-Standard may not persist beyond the early post

operative period. 
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• The ABG 11-NMS version was devoid of medial scales that are intended to promote 

proximal load transfer. The experimental results show that the removal of the 

medial scales did not appear to have a dramatic effect on the overall scenario. There 

was no observed difference in the maximum impaction strains, the seating heights, 

nor any difference for the residual strains. However, a localized difference was 

observed for the strain sensitivity measurements at theM and PM gauges. The ABG 

11-NMS stem was significantly more tensile than ABG 11-standard for theM gauge (P 

< 0.0001), and significantly less tensile for the PM gauge (P < 0.0001). No strong 

conclusions could be drawn from this result, other than to say that the removal of 

the medial scales has a less dramatic effect on the strain state of the proximal femur 

than the addition of the plasma coating 

7.1.2 Chapter 4: Subject-specific Finite Element Modeling of Peri

prosthetic Femoral Fracture using Element Deactivation to Simulate 

Bone Failure 

• In this chapter, the development of a simplified patient-specific finite element 

modeling methodology to predict peri-prosthetic femoral fracture in the early 

postoperative period is described. This novel patient-specific modeling 

methodology, which uses crack propagation (element deletion), can help predict 

peri-prosthetic femoral fracture in the early postoperative period. 

• This study has determined that the element deletion tool may be a good tool to aid 

the prediction of fracture load in addition to fracture risk characterization. 

• The approach taken was a significant advance because it used a novel technique to 

simulate bone failure and was not derived from an element-specific failure risk 

calculation. The novel technique utilised a newly available feature in the ABAQUS 

CAE module to simulate the failure of the bone. That is, the capability to set element 

deactivation or deletion based upon a threshold field value. 

• The threshold field value chosen for this analysis was strain. The use of strain-based 

criteria was used because it has become clear that strain-based failure criteria are 

superior to other failure criteria. 
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• The failure load is sensitive to the friction coefficient at the implant-bone interface, 

as was also found in Chapter 3. 

• No previous studies have associated friction coefficients with fracture loads. In this 

study, the finite element models with lower friction coefficients showed failure loads 

that were closer to those seen in the experimental specimens. Therefore, I believe 

that the failure load is sensitive to the friction coefficient. Further studies in this area 

may help in calibration of the unknown friction coefficient if the failure load is 

known. 

• Ambiguity in the ISO 7206 - 4 testing standard exists because of broad specification 

for the experimental setup allowed. The ambiguity exists because friction between 

the test machine and the implant is not standardised. 

• This chapter investigated the allowable setups and proposes a setup that has less 

sensitivity to friction. This issue is important to highlight for because the variability 

in the testing standard could affect future testing setups resulting in misleading 

conclusions. This is a very important finding from this work. 

• The finite element models were compared with the femoral test specimens, from 

which they were created, as well as with the specimens from the contralateral side of 

the same donor. 

• When comparing the models to the experimental testing, the crack mode for the 

biphasic models was very similar to the mechanical testing crack mode, with a 

similar shape of the crack, and similar crack path. 

• The results showed that the finite element analysis models over-predicted the 

femoral strength, especially in the triphasic models. Both the biphasic and the 

triaphasic models appeared to be stiffer than the test specimens, which may have 

contributed to the over-prediction. 

• The reason for the additional stiffness is thought to be because of the chosen method 

of material property assignment. 

• An explanation for the increased stiffness in the triphasic models would be the 

presence of middle bone, the layer between cortical and cancellous bone that was 

included in the finite element model, with a high modulus of elasticity. 

• As the process of failure is more complicated than mere identification of a localized 

failure initiation point; calculation of a failure risk criteria may be inappropriate, 
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especially in situations with implants being modeled in situ. Thus, simulation of 

bone failure via the "element deactivation" technique seems rather justified. 

• In the experimental specimen, structural failure was observed due to a brittle crack 

that occurred in the cortical bone, caused by a sharp decrease in load after reaching a 

peak value with no noticeable decrease in the slope of the curve immediately before 

failure. This suggests generalized yielding rather than localized yielding of the 

cancellous bone supporting the implant. This theory was supported by observations 

from the experimental testing that prior to failure; the prosthesis was slowly 

displaced into the femoral canal causing a wedging effect on the cortical bone. 

• When comparing the models to the experimental testing, the crack mode for the 

biphasic models was very similar to the mechanical testing crack mode, with a 

similar shape of the crack, and similar crack path. The new modeling technique is 

promising and could, allow for the characterisation of subject specific peri-prosthetic 

femoral fracture in the early post-operative period. 

7.1.3 Chapter 5: Subject-specific finite element model with an optical 

tracking system in total hip replacement surgery 

• I proposed a novel dynamic subject specific finite element analysis model that can 

be used in conjunction with a navigation system to characterise the load the surgeon 

places on the patient's bone tissue during total hip replacement surgery 

• I experimentally measured the swing velocity of a mallet in a simulated surgical 

setting to be 1.5 m/s with little variability (1.3 -1.8 m/s) 

• This value compared reasonably with previous studies 

• In the finite element analysis model, I simulated two friction states between the 

implant and the bone (0.1 and 0.4 friction coefficients) and showed significant 

differences between the friction states 

• This is consistent with the previous work in this thesis, showing that the roughness 

(friction coefficient) has an effect on the mechanics of the implant I bone construct 
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• Higher strains were recorded in the anterior gauges of the model with the lower 

friction coefficient 

• Higher displacement of the implant into the femur was observed with the lower 

friction model 

• This caused a wedging effect (described in Chapter 3) which caused higher hoop 

stresses and lower shear stresses in the model 

• The results suggest the lowest risk of fracture would be with higher friction 

coefficient (rougher proximal coating) 

• With further development, this system (combination of subject specific finite 

element analysis and a navigation system) could be used to predict a pre-operative 

swing velocity threshold for the mallet by determining the mallet velocity above 

which peri-prosthetic femoral fracture could be expected (fracture threshold). 

• During surgery, the navigation system could be used to measure and report to the 

surgeon in near to real-time, the velocity at which they are swinging the mallet. 

• The system could alert the surgeon if they are approaching the threshold value. This 

would allow the surgeon to modify their swing velocity to prevent peri-prosthetic 

femoral fracture. 

• This novel technique has the potential to be adapted for future clinical use to aid in 

the prevention of peri-prosthetic femoral fracture. A patient-specific finite element 

analysis model could be created preoperatively and, if well prepared, could account 

for the patient-specific parameters of bone strength in this setting. 

• An iterative determination of the maximum mallet velocity, above which excessive 

surgical loads might lead to intraoperative Peri-Prosthetic Femoral Fracture, could 

be determined and set aside as a threshold value. 
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7.1.4 Chapter 6: Patient specific implant positioning for femoral head 

resurfacing using goal driven objective optimization techniques and 

Finite Element Analysis 

• This Chapter describes the development of a novel, patient specific Finite Element 

Analysis modeling technique that utilizes a Design of Experiment approach with a 

goal driven optimization. 

• It shows a simplified finite element modeling technique that reliably predicts an 

optimal implant position, which will give minimal strain in the peri-prosthetic bone 

tissue. This should translate to an implant position that has a reduced risk of peri

prosthetic femoral fracture. 

• The study shows that the location of the maximum strain, for all non-notching 

positions, was on the superior femoral neck, in the peri-prosthetic bone tissue. 

• It showed that varus positioning resulted in higher strain while valgus positioning 

reduced the strain. This is consistent with other reports from the literature as 

described below. 

• Further, it showed that neutral version had lower strain. 

• Concern about the possibility of femoral neck fracture is a major issue currently 

limiting hip resurfacing arthroplasty. 

• Recommendations have been made to surgeons for placing the component range 

from slight valgus, to as much valgus as possible. These recommendations are 

generic and not patient specific so do not consider patient specific variability which 

is known to influence fracture risk. 

• The model presented in this study agrees with clinical reviews and previous studies 

that valgus positioning of the implant is protective against strain. 

• The model in this chapter also predicts that an implant version, relatively neutral to 

the femoral neck, is optimum. 

• Further work needs to be directed towards testing the sensitivity of the predictions 

to these simplifications. Such as: 

(i) investigating the sensitivity of the model to heterogeneous material 

properties, abnormal and arthritic bone morphologies, 

(ii) automating the parameterization of the geometry, 
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(iii) including patient specific loading characteristics, 

(iv) including combined acetabular and femoral component position 

parameters in the optimization to include maximum range of motion 

and/ or improved biomechanics, and reduce the edge loading effects on 

the hard on hard bearing, and 

(v) investigating the possibility of including centre of joint rotation changes 

in the optimization. 

7.2 Thesis Summary 

This thesis project has looked to reduce the risk of peri-prosthetic femoral fracture for total 

hip replacement and femoral head resurfacing patients by considering; implant design, 

patient specific factors and procedure-specific factors. Where possible these factors are 

considered in a combined sense. Towards this pursuit, special attention has been given to 

the application of subject specific finite element analysis and computer assisted 

orthopaedic surgery. 

This work begins in Chapter 3 by answering an important question around implant design 

and the risk of peri-prosthetic femoral fracture in total hip arthroplasty: To reduce the risk 

of peri-prosthetic femoral fracture, should the proximal femoral coating of a femoral stern 

be roughened or smooth? Utilizing mechanical testing with matched pairs of cadaveric 

femoral specimens it has been conclusively shown that the risk of peri-prosthetic femoral 

fracture in the early post-operative period is significantly diminished if a roughened 

coating is utilized. Specifically, in this instance, a plasma sprayed titanium proximal 

coating on the ABGII stern increased the load bearing capacity of the femur-implant 

construct by an average of 42% when compared to the currently available grit blasted with 

HA coating implant. This work has initiated a redesign of the current ABGII femoral stern 

with the manufacturer Stryker planning to discontinue the smooth ABGII stern and release 

a version in 2012 that has a roughened proximal coating. 

Building on this work in Chapter 4, a novel patient-specific Finite Element Analysis 

modeling technique was developed, which attempts to predict peri-prosthetic femoral 

fracture around an implanted cernentless femoral stern. The technique considers the design 
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(shape and material properties) of the implant together with patient-specific bone 

parameters, including patient specific bone geometry and the incorporation of bone 

material properties. 

The technique utilizes the element deletion capability within ABAQUS 6.9 to simulate 

material failure and crack propagation. This allows for a determination of the load to 

failure of the entire bone/implant structure; not just a localized failure initiation point. 

Accounting for the post failure behavior of the localized bone (which may contribute to, 

but not fully characterize, the full structural failure of the bone/ implant structure) is the 

major advance with this technique. With this approach, there is the potential to 

preoperatively characterize a specific patient's risk of peri-prosthetic femoral fracture if a 

particular implant design is chosen. 

However, a significant limitation of this approach is evident in the intra-operative setting 

where many peri-prosthetic femoral fracture do occur. How to account for the surgical 

variable load that the surgeon applies to the patient during the procedure is the main 

problem with predicting peri-prosthetic femoral fracture in an intra-operative setting. 

Firstly, the load is not consistent or regulated; and secondly it is not quasi static, it is a 

dynamic impulse force. The method proposed and presented in Chapter 5 overcomes both 

of these issues. Firstly, utilizing a computer assisted orthopaedic surgery system in a novel 

way to collect velocity information that is derived from positional information creates an 

input into a dynamic patient-specific finite element analysis model. Secondly, the fact that 

the Explicit finite element solver allows for the modeling of a dynamic impulse, rather than 

a quasi-static load, allows for realistic modeling of the surgery-specific loading conditions. 

This technique could be used to reduce the risk of peri-prosthetic femoral fracture by 

regulating a surgeons behavior (avoiding overloading) in the operating room whilst also 

considering that specific patient's bone strength in that specific scenario. The unique 

combination of all these technologies as a system in the operating room could provide a 

significant step towards eliminating the risk of peri-prosthetic femoral fracture in 

conventional total hip arthroplasty 
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Chapter 6 looks at femoral head resurfacing where peri-prosthetic femoral fracture is a 

major concern. Efforts to reduce the risk of peri-prosthetic femoral fracture around a 

femoral head resurfacing should also consider both procedure-specific and patient-specific 

factors. Much work has been done characterizing procedure-specific and patient-specific 

factors in isolation from each other, with consensus converging on two different focal 

points. Firstly, efforts should be made by the surgeon to orientate the femoral component 

into relative valgus. Secondly, patient selection should be utilized to eliminate patients 

with a poor bone strength capacity. Looking towards a patient-specific modeling technique 

used to consider both of these points together would minimize that patient's risk of peri

prosthetic femoral fracture. This was achieved by setting up a Design of Experiments 

approach and utilizing a goal driven optimization methodology in conjunction with patient 

specific finite element analysis techniques to isolate the optimum patient-specific femoral 

component alignment. Combining this patient specific determination of an ideal implant 

position with a computer assisted orthopaedic surgery system would allow not only for the 

determination of an ideal position, but also the delivery of that ideal position. 

This body of work has made significant progress in addressing the need to reduce the 

instance of peri-prosthetic femoral fracture for both total hip replacement and femoral head 

resurfacing by considering the prosthesis, the patient and the procedure. 
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