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ABSTRACT

There is concern about femoral neck fractures for patients in the early post operative 
period following hip resurfacing surgery. Although patient selection is multifactorial 
bone quality plays an important role in fracture risk. Reduced bone mineral mass induces 
an increased fracture risk on the superior side of the femoral neck before and after hip 
resurfacing. Close scrutiny to bone quality other than the use of visual inspection of 
radiographs (Singh Index) to estimate the mechanical quality of the bone has not been 
closely analysed. A change in bone mass across the femoral neck can be influenced by 
disease (Osteoarthritis) or a change in load pattern (pain and disuse). If hip resurfacing is 
the technique of choice, the major difficulty is to distinguish clearly which patient will 
have a positive outcome without the complication of femoral neck fracture.

Bone mineral density (BMD) measurement is a well known technique for the diagnoses 
of poor bone mass (Osteoporosis). To date there has been no published data analyzing the 
effect of bone mineral density examination in patient selection criteria for hip resurfacing 
surgery.

This is the first attempt to introduce a practical tool for surgeons to assess bone quality 
prior to hip resurfacing surgery. A prospective longitudinal outcome analysis of 423 
consecutive hip resurfacing procedures was conducted to test the validity of the 
introduction of BMD in conjunction with unique selection criteria. There were 339 
patients under 65 years of age (264 males and 75 females). There were 84 patients 65 
years and over (61 males and 23 females).

Bone mineral density examination was introduced preoperatively, 6 months, 12 months 
and 24 months postoperatively to test for bone mass quality. The short form (SF-36), 
WOMAC health questionnaire, TEGNER activity score and body mass index (BMI) were 
used to analysis the patient’s outcomes, activity and general health preoperatively, 6 
months, 12 months, 24 months and 36 months postoperatively.

The results concluded that this was the first time BMD measurements were successfully 
introduced as a selection tool for patient requiring hip resurfacing surgery. There were no 
femoral neck fractures after its introduction. I propose BMD examination is part of a 
multifactorial approach in the selection of patient for hip resurfacing surgery and it is the 
one determining factor that will ensure the bone is strong enough to cope with this load 
sharing device.
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Chapter One

INTRODUCTION



Chapter one Introduction

The aim for this thesis was to design a practical application to reduce anxiety and the 

complication of femoral neck fracture in patients undergoing hip resurfacing surgery. The 

Australian National Joint Registry (2004) states, in the years 2002- December 31st 2003, 

3703 hip resurfacing were performed. The revision rate was 1.9%, 67% of these were due 

to femoral neck fracture (Graves, Davidson and Ingerson, 2004).

End stage hip disease and replacement in the young active patient is a challenging clinical 

problem for Orthopaedic surgeons. Total hip replacement is approached with trepidation 

because many of these patients may have a life span of more than 30 years and 

potentially out live their hip components.

Hip resurfacing offers several advantages over other techniques. Most importantly the 

femoral neck is left intact so that the physiological load transfer properties of the 

proximal end of the femur are preserved. This creates an orientation of weight bearing 

along the line of the epiphyseal bone trabeculae perpendicular to the joint surface and 

results in maximum rigidity. This load transference is a factor of great importance to the 

longevity of the components (Wagner, 1978).

The disadvantage is femoral neck fracture. Due to the unprotected neck, patients that 

undergo hip resurfacing require good bone quality for the implant to work effectively. A 

reduced bone mechanical property induces an increased fracture risk on the superior side 

of the femoral neck before and after hip resurfacing. To date the selection criteria for 

patients undergoing hip resurfacing has not included the assessment of bone quality other 

than the use of visual inspection of radiographs (Singh index). It is recognised that the 

use of visual inspection or Singh Index is subjective, and its predictive value for the 

mechanical quality of the bone in individual patients remains uncertain and unreliable 

(Krischak, Augat, Wachter, Kinzl and Claes, 1999).

Bone mineral density measurement is the front line examination to diagnose bone disease 

characterized by the absolute decrease in the amount of bone to a level below that 

required for mechanical support for normal activity and the occurrence of fracture

1



Chapter one Introduction

(Osteoporosis) (Blake, Wahner and I., 1999). The clinical application of bone mineral 

density measurements has been widely published for its relationship with fracture risk 

(Blake and Fogelman, 1996). This technique is popular not only because of high 

precision but the cost of the scan is low, scan time is short and the radiation dose is 

minimal (Mirsky and Einhorn, 1998).

To date there is no current consensus regarding detailed selection criteria for patients 

undergoing hip resurfacing. There does appear to be many different points of view. 

Wagner and Wagner (1996) state that the special requirements for hip resurfacing 

include, solid bone in the femoral neck and healthy kidneys to process any blood borne 

metal ions from debris (Wagner and Wagner, 1996). While McMinn (2003), suggests 

patients with osteoarthritis and active young males are best suited for hip resurfacing 

surgery (Me Minn, 2003). Treacy et al (2005) concludes, the decision to offer the patient 

resurfacing hip was based upon age, quality of bone and the patient's expectations of their 

post-operative activity level. In general, the operation was offered to men under the age 

of 65 years and women under the age of 60 years, with normal bone stock judged by 

plain radiographs and an expectation that they would return to an active lifestyle (Treacy, 

McBryde and Pynsent, 2005).

In this thesis the starting point and general aim was a prospective consecutive 

longitudinal analysis of bone density measurements and patient selection in patients 

undergoing hip resurfacing surgery. There were 423 consecutive hip resurfacing 

procedures including unique patient selection criteria. There were 339 patients under 65 

years of age. Within this group there were 264 males and 75 females. In the group over 

65 years of age and over there were 61 males and 23 females. All surgical implantations 

were carried out by one surgeon (Dr. L. Kohan) using the standard posterior approach 

over a 36 month period and no patient was lost to follow-up.

The patient inclusion criteria for this cohort included moderate to severe symptomatic 

osteoarthritis in patients who had failed at least 6 months of conservative treatment, 

patients who were employed and/or outdoor, recreational activity undertaken three or
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more times a week, and living at home. No patient was institutionalized or in a cared 

facility. Age was not used as a selection criterion. All patients had osteoarthritis or 

avascular necrosis and there was no inflammatory disease. This study protocol was 

approved by ethics committee in 2001 by the University of Technology Sydney. Written 

informed consent was obtained from patients.

The interest in this issue commenced after five femoral neck fractures were experienced 

with in the first 50 cases. After examination of the fractured femoral necks, poor bone 

stock was ascertained as the cause of fracture in four out of the five retrievals.

There were no indications of femoral neck notching (Divot from femoral neck caused by 

surgical instrumentation) and no fracture occurred intra-operatively. The fracture group 

consisted of four males and one female. Analysis of the fracture group indicated that 

three out of five patients had co-morbidities, two of the males were alcoholics (had 

received treatment at some stage previously) and the female was taking prescribed 

Dilantin, (for long term epilepsy). All fractures occurred in the first six months after 

surgery.

The measurements tools used in this investigation included,

1. Bone mineral density examinations were performed preoperatively, 6 months, 12 

months and 24 months post operatively. Bilateral leg examinations were used and 

the contra lateral hip was used as the control. The WHO organizations published 

data on fracture risk was instituted for boundaries when selecting patients in and 

out of hip resurfacing surgery. The bone mineral density testing was performed 

preoperatively, 6 months, 12 months postoperatively and analysised.

2. Short Form (SF-36) surveys were performed preoperatively, 6 months, 12 

months an annually after surgery out to 36 months to assess general health and 

vitality.
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3. The Western Ontario MacMaster (WOMAC) surveys were performed 

preoperatively, 6 months, 12 months and annually out to 36 months to assess 

disease specific scores. This includes pain, function and mobility.

4. Co-morbidities were assessed preoperatively to ascertain factors that may 

contribute to a decreased bone mass prior to surgery.

5. Tegner Activity scores were assessed prior to surgery and 12 months 

postoperatively to ascertain factors that may contribute to a decrease in bone 

mass.

6. Body Mass Index (BMI) was assessed prior to surgery to ascertain factors that 

may contribute to a decrease in bone mass.

7. Complications were collected postoperatively to help diarise the events leading up 

to the complication.

The overall hip resurfacing survival was 98.3%. The average follow-up interval is 25.6 

months, while the longest survivor was evaluated 64 months post-operatively.

This thesis is a culmination of different approaches to assess the complication of femoral 

neck fracture in patients undergoing hip resurfacing surgery. It encompasses bone 

morphology, anatomy, biomechanics, osteoarthritis, osteoporosis, total hip replacement, 

hip resurfacing, bone mineral density, patient selection and implant retrieval. The results 

show the patient as multilayered. All aspects of the patient are required to be taken into 

account right from the bone cell to the environment. The information in this thesis gives 

the surgeon a practical option to help him/her decipher the relative risk to the patient.
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Chapter 2 Bone

Bone is an interesting organ due to the heterogeneous microstructure. It is a stiff skeletal 

material made principally of the fibrous protein collagen (organic) and impregnated with 

calcium phosphate (mineral). The organic role provides traction capacity while the 

mineral content provides strength and stiffness under compression. Bone is a living 

material under constant change in response to external and internal signals for example 

mobilisation and hormone influences. Bone also contains water, which is very important 

mechanically. Bone is produced within the body and is covered by other types of tissues. 

It has its own living cells and blood vessels within it. Bone is hard, cannot swell or shrink 

and all changes in shape happen on the surfaces. Most bones are hollow and contain 

hematopoietic of fatty marrow. The marrow does not have any mechanical significance. 

Tendons and ligaments insert into the bone substance, and the ends of bones are often 

covered by a thin layer of cartilage for lubrication (Currey, 2002), (Doblare and Garcia,

2001).

Bone responds in its structure to the different forces such as compression, tension and 

torsion. The torsional strength of bone is a third of its compressive strength. The actual 

strength weight-for-weight is stronger than fiberglass. The individual apatite crystals 

enables cracks, which always develop before a material fails due to stress, to remain 

isolated rather than spreading rapidly as they do in fiberglass. Thus, the lack of muscle 

pull or body weight will have a significant effect on the bone growth. Bone like people, 

need stress for strength-but that stress has to be not only within reasonable limits but also 

in the proper direction if growth is to proceed in the normal way (Golding, 2005).

The mineralized skeleton serves several important functions, including structural support, 

storage of ions, such as calcium, production of red blood cells and protection of vital 

organs such as the heart and lungs.

This chapter will introduce the concept of bone as an organ. It is important to introduce 

this concept in this chapter and use the information as a building block to understand the 

adaptation of bone after arthroplasty. This chapter will concentrate on the structure and 

function of bone as an organ highlighting the structural adaptation to load.
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To understand the mechanical properties of bone, it is important to understand the 

mechanical properties of its component phases, and the structural relationship between 

them at various levels of structural organisation. This organisation includes a 

nanostructure, microstructure and macrostructure as shown in figure 1 (Rho, Kuhn- 

Spearing and Zioupos, 1998).

10-500 gm 3_7|Un

Collagen
molecule

Collagen
fiber

Collagen
fibril

Bone
Crystals

1 nm

Microstructure Nanostructure

Macrostructure Sub-microstructure Sub-nanostructure

Figure 1: The structural organisation of bone (Rho, Kuhn-Spearing and Zioupos,

1998).

2.1 Nanostructure of bone.

There are three major building blocks to a bone cell. Collagen, mineral and water form 

the matrix which builds the foundations to bone as a structure. They are intimately 

associated into an ordered structure.
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The basic building block of bone is the mineralized collagen fibril (figure 2). It is 

composed of the fibrous protein collagen in the structural form that is also present in skin, 

tendon, and other soft tissues (Weiner and Wagner, 1998).

Figure 2: Collagen Fibril (Weiner and Wagner, 1998).

Collagen is a structural protein found in all metazoan phyla. It is the most abundant 

protein found in animals, but only in vertebrates does it undergo a transformation into a 

mineralized skeletal structure. Collagen comprises about 85 to 90% of the protein in 

bone. The proteins that are not collagen are called noncollagenous proteins (NCPs) 

(Currey, 2002).

Fibrils in bone are generally about 80-100nm in diameter. They tend to merge with 

neighboring fibrils (Boyde, 1972). Each fibril is made up of three polypeptide chains 

about 1000 amino acids long. These are wound together in a triple helix. A triple- helical 

molecule is thus cylindrically shaped, with an average diameter of about 1.5nm, and 

length of 300nm (Figure 3) (Weiner and Wagner, 1998).
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a b

Figure 3: The structure of collagen in terms of the organization of a triple helix 

(Weiner and Wagner, 1998).

Fibrils almost never exist alone, they associate with each other to form arrays of aligned 

fibrils to make up a larger structure called the fiber.

The mineral phase of bone imparts to the tissue its mechanical properties and serves as an 

important depot for calcium and certain polypeptides. The mechanical properties of bone, 

its solubility, and its ability to absorb selected proteins are critically dependant on the 

molecular structure and morphology of the individual apatite crystallites. The mineral 

phase is the result of the coordinated arrangement of the calcium and phosphate ions 

within the apatite crystallites as they form within a collagen template (Rosen, Hobbs and 

Spector, 2002).

The crystals (carbonate apatite) of bone are plate-shaped, with average lengths and 

widths of 50 x 25nm. The crystals are very thin, with thicknesses appearing to be 

remarkably uniform The crystals insert themselves in a parallel fashion into the collagen 

fibrils. The interface between collagen and crystals of biological apatite is still poorly 

understood (figure 4) (Weiner and Wagner, 1998) and (Epple and Dorozhkin, 2002).
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Figure 4: The assembly of collagen fibrils and fibers and bone mineral crystals 

(Rho, Kuhn-Spearing and Zioupos, 1998).

Water is the third major component of bone cells. The importance is related to 

mechanical function. The water is located within the fibril, in the gaps and between the 

triple helical molecules (Weiner and Wagner, 1998).

The nanostructure produces the first stage of synthesis, which encompasses the 

extracellular assembly of the collagen matrix framework of fibrils, followed by its 

mineralization (Epple and Dorozhkin, 2002).
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The mechanical implications are expressed in the three major components at this level. 

Each one has completely different properties resulting in the material being composite. 

The host organic framework has a fibrous structure at the level of individual triple helical 

molecules, at the level of the fibrils (level 2), and at the level of the assemblages of fibrils 

(level 3) that form the fibres. In contrast, within the fibril, the structure is crystalline with 

orthotropic symmetry (figure 5). This implies the presence of three planes of symmetry 

orthogonal to each other. The guests in this composite are the plate shaped crystals. 

Therefore, bone should be viewed as a platelet reinforced composite. To complicate this 

view, the atomic lattice symmetry of the crystals is hexagonal (Weiner and Wagner, 

1998).

Figure 5: Schematic illustration (not drawn to scale) showing A: An arrangement of 
mineralized collagen fibrils aligned both with respect to crystal layers and fibril 
axes. This structure has orthotropic symmetry. B: Arrangement of mineralized
collagen fibrils with only the fibril axes aligned. This structure has transversal 
isotropy (Weiner and Wagner, 1998).

2.2 Microstructure of bone.

At the middle level there are many types of bone cells. Bone is permeated by and lined by 

various kinds of cells. Bone lining cells cover all surfaces of bones, including the blood 

channels, forming a continuous sheet that controls the movement of ions between the 

body and the bone (Miller, De Saint-Georges, Bowman and Jee, 1988). The layer of cells 

on the outer side of bone is called periosteum (Figure 6). This is a strong collagenous 

sheet. The cells on the inner side of the bone are called endosteum (Figure 7).
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Figure 6: A: Multiphoton image of periosteum. The collagen is visualized by SHG 
(green pseudocolor) (www.drbio.cornelI.edu, 2005).
B: An illustration highlighting the anatomical position of the periosteum 
(www.engin.umich.ed/.../bonephys/bonephs.htm, 2005).
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Figure 7: A: An illustration highlighting the anatomical position of the Endosteum 
(www.engin.umich.ed/.../bonephys/bonephs.htm, 2005). B: Medium magnification 
view of the inner surface of the diaphysis (Endosteum) (Lab6/103_lm2R.JPG, 2005).

Osteoblasts (figure 8) derive from the bone lining cells and are responsible for the 

formation of bone. It is of mesenchymal in origin. They nearly are indistinguishable from 

fibroblasts. The only morphological feature specific to osteoblasts is located outside the 

cell in the form of mineralized extracellular matrix. The osteoblasts function is the 

synthesis and deposition of the bone extracellular matrix. Bone formation is implicated 

directly or indirectly in longitudinal bone growth, bone mineralization, and bone 

remodeling (Ducy, Schinke and Karenty, 2000).

All bone surfaces are covered by a single layer of precursor cells and resting osteoblasts. 

Upon activation, osteoblasts secrete osteoid the organic matrix contains 90% collagen 

and ground substance consisting of large polysaccharides and a variety of matrix 

proteins. Gaps in the collagen fibrils serve as mineral nucleation sites for calcium 

phosphate, which forms the organic phase. The result gives the bone its unique 

mechanical qualities of high strength and toughness. Approximately 15% of osteoblasts
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become entrapped in their own matrix to become osteocytes (Van Der Meulen and 

Prendergast, 2000).

Figure 8: A congregation of osteoblasts (celluIar_osteoblasts.htm, 2005).

Osteocytes (figure 9) are derived by from the osteoblasts. Osteocytes, the most abundant 

cells in bone, are actively involved with the maintenance of the bony matrix, and their 

death is [typically] followed by resorption of this matrix (Junqueira, Carneiro and Kelley, 

1995). In addition, osteocytes are thought to be mechanosensors in bone (Aarden, Burger 

andNijweide, 1994).

Osteocytes have a vast three dimensional network of cell processes via small channels 

called canaliculi. This provides the cell nourishment and cell-cell interactions. Due to 

their extensive canalicular network, osteocytes are assumed to be vitally important for 

sensing mechanical signals. To retrieve the nourishment, the bone cells require the 

osteocytes to sit very close to blood vessels (150pm) to extract the molecules by a gap 

junction. The result is 25 000 osteocytes within 1mm" of bone tissue forming a high 

cellular density (Van Der Meulen and Prendergast, 2000).
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Figure 9: A: An illustration of the anatomical position of the osteocyte 
(BioBookMUSSKEL.html, 2005).
B: Histology slide showing an osteocyte (ghisto/bone/c_20.html, 2005).

Osteoclasts are bone destroying cells (Figure 10). Osteoclasts develop from precursor 

cells of the monocyte series. However, specialized differentiation for efficient bone 

degradation separates the osteoclast from the macrophage. Key osteoclast specializations 

are multinucleation, formation of a tightly sealed extracellular compartment on bone, and 

high-capacity secretion of HC1 and acid proteases into this extracellular site. 

Multinucleation increases efficiency of extracellular attachment processes. The 

attachment process is mediated by cell membrane integrins, and is sensitive to changes in 

intracellular or extracellular calcium. Acid production exploits carbonic acid as the 

source of acid and conjugate base equivalents, reflected in abundant osteoclastic carbonic 

anhydrase type II expression. Secretion of acid involves extremely high expression of 

vacuolar-type H (+)-ATPase and a chloride channel in the cell's specialized acid secreting 

organelle, the ruffled membrane, which is polarized to the osteoclast's bone attachment. 

Acid secretion is balanced by chloride-bicarbonate exchange in the cell's nonbone 

attached membranes; this functionally resembles the band 3 chloride-bicarbonate
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exchanger of the red cell carbon dioxide transport system. Bone collagen is degraded by 

acid proteases secreted into the acid degradation site via the mannose-6 -phosphate 

receptor system, which is targeted to lysosomes in other cells (Blair, Schlesinger, Ross 

and Teitelbaum, 1993).

Osteoclast

Figure 10: A: Osteoclast at work dissolving bone (a-osteoporosis.html, 2005).
B: Microscopic photograph of an osteoclast (Ralston, 1997).

These cells work together to maintain the health of the bone. This is accomplished by the 

cells continually maintaining a cycle of bone formation and bone remodeling. It begins 

with recruitment of osteoblast precursors to the remodeling site. These cells then 

differentiate into mature osteoblasts and start to form new bone matrix (osteoid), which 

subsequently becomes calcified to form mature bone. Some osteoblasts become buried in 

the newly formed bone matrix, which interconnect with each other and with lining cells 

on the bone surface. Recent data suggest that osteocytes probably act as 

“mechanoreceptors’' in bone secreting small molecules such as prostaglandins and nitric 

oxide in response to mechanical stimulation, which then influence the function of other 

bone cells such as osteoclasts and osteoblasts (Klein-Nulend, Semeins, Ajubi, Nijweide 

and Burger, 1995) and (Ralston, 1997).

Resorption is the removal of bone by osteoclasts under mechanical stressors. Bone 

remodeling occurs on existing bone surfaces. However, unlike modeling, remodeling
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cannot cause large changes in bone structure at a given site. At best, remodeling 

maintains the current amount of bone structure (figure 11) (Ralston, 1997).

Resorption Reversal
Differentiation \ *---------------- ► <-------------- ► +-

Formation

Fusion m
Recruitment { Apoptosis

Chemolaxis/ *
Mechanical stimuli?

/ Differentiation

Osteoclasis
Osteocytes

Figure 11: An illustration of bone formation and bone remodeling (Ralston, 1997).

This process is coordinated by cellular activity that is responsible for the renewal and 

repair of damaged bone throughout adult life (figure 12). It is thought that the process 

may be triggered by a mechanical or chemotactic factor.

Quiescence refers to the resting state of the bone surface. This includes all of the bone 

surfaces. Activation is the recruitment of osteoclasts to a bone surface and signal 

coupling of osteoblasts.

Osteoblasts and bone marrow stromal cells play an important role in regulating osteoclast 

formation and activity. Differentiation and function of osteoblasts are regulated. An 

important finding has been identification of the protein CBFA1 as an essential mediator 

of osteoblast differentiation (Roden, 1997). CBFA1 is a transcription factor that binds to 

specific recognition sequences of DNA in the promoter region of several genes that are 

expressed in osteoblasts. This suggests that CBFA1 may represent the "master switch" 

that triggers osteoblast differentiation (Ralston, 1997).

Osteoblasts also release M-CSF, a key factor in osteoclast differentiation, it is now 

recognised that many of the factors that modulate bone resorption do not directly
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stimulate osteoclasts but, rather, trigger the release of substances from bone marrow 

stromal cells or osteoblasts, which then act on cells of the osteoclast lineage to modulate 

formation and activity of osteoclasts (Ralston, 1997).
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Figure 12: The cycle of bone remodeling (therapeutics/bone/bon... 2005).
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2.3 Primary and secondary bone.

The continuous cycle of bone turn over mentioned above creates primary and secondary 

bone. Primary bone is replaced by secondary bone. This can happen in two ways, the 

bone can be eroded from the surface and then new bone can be formed or the Haversian 

system can be formed (Currey, 2002).

The remodeling phase may occur on the surface of the bone, but this also occurs on the 

inside of the bone forming Haversian systems. This system forms when the bone mineral 

has to be released into the blood stream for purposes of mineral homeostasis (Currey,

2002).

Compact bone consists of closely packed osteons or haversian systems (figure 13). The 

osteon consists of a central canal called the osteonic (haversian) canal, which is 

surrounded by concentric rings (lamellae) of matrix.

Figure 13: This is a low power shot of ground bone. The yellow arrows are showing 
the borders of the Osteons, also known as a Haversian System 
(www3.umdnj.edu/histsweb/lab4/bone/bonecompact.html, 2005).
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Between the rings of matrix, the bone cells (osteocytes) are located in spaces called 

lacunae. Small channels (canaliculi) radiate from the lacunae to the osteonic (haversian) 

canal to provide passageways through the hard matrix. In compact bone, the haversian 

systems are packed tightly together to form what appears to be a solid mass. The osteonic 

canals contain blood vessels that are parallel to the long axis of the bone. These blood 

vessels interconnect, by way of perforating canals, with vessels on the surface of the bone 

(figure 14) (Currey, 2002).

Figure 14: High magnification picture of ground bone. The Osteon or Haversian 
system is outlined by the green dotted line. This same line is also showing the cement 
lines. Cement lines are outer borders of the Haversian system that look like a line. 
The blue arrows are pointing to the Haversian canals. These house the blood supply 
to the osteocytes in the bone. This was once a larger canal that was filled starting 
from outside to in with concentric lamellae of bone, indicated by the yellow dotted 
lines. The white dotted line is indicating interstitial lamellae. These are remnants of 
old Osteons which were remodeled and left behind in the remodeling process. The 
white arrows are pointing to the osteocytes 
(www3.umdnj.edu/histsweb/lab4/bone/bonecompact.html, 2005).
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2.4 Macroscopic level.

At the macroscopic level, bone is distinguished into cortical (compact) and cancellous 

(trabecular) bone.

Cancellous bone is composed of boney trabecular struts which are randomly orientated. 

They are about 1.0 mm in diameter, each extending for about 1mm before making a 

connection with one or more other struts, which are usually at right angles. This bone is 

filled with lamellar bone or fragments of haversian bone (Rho, Kuhn-Spearing and 

Zioupos, 1998).

Trabecular bone exists as a three dimensional, interconnected network of rods and plates 

which delimit a labyrinthine system of interconnecting spaces that are occupied by bone 

marrow. This porous, highly vascular tissue reduces the weight of the bone, while 

providing space for bone marrow where blood cells are produced. It constitutes only 20% 

of the skeleton and has an overall larger suface area than does cortical bone and is 

considered to possess greater metabolic activity (figure 15) (Grassland, Goel and Lakes,

2000).
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Figure 15: Trabecular bone (BonePhysioIogy.html, 2005).

Cortical bone is dense and comprises the diaphysis of appendicular long bones while a 

thin shell encompasses the metaphysis. Cortical bone is made up of lamellar bone, and it 

is multi layered and increasingly dense. It resembles plywood in section, as if a number 

of plates were cemented together (figure 16) (Grassland, Goel and Lakes, 2000).
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Figure 16: Cortical Bone (images/bonestr.jpg, 2005).

2.5 Mechanical properties of bone.

Living bone is continually undergoing processes, collectively termed remodeling, of 

deposition and resorption mentioned earlier in this chapter. This dynamic aspect of bone 

tissue has the effect of providing strength in direct response to weightbearing stress. Bone 

is reshaped in response to the forces acting on it and is presently referred to as Wolf s 

law.
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This process is known as adaptive bone remodeling. It is recognised as external and 

internal. External remodeling is concerned with the architecture of bone (geometry and 

form), while internal processes alter the bone structure histologically. Remodeling can 

replace the matrix material while leaving the bone as a whole unchanged, or may produce 

alterations in the shape, internal architecture, or mineral content of the bone. The general 

shapes of bone are established genetically, other forces are also at play. The action of 

muscles, in addition to their places of origin and insertion, introduce important 

mechanical factors that influence the external shape and the internal arrangement in 

trabecular (Grossland, Goel and Lakes, 2000).

In a healthy adult who maintains a consistent level of activity, a balance between bone 

resorption and formation exists so that there is no net change in bone mass. This process 

has been labeled as error drive (Grossland, Goel and Lakes, 2000). This means the 

mechanical loads upon bone must deviate from the normal values by a sufficient amount 

(error signal) to initiate a remodeling response. If the threshold stress is not exceeded, no 

remodeling response occurs. The saturation limits beyond which bone refrains from 

adapting are assumed by most theories. The mechanisms for regulation of the remodeling 

process involve local regulatory factors, a combination of physical factors 

(weightbearing) and the effects of calcium-regulating hormones impinging on the 

different bone cell populations (Martin and Burr, 1989). In young adult bone one-fifth of 

the skeleton is resorbed and then rebuilt or replaced annually. The bone turnover is not 

evenly distributed across the whole skeleton, there are regional and local differences and 

not every part of the bone will be equally effected (Martini, 1995).

The process of the error drive can be explained by work done by Carter et al (1987) and 

Beaupre et al (1990) (Carter, Fyhrie and Whalen, 1987) and (Beaupre, Orr and Carter, 

1990). The mechanobiologic model of bone adaptation which is based on the concept that 

bone remodeling is an error-driven process in which the error signal is a function of the 

difference between the stimulus set point, referred to as the attractor state in Beaupre et al 

(1990) (Beaupre, Orr and Carter, 1990). This results in the applied daily stress stimulus 

caused by physical activity. The daily stress stimulus (\j/) was developed in order to
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quantify the mechanical stimulus in the bone by combining the influence of the number 

and magnitude of individual loading cycles over the course of a day (Carter, Fyhrie and 

Whalen, 1987). Mathematically it can be expressed as the summation of all loading 

activity in a day with the following equation 1:

\|/ =

Figure 17: Equation for Adaptive bone remodeling (Hernandez, Beaupre and 
Carter, 2000).

The explanation of this equation is expressed where each loading type, i, is applied with 

magnitude, o, (the continuum level effective stress) and for nb the number of loading 

cycles (Fyhrie and Carter, 1986). The stress exponent, m, is a weighting factor for the 

relative influence of the magnitude of mechanical loading to that of the number of 

loading cycles. The daily stress stimulus (v|/) is therefore expressed in the units of stress 

per day (MPa/day) (Hernandez, Beaupre and Carter, 2000).

An idealized representation of the relationship between the daily stress stimulus and the 

resulting mechanobiological rate of bone remodeling is shown in (figure 18). This figure 

expresses the observed trend: there is net resorption when the mechanical stimulus is low, 

net apposition when the mechanical stimulus is high, and very little net activity when the 

mechanical stimulus is near a physiologic level which we call the stress stimulus set 

point, v|/s; hence, the mechanobiologic response drives the bone toward v|/s (Hernandez, 

Beaupre and Carter, 2000).
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Figure 18: Net rate of Bone remodeling (Hernandez, Beaupre and Carter, 2000).

The net mechanobiologic rate of apposition/resorption (fm, mm/day) is related to the 

daily stress stimulus (\|/, MPa/day) in this idealized plot. When the daily stress stimulus is 

higher than the stress stimulus set point (\j/s) there is net apposition, when the daily stress 

stimulus is less than the set point there is net resorption, and when the stress stimulus is 

near the set point there is little net resorption or apposition (Hernandez, Beaupre and 

Carter, 2000).

A block diagram representation of the bone adaptation theory of Beaupre et al (1990) 

(Beaupre, Orr and Carter, 1990) is shown in (figure 19). Two feedback loops are present 

in this diagram: an upper loop for biological influences and a lower loop for 

mechanobiological influences. In the lower loop, a load history results in the 

development of a daily stress stimulus. The daily stress stimulus (i{/) is compared to the 

stimulus set point (\|/s) and the difference between the two generates a local 

mechanobiologic response. This causes a change in the local mechanobiologic bone 

apposition/resorption rate (rm). Bone apposition and resorption cause changes in the bone 

geometry and/or material properties. Those changes, in turn, result in modifications to the 

magnitude of the daily stress stimulus, completing the feedback loop. The diagram 

includes two mechanisms by which biologic factors may be influential. The first is the 

inclusion of the net biologic apposition/resorption rate (fb, right side of diagram). The
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other is presented in the upper loop of the diagram and illustrates how metabolic factors 

can change the mechanical set point thereby modulating the mechanobiologic response 

(Hernandez, Beaupre and Carter, 2000).
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Figure 19: Feedback loop for bone remodeling (Hernandez, Beaupre and Carter, 
2000).

Adaptive bone remodeling has been cited as an important factor affecting the long term 

post operative behavior of a joint replacement. Clinical as well as experimental, studies 

have demonstrated that factors such as prosthesis position, patient activity, body weight, 

fixation technique and component material properties significantly affect the success rate 

of joint replacement (Grossland, Goel and Lakes, 2000). All of these factors contribute to 

the nature of the mechanical environment at the bone-implant interface.

All long term success of any implant is dependant on the biomechanical and biochemical 

compatibility of that implant. For example, a decrease in stress in the proximal femur as a 

result of load transmission through the implant stem, past the proximal femur, to the 

midshaft is thought to be possible explanation for the resorption in the calcar region and 

subsequent loosening of the hip implants (Grossland, Goel and Lakes, 2000). The 

changes in the bone structure following prosthetic joint replacement have been studied 

extensively (Cotterill, Hunter and Tile, 1982) (Almby and Hierton, 1982).

It is difficult to assess each individual's bony changes due to the array of different 

metabolisms, bone size, activity levels and disease processes in each human. Advanced
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stress analysis methods, such as finite element analysis (FE) modeling, have proven to 

contribute significantly in research about adaptive bone remodeling (Huiskes and 

Hollister, 1993).

There has been little work on the bone adaptation of hip resurfacing components. Orr et 

al (1990) embarked on an investigation into the bone remodeling induced by a hip 

resurfacing device using finite element modeling. The model was based on Beaupre 

concept of the daily load history (figure 18) and looked at the density changes at the bone 

cement interface over time. He found that there was total bone ingrowth in the prosthetic 

device, rigidly bonding to the bone and implant (Orr, Beaupre, Carter and Schurman, 

1990).

There has been little work looking at the processes inducing femoral neck fracture 

following hip resurfacing surgery.
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Chapter 3 Hip Anatomy

3.1 htroduction.

The hip joint is an extraordinary stable joint. It is a multiaxial ball and socket synovial 

joint. The hip’s stability is related primarily to a paired condylar surface that operates 

as a single functioning unit, the bony and labral anatomy of the acetabular and 

femoral head. A simple ball and socket joint, where a spherical head of the femur 

works in a deep cavity, and the bones are held together not only by the atmospheric 

pressure that is able to act on them as a result close fitting surfaces. Extremely strong 

ligaments and local anatomy also aid in the stability of the joint. The triaxial 

movement permits the hip to move in flexion and extension, abduction and abduction, 

and rotation (Davies and Coupland, 1967).

The hip joint can be divided into groups of like function, i.e. the skeletal anatomy, 

articular cartilage, ligamentous structures and muscular structures. The hip joint is 

designed to carry all of the various loads generated in a variety of activities such as 

walking, running, climbing stairs and sitting.

The hip has been widely published in many anatomical texts. A summary of the major 

points are detailed to provide an overview, necessary for describing the biomechanical 

forces acting on the joint and the anatomical features specifically related to the well

being and disease of the hip joint.

3.2 Skeletal Anatomy.

The hip is structurally and functionally a complex joint. Structurally, it consists of the 

acetabular, the femoral articulation, and the supporting soft tissue, muscle and 

cartilaginous structures. In combination with the bony pelvis and joining at the pelvic 

symphysis the hip forms a firm and strong base on which the trunk can rest, and 

through which its weight can be transferred to the lower limb (Breathnach, 1965).

The hip bone forms the anterior and lateral walls of the bony pelvis. The hip is a 

large, irregularly shaped bone, constricted in the middle and expanded above and 

below. It consists of three bones, Ilium, Ischium and Pubis. These three bones fuse in
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late puberty. The union of these three bones takes place in the walls of the acetabulum 

to form one large bone. The unusual shaped structure forms a stable platform for the 

articulation of the ball and socket joint. Figure 20 highlights the orientation of the 

Ilium, Ischium and Pubis.

Interactive Hip © 2000 Primal Pictures Ltd.

Figure 20: lium, ichium and Pubis (S toller, Galenta, Chao, Maheson, Haddad, 
Muirhead- Allwood and Chippindale, 2001).

The ilium (figure 20) is the superior broad expanded portion of the hip bone. The 

ilium consists of a body which forms about two fifths of the superior and posterior 

portions of the acetabulum and the superior two thirds of the hip bone. The concavity 

of the ala or wing forms the iliac fossa which acts as the posterior abdominal wall 

(Gardener, Gray and O'Rahilly, 1975).

The ischium (figure 20) consists of a body and a ramus, which passes inferiorly from 

the acetabulum and turns inferiorly to join the pubis. This rough L shape is the 

strongest part of the hip bone. The smooth pelvic surface helps to form the bony wall 

of the ischiorectal fossa. It is continuous with the pelvic surfaces is also continuous 

above to meet the ilium and below to form the ischial tuberosity (Gardener, Gray and 

O'Rahilly, 1975).
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The pubis (figure 20) is divided into three parts, a body and two rami. The pubis is 

also L shaped with the body wide lying medially and the superior ramus passing 

superolaterally to the acetabulum and fusing with the ilium and Ischium. The inferior 

Ramus is short and extends from the body of the pubis backward, downward, and 

laterally. It meets and fuses with the ramus of the ischium (Gardener, Gray and 

O'Rahilly, 1975).

The acetabulum is a large cup-shaped cavity on the outer side of the hip bone. It 

articulates with the head of the femur to form the hip joint. The pubis forms about 

one-fifth of the acetabulum, the ilium almost two-fifths and the ischium two fifths.

The femur or thigh bone is the longest and heaviest bones in the human body. The 

length of the femur can estimate the height of the person. The femur consists of 

several distinct parts. The head of the femur which articulates within the acetabulum, 

the neck which joins the femoral head to the diaphysis of the femur and at the distal 

end of the femur there are femoral condyles which articulate with the tibia and patella 

in the knee joint. Other important landmarks are the greater and lesser trochanter, 

which are sites for muscle insertion (figure 21, 22).
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Figure 21: Anterior femur 
(Gardener, Gray and 
O'Rahilly, 1975).

Figure 22: Posterior femur 
(Gardener, Gray and 
ORahilly, 1975).
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The head of the femur articulates with the acetabulum to form the hip joint (figure 

23). The head of the femur forms about two-thirds of a sphere and faces medially, and 

slightly forward. Near its centre is a small pit or fovea for the attachment of the 

ligament of the head of the femur.

The femoral neck connects the femoral head to the diaphysis of the femur (figure 23). 

It is a thick bar of bone and rectangular in cross section, about three quarters the 

diameter of the femoral head orientated in the line of the trochanters. The plane of the 

neck of femur followed medially, usually lies a little in front of the plane of the 

condyles. The small acute angle between the two planes is termed the angle of 

femoral torsion. Femoral torsion is related to the twisted appearance of the femur in 

relation to the femoral head. In adults the angle of torsion averages about 15 degrees. 

The degree of torsion or anteversion may be altered in pathological conditions for 

example osteoarthritis. The angle that the long axis of the neck of the femur makes 

with the long axis of the shaft is called the angle of inclination. The average angle of 

inclination in adults is approximately 125 degrees. This can vary with age, sex and the 

development of the boney skeleton. It also can be changed by a pathological process 

that weakens the femoral neck. When the angle of inclination is diminished, the 

condition is known as coax vara, and when it is increased it is known as coax valga 

(Gardener, Gray and O'Rahilly, 1975).

The relationship in size between the femoral head and femoral neck allows the 

femoral head to be deeply seated within its acetabular socket without comprising the 

stability or range of motion (Stoller, Galenta, Chao, Maheson, Haddad, Muirhead- 

Allwood and Chippindale, 2001).

The greater trochanter (figure 23) limits the neck of the femur laterally. It is a large 

rectangular protrusion at the proximal aspect of the femur at the junction of the neck 

and the body, providing a site for the attachment of muscles from the gluteal region. 

The greater trochanter lies laterally and can easily be felt through the skin of the 

thigh; a line from the tip of one greater trochanter to the contralateral greater 

trochanter will pass through the centre of the femoral heads.
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The intertrochanteric crest (figure 24) is a thick rounded ridge found posteriorly at the 

junction of the body and the neck of the femur. It joins the greater and lesser 

trochanters and provides muscle attachment. (Stoller, Galenta, Chao, Maheson, 

Haddad, Muirhead- Allwood and Chippindale, 2001) Anteriorly the thin 

intertrochanteric line joins the lesser and greater trochanter.

Interactive Hip © 2000 Primal Pictures Ltd.

Figure 24: fatertrochanteri c Crest, (Stoller, Galenta, Chao, Maheson, Haddad, 
Muirhead- Allwood and Chippindale, 2001).

The lesser trochanter (figure 24) protrudes from the proximal region of the femur in 

the posteromedial direction and in the angle between the neck and diaphysis of the 

femur. The diaphysis of the femur is slightly bowed in the anterior direction and is at 

its thinnest in the mid section. It is smooth and basically featureless except for a ridge 

of bone on the posterior aspect of the femur, this is called the linea aspera. The 

diaphysis of the femur is covered in muscles and is not able to be felt.

3.3 Articular Cartilage.

Articular cartilage is a multilayered horseshoe-shaped lunate surface lining the floor 

of the acetabulum and articulates with the femoral head articular surface which forms 

nearly two-thirds of a spheroid. It is hypocellular, avascular, alymphatic tissue with a 

dense collagen and proteoglycan matrix that provides low friction and highly durable 

wear-resistant surface. This tissue serves important biomechanical functions in
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supporting and distributing forces generated during joint loading (figure 25) (Ulrich- 

Vinther, Maloney, Schwarz, Rosier and O'Keefe, 2003).

Articulating Cartil

Figure 25: Articulating Cartilage, (Stoller, Galenta, Chao, Maheson, Haddad, 
Muirhead- Allwood and Chippindale, 2001).

The articulating cartilage undergoes passive and active internal tensile forces in 

unloaded cartilage; the cartilage is externally loaded in tension, compression and 

shear during normal locomotion (Silver and Bradica, 2002). It is elastic in the sense 

that when the cartilage is compressed, it becomes thinner but on release of the 

pressure it slowly regains its original thickness. Stress relaxation occurs with constant 

deformation (Gardner, Gray and O'Rahilly, 1975).

The cartilage is divided into three zones (figure 26). The chondrocytes in the most 

superficial layer are flattened with collagen fibrils arranged parallel to the surface. 

The intermediate layer is the thickest and collagen maintains a round shape but is less 

organized and is typically oblique in orientation to the surface. The deep layer or 

basal zone, collagen fibers are orientated in vertical columns perpendicular to the 

surface. The density of the cells is highest in the superficial layer and progressively 

decreases through the intermediate and deep layers (Ulrich-Vinther, Maloney, 

Schwarz, Rosier and O'Keefe,
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2003).
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Figure 26: Cartilage Zones (Davies and Coupland, 1967).

It derives its nutrition from the vessels of neighboring synovial membrane and bone. 

On a concave surface the joint cartilage is thickest at the centre, ie the femoral head, 

where the loads are largest. On a convex surface, the acetabulum, the cartilage is 

thinnest at the centre.

With ageing cartilage becomes hypocellular and has decrease elasticity. The 

chondrocytes increase in size and the cells stop reproducing. The proteoglycans in the 

matrix decrease in mass and size which decrease the length of the chondroitin sulfate 

chains. There is a decrease in hyaluronic acid which decreases the lubrication and 

increases friction, water content decreases and the protein content increases. 

Calcification does not occur in the superficial zones except in pathologic states such 

as pseudogout. The hyaline cartilage calcifies with age, when calcification initiates 

chondrocytes die and the matrix disintegrates (Orthoteers, 2004).

Ageing cartilage appears in areas of structural disintegration typically showing 

fraying and splitting or fibrillation. In its mild form fibrillation is confined to the 

superficial zone. In its more severe form it extends into deeper layers. Severe 

fibrillation is associated with thinning and erosion of the cartilage from the tissue by 

disintegration. In some of these cases the full depth of the cartilage is eroded exposing 

the underlying bone. Cartilage destruction is a focal process with local factors at least 

partly responsible for its development (Meachim, 2001).
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Although, articulating cartilage destruction can be associated with ageing, it cannot be 

regarded as a uniform pattern of aging changes. The morphologic appearance of cause 

can also be associated with inflammatory disease (Rheumatoid arthritis), metabolic 

disease (gout) or mechanical derangement (osteoarthritis) (Meachim, 2001).

3.4 Ligaments

The hip capsule ligaments function in conjunction with the bony components of the 

hip to constrain translation between the head of the femur and the acetabulum, while 

allowing complex combinations of rotation and plantar movements. This is achieved 

primarily by the bony and labral anatomy of the acetabulum and the femoral head. 

The stability is related to the thick fibrous capsule of the hip with its ligaments and 

local muscle anatomy. The hip capsule consists of a superficial layer of longitudinal 

ligaments and a deep layer of circularly orientated fibres lined with synovium 

(Hewitt, Glisson, Guilak and Vail, 2002). The ligaments of the hip joint are (figure 

27) Capsular, Ilio femoral, Teres, Cotyloid and Transverse.

A fibrocartilaginous rim, the acetabular labrum (figure 27) increases the depth of the 

acetabulum and increase the stability of the joint. This is firmly attached to the boney 

acetabular ligament. The free edge of the labrum forms a smaller circle at the base, 

clasping the head of the femur (Gray, 2000b).

The capsular ligament (figure 27) is a strong, dense, ligament capsule and forms the 

majority of the joint capsule. It inserts around the margin of the acetabulum on the 

upper side and surrounds the femoral neck below, surrounding also the cotyloid and 

transverse ligaments. The upper circumference is attached to the acetabulum; two or 

three lines are external to the cotyloid ligament, above it and behind it (Gray, 2000b).

In front it is attached to the outer margin of the ligament. It is connected to the 

transverse ligament by only a few fibres and to the edge of the obturator foramen. The 

lower circumference is attached to the anterior trochantic line, above to the base of the 

neck and behind to the neck of the bone approximately one centimeter above the
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posterior inter-trochantic line, below to the lower part of the neck, close to the lesser 

trochanter. It consists of two sets of fibres, circular and longitudinal (Gray, 2000b).

Figure 27: Ligaments of the hip joint (Gray, 2000b).

The Ilio- femoral ligament, (figure 28) shaped like an inverted Y is the strongest and 

most important ligament. It is a band in the front of the hip, attached above to the 

anterior iliac spine. Below it is attached to the intertrochanteric line of the femur. It 

inserts with the capsular ligament and strengthens it in this situation and is attached 

superiorly to the lower region of the anterior inferior spine of the ilium. It then 

diverges inferiorly to form two bands. One insertion is at the lower end of the anterior 

inter-trochantic line, the other travels downwards and outwards to insert at the upper 

end of the same line (Gray, 2000b).
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Figure 28: Ilio femoral ligaments (Gray, 2000b).

The ligamentum Teres (figure 29) is the ligament of the femoral head. It is a flat or 

triangular band that arises by ischial and pubic roots. It attaches to the apex in the 

depression of the femoral head and its base is inserted in the margins of the cotyloid 

notch, it also blends in with the transverse ligament the femur. It transmits epiphysial 

vessels to the head of the femur and has no mechanical significance (Gardener, Gray 

and O'Rahilly, 1975).

Figure 29: Ligamentum Teres (Gray, 2000b).

The Cotyloid ligament (figure 30) is a fibro-cartilaginous ligament attached to the 

rim of the acetabulum and it deepens the cavity (similar to the glenoid ligament),
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protecting the bone and filling in the flaws. This ligament bridges over the notch left 

by the transverse ligament to form a complete circle surrounding the femoral head and 

holding it in place. It is thicker above and behind than its lower and anterior regions 

and the ligament's fibres are close, compact and interlace at acute angles (Gray, 

1991).

Figure 30: Cotyloid Ligament, (Gray, 2000b).

The transverse ligament (figure 31) is a portion of the cotyloid ligament. It differs by 

having no cartilage cells amongst its fibres. It is a ligament of strong flattened fibres 

which crosses the notch at the lower part of the acetabulum, and converts it to a 

foramen (ie opening or a hole), leaving a space at the bottom for the passage of 

nutrition (Gray, 1991).
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3.5 Muscle Attachments and Action.

The muscles associated with the thigh and hip are powerful and important for balance 

and stability of the joint. Muscle mechanics for the hip joint create the ability of the 

hip joint to move effectively with a normal gait and to adaptation in joint disease. 

Skeletal hip and thigh muscles deliver these mechanisms by generating force and 

muscle length changes, producing work and mechanical power, storing work during 

lengthening contractions and joint stabilization (Caiozzo and Green, 2002).

There are twenty six muscles that move the hip and thigh. Many of these muscles 

cross the hip. By separating the muscles they can be broken up into five groups these 

include, iliac, gluteal, posterior femoral, anterior femoral and medial femoral. Table 1 

and figures 32 and 33 list the muscles and attachments of the hip and thigh relevant to 

this thesis.

Table 1: Muscles of the hip and thigh (Gray, 1991).
Iliac region Posterior femoral region

Psoas major Biceps

Psoas minor Semitendinosus

Ilacus Semimembranosus

Anterior region Gluteal region

Tensor fasciae latae Gluteus maximus

Sartorius Gluteus medius

Rectus femoris Gluteus minimus

Vastus lateralis Piriformis

Vastus medialis Obturator intemus

Crureus Gemellus superior

Subcrureus Gemellus inferior

Quadratus femoris

Medial femoral region Obturator extemus

Gracilis

Pectineus

Adductor longus

Adductor brevis
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Tronsversus obdommis

Internal oblique----------

External oblique *---------

Sem i mem b ranosus

Quodratus
femoris

Adductor magnus - 

liceps t semitendinosus Obturator externus

Inferolateral view Posterolateral view

Figure 32: Muscle attachments in the hip joint (Gardener, Gray and O'Rahilly, 
1975).
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Figure 33: Muscle attachments to the proximal and distal femur (Gardener, 

Gray and O'Rahilly, 1975).

The muscles of the gluteal region are of primary importance in human gait. The 

gluteus maximus, gluteus medius and gluteal minimus and tensor fasciae latae from 

superficial to deep in order, form the bulk of the buttock. These muscles are supplied
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by the gluteal vessels and nerves (Gardener, Gray and O'Rahilly, 1975). Part of the 

gluteal region is also the external rotates of the thigh. These muscles include 

piriformis, obturator intemus, gemellus superior, gemellus inferior, quadratus femoris 

and obturator extemus. These muscles are small and are covered by gluteus maximus.

Gluteus maximus, the most superficial muscle in this region, it is a broad and fleshy 

mass of muscle quadrilateral in shape (figure 34). Its origin arises from the ilium 

behind the posterior gluteal line and inserts partly into the gluteal tuberosity of the 

femur but mainly into the tibial tract of the fascia lata which is the lateral lip of the 

lateral tibial condyle (Gray, 2000b).

Minimus

Medius

Mammus

Figure 34: Gluteus maximus, medius and minimus (Agur and Lee, 1999).

The nerve supply is from the inferior gluteal nerve. The action is a powerful extensor 

of the thigh. The muscle relaxes when the individual is standing upright. The gluteus 

maximus acts when force is necessary and thus important in running, climbing and 

rising from a sitting position. It also regulates flexion of the hip in the process of 

sitting down and rotates the hip laterally opposing the gluteus medius (Gardener, Gray 

and O'Rahilly, 1975).

Gluteus medius is a broad, thick, radiating muscle, situated on the outside of the 

pelvis (figure 34). Its posterior third is covered by the gluteus maximus, its anterior 

two thirds by the gluteal aponeurosis. Its origin is the outer surface of the ilium 

between the iliac crest and the posterior gluteal line above and the anterior gluteal line 

below. The fibres converge to a strong flattened tendon, which inserts into the oblique 

ridge on the lateral surface of the greater trochanter (figure 32 and 33) (Gray, 2000a).
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Gluteus minimus smallest of the three glutei, is placed medially beneath the gluteus 

medius (figure 34). It is fan-shaped with its origin from the outer side of the ilium, 

between the anterior and inferior gluteal lines, and behind from the margin of the 

greater sciatic notch (figure 32). It ends in a tendon which inserts into an impression 

on the anterior border of the greater trochanter, and gives an expansion to the capsule 

of the hip joint (Gray, 2000a).

The nerve supply to both the gluteus medius and minimus is from the superior gluteal 

nerve. The action of the gluteus medius has the same action as gluteus minimus. The 

action is primarily abduction with internal rotation and flexion depending on the 

position of the femur (Beck, Sledge, Gautier, Dora and Ganz, 2000). Gluteus medius 

and minimus have a powerful action on the pelvis when the thigh is fixed and also 

very important in walking. When the limb is on the ground during the walking phase, 

these muscles abduct the pelvis or tilt or hold it, so that the pelvis on the side of the 

free or swinging limb is prevented form sagging. The foot of the free limb can clear 

the ground (Gardener, Gray and O'Rahilly, 1975). One other action of the gluteus 

minimus is to stabilize the femoral head of the femur in the acetabulum by tightening 

the capsule and applying pressure to the head (Beck, Stone, Oreskovic, Hochberg, 

Nevitt, Genant and Cummings, 2001).

Inaction of these two muscles leads to a waddle gait. The pelvis sags and the trunks 

lurches forward to compensate for the inability for the foot to clear the ground during 

walking. This is very common in degenerative hip joint disease Arthritis.

Tensor fasciae latae originates from the anterior part of the outer lip of the iliac crest, 

from the iliac spine and part of the outer border of the notch below (figure 35). It 

inserts between the two layers of the iliotibial band of the fascia latae in the middle 

and upper two thirds of the thigh. It is supplied by the superior gluteal nerve. The 

action of the tensor fasciae latae is to flex and rotate the thigh medially. As a medial 

rotator the tensor acts in conjunction with the gluteus medius and minimus. It contacts 

during abduction of the hip in which the movement is a synergist or fixator. This 

muscle has no direct movement on the leg (Gardener, Gray and O'Rahilly, 1975).
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The Piriformis is a flat muscle, pyramidal in shape, lying parallel with the posterior 

margin of the gluteus medius. Its origin is the sacrum and is inserted by a round 

tendon into the upper border of the greater trochanter. It is supplied by branches of the 

ventral rami of the first and second sacral nerves. The action of this muscle is to 

externally rotate the extended thigh and adduct the flexed thigh. This muscle also 

stabilises the femoral head in the acetabulum (figure 35) (Gardener, Gray and 

O'Rahilly, 1975).

Plantar*

Popiiteu'

Solcus

Figure 35: Piriformis, Obturator internus and Gemelli (Agur and Lee, 1999).

Obturator internus (figure 35), is situated in the lesser pelvis. Its origin is the inner 

surface of the antero-lateral wall of the pelvis and at the side to the inner surface of 

the hip bone below and behind the pelvic brim. The insertion is the medial surface of 

the greater trochanter above the trochanteric fossa, just in front the insertion of the 

piriformis. It is supplied by a nerve that arises from the sacral plexus. The main
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function is the same as the piriformis, externally rotate the extended thigh and adduct 

the flexed thigh, also stabilising the femoral head in the acetabulum (Gardener, Gray 

and O'Rahilly, 1975).

Superior gemellus and inferior gemellus are two small muscular fasciculi, accessories 

to the tendon of the obturator internus (figure 35). Orientating form the ischial spine 

and tuberosity and inserting into the upper and lower margins of the obturator internus 

tendon. The superior gemellus is supplied by sacral plexus and the inferior is supplied 

by the nerve to the quadratus femoris. The actions of these muscles are to assist the 

obturator internus in laterally rotating the extended thigh and to abduct the flexed 

thigh and also to stabilise the femoral head in the acetabulum (Gardener, Gray and 

O'Rahilly, 1975).

The quadratus femoris is a flat quadrilateral muscle, between the gemellus inferior 

and the upper margin of the adductor magnus (figure 35). Originating at the ischial 

tuberosity and inserting at the intertrochanteric crest. It is supplied by a nerve in the 

sacral plexus. The main action of this muscle is to laterally rotate and stabilise the 

femoral head in the acetabulum (Gardener, Gray and O'Rahilly, 1975).

Obturator externus is a flat triangular muscle which covers the outer surface of the 

anterior wall of the pelvis (figure 36). Originating from the medial side of the 

obturator foramen, inferior ramus of the ischium and from the medial two thirds of the 

outer surface of the obturator membrane and inserts as a tendon into the trochanteric 

fossa of the femur. It is supplied by the posterior division of the obturator nerve. The 

main action is to rotate the thigh externally and to maintain stability of the femoral 

head in the acetabulum (Gray, 2000a).
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Figure 36: Obturator externus (Gray, 2000a).

The muscles of the posterior thigh include biceps femoris, semitendinosus and 

semimembranosis which cover two joints and are known as the hamstrings. They are 

collectively supplied by the peroneal portion of the sciatic nerve (figure 37) 

(Gardener, Gray and O'Rahilly, 1975).

Semimembranosus

Semitendinosus

Biceps
femoris

Figure 37: Biceps femoris, Semitendinosus, Semimembranosus (Gray, 2000a).

Biceps femoris has a long and short head (figure 37). The long head originates from 

the medial facet on the tibial tuberosity and the short head originates from the lateral 

lip of the linea aspera. The combined tendon inserts and forms the lateral boundary of
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the popliteal fossa. It descends to the head of the fibula and the fascia of the leg 

(Gardner, Gray and O'Rahilly, 1975). The action of the hamstrings is to extend the 

thigh and flex the leg. Due to the oblique direction of this muscle it rotates the leg 

slightly outward. The combination of the hamstring muscles serves to support the 

pelvis upon the head of the femur and draw the trunk backwards, for example 

standing from a stooped position. These muscles cross two joints, the hip and knee. If 

the hip is fully flexed for example attempting a high kick the lengthened hamstring 

makes it very difficult for the knee to fully extend simultaneously (Gardener, Gray 

and O'Rahilly, 1975).

The semitendinosus (figure 37) originates from the lower and medial impression on 

the tuberosity of the ischium. It inserts into the upper part of the medial surface of the 

body of the tibia. The action of this muscle is the same as biceps femoris, but can also 

rotate the thigh inward, assisting the popliteus (Gardener, Gray and O'Rahilly, 1975).

The semimembranosis (figure 37) arises by a thick tendon from the upper and outer 

impression on the tuberosity of the ischium. The insertion tendon begins at the middle 

of the thigh. It consists of superficial and deep parts. The deep part of the tendon 

forms a thick cord that attaches to the groove on the medial condyle of the tibia. The 

superficial part attaches to the tubercle below the groove on the medial condyle 

(Gardner, Gray and O'Rahilly, 1975). The action of this muscle is the same as the 

semitendinosus.

The anterior femoral muscles include sartorius, rectus femoris, vastus lateralis, vastus 

medialis, vastus intermedius and articularis genu. All are supplied by the second, third 

and fourth lumbar nerves.
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Figure 38: Muscles of the anterior and medial thigh (Gray, 2000a).

The sartorius the longest muscle in the body is narrow and ribbon shaped (figure 38). 

It origin is from the anterior superior iliac spine and it passes obliquely across the 

anterior portion of the thigh. The insertion is the upper part of the medial surface of 

the tibia. The action of the sartorius is to flex the leg upon the thigh and then flexes 

the thigh upon the pelvis. When the knee is flexed it also aids in the abduction and 

rotation of the thigh externally (Gray, 2000a).
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The quadriceps femoris consists of rectus femoris, vastus lateralis, vastus medialis 

and vastus intermedius. These muscles work together to extend the leg (figure 38). 

The quadriceps femoris is very important in the movement of climbing stairs, running, 

jumping and rising from a sitting position.

Rectus femoris sits in the middle of the front of the thigh (figure 38). It originates 

from two tendons, the anterior inferior iliac spine and from the groove above the brim 

of the acetabulum. Insertion of this muscle is into the base of the patella by a thick flat 

tendon. The action of the rectus femoris is by assisting the psoas major and illiacus in 

supporting the trunk on the femur and if the thigh is fixed it will flex the pelvis (Gray, 

2000a).

Vastus lateralis is the largest part of the quadriceps femoris (figure 38). It originates 

from the upper part of the intertrochanteric line, anterior and inferior borders of the 

greater trochanter and the lateral lip of the gluteal tuberosity. The insertion is from a 

flat tendon that is attached to the lateral border of the patella (Gardener, Gray and 

O'Rahilly, 1975).

Vastus medialis is a thick powerful muscle (figure 38). It arises from the 

intertrochanteric line, spiral line and medial intermuscular septum and inserts on the 

medial border of the patella and the medial condyle of the tibia. The action of the 

vastus medialis is to assist the anterior thigh muscles as stated above. It also contracts 

strongly during the last phase of extension of the thigh (Gardener, Gray and 

O'Rahilly, 1975).

Vastus intermedius originates from the anterior and lateral surface of the upper femur 

and fused with vastus lateralis and inserts at the deep aspect of the quadriceps femoris 

tendon (figure 38).

The articularis genus is a small unimportant muscle originating from the front of the 

lower part of the femur and inserting on the upper part of the capsule of the knee joint 

(Gardener, Gray and O'Rahilly, 1975).
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The medial femoral muscles consist of gracilis, pectineus, adductor longus, adductor 

brevis and adductor magnus (figure 38). These muscles are supplied by the obturator 

nerve and on occasions by the accessory obturator nerve.

The gracilis is a thin flat broad at the top and narrow below muscle that originates 

from the lower margin of the inferior ramus of the pubis (figure 38). The insertion is 

the anterior surface of the medial tibia. The action of this muscle is flexing, adduction 

and medial rotation during the swing phase of walking (Gardener, Gray and 

O'Rahilly, 1975).

The pectineus is a flat, quadrangular muscle rising from the pectineal line of the pubis 

and inserts at the pectineal line of the femur (figure 38). The action aids the work of 

the adductors which are powerful muscles used in all movements when the thighs are 

being pressed together.
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Figure 39: Muscles of the medial thigh (Gray, 2000a).

Adductor longus forms the medial boundary of the femoral triangle (figure 39). It 

originates from the femoral surface of the pubis and inserts into the medial lip of the 

linea aspera. The action of the adductors are as powerful stabilises during flexion and 

extension.

Adductor brevis is triangular in shape (figure 39). It inserts at the superior and inferior 

rami of the pubis and inserts in the upper part of the linea aspera. The action is to aid 

adductor longus.
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Adductor magnus is also triangular in shape (figure 39). Its origin is the inferior 

ramus of the pubis and its insertion at the linea aspera. At the insertion of this muscle 

there is a series of openings. These openings give way to branches of the profunda 

femoris artery (Gray, 2000a). The action is to aid the other adductors mentioned 

above.

The muscles of the iliac region consist of iliopsoas, illiacus and psoas major (figure 

40).

Interactive Hip © 2000 Primal Pictures Ltd.

Figure 40: Muscles of the iliac region (Stoller, Galenta, Chao, Maheson, Haddad, 
Muirhead- Allwood and Chippindale, 2001).

Iliopsoas originates from the iliac fossa and the lumbar vertebrae (figure 40). It 

insertion is the long medial part of the psoas major. It is supplied by the lumbar 

plexus. The action is flexion of the thigh and trunk and is able to advance the limb 

when walking (Gardner, Gray and O'Rahilly, 1975).

The iliacus originates form the upper part of the iliac fossa and inserts on the lateral 

aspect of the tendon of psoas major (figure 40). It is innervated by the femoral nerve

57



Chapter 3 Hip Anatomy

by branches in the abdomen. The main action of this muscle is to work in conjunction 

with psoas major and flex the thigh and stabilise the hip joint.

Psoas major is a spindle shaped muscle tapering at both ends (figure 40). It originates 

from slips from the intervertebral discs above each lumbar vertebra. Insertion is on the 

lesser trochanter. Psoas major is innervated by the lumbar plexus along the lumbar 

vertebra. The main action of this muscle is controlling the trunk. It is a postural 

muscle which is active in standing subject and lateral flexion of the spine.

Psoas minor has been mentioned by Gardener (Gray’s, 1991) as a consistently 

missing but suggests it is a small and long muscle which can lie in front of the psoas 

major. Its innervations and action duplicates the psoas major.

3.6 Biomechanics

Classical or Newtonian, mechanics is the oldest branch of physics devoted to the 

study of motion, the forces that cause the motion, and the internal forces that act 

within the body. Biomechanics is the application of Newtonian mechanics to the 

study of the neuromuscular skeletal system (Soutas-Little, 1999).

3.7 Gait

Birds and man are the only animals in the animal kingdom that habitually use a 

bipedal gait. Even the larger primates use a quadripedal ambulation mode for most of 

their activity. When the weight of the body is being borne on both legs, the center of 

gravity is centered between the two hips and its force is exerted equally on both hips 

(figure 41). Under these loading conditions, the weight of the body minus the weight 

of both legs is supported equally on the femoral heads, and the resultant vectors are 

vertical (About Joints, 2005).
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Figure 41: Centre of gravity through both hips (About Joints, 2005).

When the hips are viewed in the sagittal plane and if the center of gravity is directly 

over the centers of the femoral heads, no muscular forces are required to maintain the 

equilibrium position, although minimal muscle forces will be necessary to maintain 

balance. If the upper body is leaned slightly posteriorly so that the center of gravity 

comes to lie posterior to the centers of the femoral heads, the anterior hip capsule will 

become tight. Therefore, in symmetrical standing on both lower extremities, the 

compressive forces acting on each femoral head represent approximately one-third of 

body weight (Pauwels, 1980).

The gait cycle of each leg is divided into the stance phase and the swing phase. The 

stance phase is the period of time during which the foot is in contact with the ground. 

A net extensor moment generated by the hip, knee and ankle joints is required to 

prevent the collapse of the stance limb (Winter, 1983). The swing phase is the period 

of time in which the foot is off the ground and swinging forward. It is the progression 

of the foot of the swing limb from the previous to the next support position, providing 

the basis for the forward progression of the body (Winter, 1991). In walking, the 

stance phase comprises approximately 60% of the gait cycle and the swing phase 

about 40%, (figure 42). The proportion of swing to stance phase changes as the speed 

of walking or running increases (Pribut, 2004).
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Gait Cycle:Stance Phase 
(SuphMtMt) Pr°Pul

20% 40%

Midstance

Figure 42: Gait cycle, Stance phase (Pribut, 2004).

The stance phase can be subdivided into three component phases. The first portion of 

the stance phase is contact. This phase begins with the contact of the heel to the 

ground. This phase is completed when the remainder of the foot touches the ground. 

During this portion of the stance phase the foot is pronating at the subtalar joint. The 

leg is internally rotating and the foot is absorbing shock and functioning as a mobile 

adaptor to the ground surface. The next portion of the stance phase is called midstance 

(Pribut, 2004).

Midstance phase begins when the entire foot has contacted the ground. The body 

weight is passing over the foot as the tibia and the rest of the body are moving 

forward. The opposite leg is off the ground and the foot, in this phase, is bearing body 

weight alone. During this portion of the stance phase the leg is externally rotating and 

the foot is supinating at the subtalar joint. It is undergoing a change from being a 

mobile adaptor to becoming a rigid lever in order to propel the body forward during 

the final portion of the stance phase - Propulsion (Pribut, 2004).

Propulsion begins after heel off and ends with toe off. This phase constitutes the final 

35% of stance phase. The body is propelled forward during this phase as weight is 

shifted to the opposite foot as it makes ground contact. The subtalar joint must be in a 

supinated position in order for this phase to be normal and efficient. An ankle 

dorisflexion moment caused by the concentric contraction of pre-tibial muscles occurs 

following toe-off (Winter, 1991). If abnormal pronation is occurring, the midstance
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phase and this phase will probably be prolonged and weight transfer through the 

forefoot will not be normal. The swing phase begins immediately after toe off, (figure 

43). The terminal double support phase has implications for the final portion of stance 

phase - the propulsion phase. The propulsive phase may be divided in to an active and 

passive phase. The active portion occurs after heel off and before the opposite foot 

touches down and terminal double support begins. The passive portion of terminal 

double support begins with the touchdown of the opposite foot. During this passive 

portion, the foot rapidly unloads (Pribut, 2004).
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Figure 43: Stance and swing phase of gait (Pribut, 2004).

The first portion of the swing phase is the forward swing which occurs as the foot is 

being carried forward. During late swing activation of the hamstrings group causes a 

flexion moment at the knee, extension moment at the hip and the foot is dorsiflexed 

(Winter, 1991). The next segment of the swing phase is foot descent as the foot is 

being positioned in preparation for weight bearing and the muscles are stabilizing the 

body to absorb the shock of heel contact. The combination of all these interaction 

reduces the velocity of the foot before heel contact. At heel contact the swing phase 

ends and a new gait cycle begins (Pribut, 2004); (Cavanagh and Gregor, 1975).

In normal walking, the foot initially contacts at the heel. Usually, the initial contact is 

postereo-lateral which results in postereo-lateral heel wear. The major determinant of 

where maximum heel wear occurs is the initial point of contact as determined by the 

transverse plane position of the foot at the time of contact. Medial heel wear is usually

61



Chapter 3 Hip Anatomy

an indication of intoeing gait, and usually points to rotational abnormality in the limb 

above (Pribut, 2004).

An understanding of the effect of ageing and disease processes on the swing phase 

mechanics is important; because of two critical points in the gait cycle from the falls 

perspective are minimum toe clearance and heel contact, which occur during swing 

phase and the swing to stance transition. Falls during walking are the primary cause of 

accidental injury in the elderly and pathological gait (Soutas-Little, 1999).

3.8: Kinematics of the hip.

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

normally located at the midpoint of the joint. The midpoint of the hip joint is where 

the various axes of rotation intersect at a point, the centre of the femoral head. This 

axis system makes it possible to show the hip joint functions with three degrees of 

freedom.

The relative position of one body segment to another is easier to obtain but more 

difficult to interpret clinically. The relative orientation of one body segment to 

another defines the joint angles. For example, the orientation of the tibia to the femur 

defines the three clinical angles of flexion/extension, abduction/adduction, and 

internal/external rotation of the tibia relative to the femur (figure 44) (Soutas-Little,

1999).
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Figure 44: Flexion/extension, abduction/adduction and rotation of the hip 

(http://www.brianmac.demon.co.uk/musrom.htm, 2005).

The loads which occur at the hip joint can be expressed in terms of forces acting in 

the three coordinate directions (x, y and z) and moments (Mx, My and Mz) acting 

about these axes (Skinner, Kilgus, Keyak, Shimaoka, Kim and Tipton, 1994).

It has been recognized for over 200 years that 3-D rotations are sequence dependant. 

This is illustrated in (figure 45); rotate a book 90° first about the x-axis (a)->(b) and 

then 90° about the y-axis (b)—»(c). The order of rotations is then reversed: first rotate 

90° about the y-axis (d)—»(e) followed by a 90° rotation about the x-axis (e)—>(f). This 

problem was first addressed by the Swiss mathematician Euler in 1776. He 

recommended that rotations be defined by a sequence of three rotations (Soutas-Little, 

1999).
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Figure 45: Sequence dependant rotations showing that 3-D rotation are sequence 

dependant (Soutas-Little, 1999).

To apply this concept to the moments or torques acting on a joint, a joint centre must 

be established. The hip joint is modeled as a ball and socket joint or, more precisely, a 

ball and half-socket joint. Therefore, the joint center is taken as the center of the 

spherical femoral head. The femur rotates about this point in movements of the femur 

relative to the pelvis and this point is stationary on both the pelvis and the femur 

(Soutas-Little, 1999). The degree of freedom of the hip joint from these movements is 

three. Since flexion and extension gives one degree, adduction and abduction gives 

the second degree and rotation is the third degree of freedom. These are rotations 

about each axis of the coordinate system located at the centre of the femoral head.

3.8: Forces

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

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

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

calculations. When the hip is in equilibrium, it would have resisted the loads applied 

by the foot striking the ground and the inertial forces of the lower limb during the 

swing phase of gait. Figure 46 illustrates a model of 4 rigid links used to describe the 

dynamics of the lower limb using the Newton-Euler formulation (Luh, 1980).
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Figure 46: Model of four rigid links (Luh, 1980).

Each link represents a segment of the lower limb. The forces which are acting at the 

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

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

the muscular forces equilibrating the external forces (Soutas-Little, 1999).

3.9 External forces.

To calculate the internal forces acting across the hip joint, the external forces must be 

known. The external forces acting on the hip joint are a function of body weight, 

activity level, the distance from the body’s centre of gravity (C of G), the distance 

from the body’s partial centre of gravity (partial C of G) and the body’s inertia due to 

the activity level, (figure 47) (Skinner, Kilgus, Keyak, Shimaoka, Kim and Tipton, 

1994).
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Ground reaction 
force

Figure 47: Illustrates external forces applied to normal ambulation (Skinner, 
Kilgus, Keyak, Shimaoka, Kim and Tipton, 1994).

Generating large hip forces is not only due to normal ambulation, but also to the 

flexion of the hip from the supine position (Skinner, Kilgus, Keyak, Shimaoka, Kim 

and Tipton, 1994).

When the foot is in contact with the ground it applies a force to the ground and 

ground reaction force is developed that is equal and opposite to the force the foot 

applies on the ground. Ground reaction forces vary substantially during normal 

activity. These may increase from 2.5 times body weight (Skinner, Kilgus, Keyak, 

Shimaoka, Kim and Tipton, 1994). In activities which include stair climbing and brisk 

walking these forces were observed to be as high as seven times body weight while 

stooping caused a load of 2.5 times body weight (Seireg and Arvikar, 1975). Figure 

48 illustrates two peaks due to the inertial effects of the body as it accelerates and 

decelerates. The static weight of the subject lies between the upper levels of the 2 

peaks, and the lowest level of the valley ( Stillwell and Chandler, 1987).
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body weight

Figure 48: Illustrates body mass caused by acceleration and deceleration 

(Stillwell and Chandler, 1987).

3.10 Internal Forces:

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

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

muscles and ligaments which cross the hip joint, mentioned earlier in this chapter.

The ligaments, which are a passive tissue, contribute less than 10% to the moment at 

the hip joint during gait and other respective activities (Vrahas, Brand, Brown and 

Andrews, 1990). While the muscles of the lower extremities are designed to keep the 

lower extremities in equilibrium at all times.

Since each segment of the lower extremity is considered a rigid body in space (Luh, 

1980), its equilibrium condition is described by six equations of equilibrium; three 

force equilibrium equations (along the three coordinate directions) and three moment 

equilibrium equations about the three coordinate directions. The force equations 

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

reactions. The moment equations include the moments induced by all the forces about 

their respective axes. The inertia forces are normally considered negligible (Seireg 

and Arvikar, 1975). Pauwels (1976) described the static equilibrium of the hip joint in 

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

muscles. Pauwels took the lever arm distance from X-rays and calculated that the 

internal force to balance the moment would be a force of about three times body
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weight at 28° to the femoral axis and the hip joint force was a little less than four 

times body weight at 16° to the vertical (Pauwels, 1976). Much earlier Inman (1947) 

used a similar technique, and found a hip joint force of 2.4 - 2.6 times body weight at 

an angle of 19 - 30° to the femoral axis and a 1.4 - 1.9 times body weight force can 

be calculated (Inman, 1947).

3.11: Stress.

The treatment of diseases and deformity of the upper end of the femur (which are 

conditioned by mechanics) requires the physiological stress on loading to be 

understood. Stress is the effect of the external forces on a material (bone), that is the 

stresses and strains set up in the material by external and internal loading (Pauwels, 

1976).

The load on the upper end of the femur is determined by the resultant (R) of the forces 

which act on the head of the femur of the supporting leg during walking. The head of 

the femur and the hip joint are physiological stressed in pure compression because the 

resultant compressive forces act perpendicular to their surfaces. The resultant 

compressive stress (D) tends to bend the femoral neck because its direction does not 

correspond with that of the neck but forms an angle with it open medially. The 

resultant compressive force (/?) acts on the femoral neck at the end of the lever arm. 

It’s bending effect increasing distally toward the greater trochanter because its lever 

arm (H) increases in length. The resultant compressive force R also acts on the neck 

of the femur as a shearing force. This force has the same magnitude at every level 

because the magnitude of the shearing component is determined by the inclination of 

the resultant compressive force to the axis of the femoral neck (Pauwels, 1976).
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Figure 49: Stress on hip joint (Pauwels, 1976).

There are three different types of stress that can be found in the hip joint 

Compression, bending and shearing.

Axial compression can be found when the compressive force corresponds with the 

axis of the column. Bending is caused by an eccentric load or more commonly known 

as tensile stress. Shearing depends on the inclination of the compressive force to the 

axis of the column. Therefore shearing is present in cross section and increases with 

progression of inclination away form the vertical (Pauwels, 1976).

The upper end of the femur is perfectly adapted to the type and magnitude of the 

physiological stress to which it is subjected. It is constructed with the greatest 

economy of material relative to both distribution of the material in cross section and 

the architecture of the cancellous bone. The greatest amount of bony tissue can be 

found in those parts where the greatest compressive and tensile stresses arise, in the 

medial and lateral cortices (Pauwels, 1976).

When normal equilibrium is disturbed the limit to the tolerances to mechanical 

stresses are reduced. When each of the three components, compression, bending and 

shearing is unleashed they develop characteristic entities.
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In congenital insufficient femoral necks bending stress leads to congenital Coxa Vara. 

The first passive bending of the neck starts a cascade of events which progresses and 

increases the bending and shearing stresses and leads to inexorable progress to 

deformity (figure 50) (Pauwels, 1976).

Articular compression of normal magnitude causes idiopathic osteoarthritis. In later 

stages this can induce severe pathological alterations of the joint (figure 51) (Pauwels, 

1976).

Figure 51: Osteoarthritis of the hip (www.emedx.com, 2005).

In fracture of the femoral neck, the shear stress is greatly increased by a considerable 

inclination of the fractured sufaces and this prevents the bone to heal (figure 52) 

(Pauwels, 1976).
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Figure 52: Femoral neck fracture (www.AONA.com, 2005).

Anatomy and biomechanics play an important role in the day to day activities in 

human beings. When the anatomy is not normal or suffers from a disease it sets off a 

chain reaction which affects the biomechanics and ultimately the health of the hip.
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Chapter 4 Osteoarthritis

The conceptualization of osteoarthritis (OA) is sometimes oversimplified to an old- 

fashioned idea of “wear and tear” in a weight bearing joint. It really is a complex process 

which involves multiple changes in joint structure and turn over.

Arthritis is the most common musculoskeletal disorder affecting the world. Around 3 

million people are affected with this disorder in Australia, representing about 15% of the 

population (Access Economics Report, 2001).

This chapter is an introduction to the concept of OA and how the disease process evolves. 

OA is the primary cause for patients to undergo hip resurfacing in this study group. 

Osteoarthritis was the major underlying disease process for this cohort.

4.1 Definition / Pathophysiology

Bone and cartilage are very sensitive structures. Their survival depends on a fine balance 

of cellular biology. Hormones, enzymes, vitamins, minerals, proteins and stress or load 

ensures the equilibrium (Bombelli, 1983).

Normal load produces an elastic deformation of bone and this produces the dynamic 

equilibrium between activity of the osteoblasts (bone deposition) and osteoclasts (bone 

reabsorption) (Bombelli, 1983). When this equilibrium shifts, the result is degradation of 

the cartilage and bone and change in the joints biomechanical behavior.

When the load and stress increases, osteoblasts activity increases, resulting in 

osteosclerosis. It is this activity which initiates an arthritic process (Bombelli, 1983).

Osteoarthritis (OA) also known as degenerative joint disease is a condition with a long 

history. It has been identified in both ancient and modem animals and also in humans 

(Bland, 1983).
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It is primarily a noninflammatory disorder of the whole joint organ, involving the 

synovium, capsule, subchondral bone and cartilage. It is characterized by an imbalance 

between aberrant repair, fibrillation (fine, rapid contractions or twisting of fibers or small 

groups of fibers) as well as tissue destruction. It is primarily in weight bearing joints, 

with evidence of physical, chemical, synthetic, and degradative change. This leads to the 

destruction of the normal joint environment, (figure 54) (Bland and Cooper, 1984). The 

changes that lead to the development of OA are insidious. Clinical presentation may not 

appear for 15-20 years from its conception (Poole, 1999).

The initial trigger for Osteoarthritis is still being researched, but this trigger causes a 

cascade of events that changes the joint for ever. Currently, it is thought that activation 

may be related to excessive force being applied to the joint (repetitive impact loading) or 

a fundamental defect in the articulating cartilage or subchondral bone (Dequeker and 

Dieppe, 1998).

Articular cartilage changes are associated with early damage to the surface. The 

activation of chondrocyte (cells of articulating cartilage) production is increased after 

damage to the surface. This is the attempt by the chondrocytes to compensate. The 

imbalance of chondrocyte production causes an increase in quantities of proteoglycans 

and collagen production. The articulating cartilage thickens and the joint may function, 

pain free for years. Eventually, the overproduction causes a reduced quality of the 

chondrocytes formation. Reduced quality in chondrocytes reduces the collagen structures 

(Dequeker and Dieppe, 1998). This process is the denaturating and loss of type 2 

collagen and this leads to a loss of tensile properties (Poole, 1999). Classic loss of 

articulating cartilage may be initiated as a focal process. These focal lesions 

progressively enlarge until alterations in the articulating sufaces produce change in the 

load distribution (Lohmander, Lark, Dahlberg, Walakovitz and Roos, 1992). This process 

can be seen clearly at a microscopic level (figure 53).
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Figure 53: A: Normal articulating cartilage
(www.med.mum.ca/anatomyts/msk/cart.htm, 2005). B: fibrillation and destruction
of articulating cartilage due to arthritis (www.ed.center.med.cornelI.edu, 2005).

On a macroscopic level the loss of articulating cartilage is seen in radiographs as a loss of 

joint space (figure 54) and clinically in (figure 55).
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Figure 54: A: Radiographic evidence of Osteoarthritis of the hip joint and loss of
articulating cartilage (Stoller, Galenta, Chao, Maheson, Haddad, Muirhead- 
Allwood and Chippindale, 2001). B: Normal hip joint (Stoller, Galenta, Chao, 
Maheson, Haddad, Muirhead- Allwood and Chippindale, 2001).

Figure 55: Articulating cartilage damage in Osteoarthritis in the hip (Stoller, 
Galenta, Chao, Maheson, Haddad, Muirhead- Allwood and Chippindale, 2001).
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Bone changes are related to the change in the bone metabolism. Evidence suggests 

deoxypyridinoline cross-links in urine and osteocalcin in serum, resulting from bone 

reabsorption are elevated in patients with OA (Seibel, Duncan and Robins, 1989) and 

(Campion, Delmas and Dieppe, 1994). The overworked and stressed joint deforms and 

forms subchondral bone damage and osteophytes.

Extensive remodeling can be found of subchondral bone. This results in sclerosis of the 

tissue, which can be observed radiographically or in a MRI (figure 56). This boney 

change can be accompanied by the formation of subchondral cysts. This is caused by 

focal reabsorption (Poole, 1999).

Figure 56: A: MRI of subchondral bone damage in Osteoarthritis. (Stoller, Galenta, 

Chao, Maheson, Haddad, Muirhead- Allwood and Chippindale, 2001).
B: Histological slide showing the formation of subchondral damage and cyst 

formation (www.ed.center.med.cornell.edu, 2005).

A principle anatomical feature of OA is the development of osteophytes. They are formed 

by metaplastic cartilaginous and subchondral bone damage. This creates the formation of 

new endochondral and intramembranous bone on the edges of the joint. The osteophytes
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have a cap of articular cartilage, and an active remodeling bone base. They form in non 

weight bearing areas as shown in (figure 57) (Poole, 1999).

Figure 57: A: An x-ray displaying Osteophyte formation. B: Histology of an 

Osteophyte (www.ed.center.med.cornell.edu, 2005).

4.2 Diagnosis and Classification.

The natural history of hip osteoarthritis is variable, also known as coxarthrosis, is marked 

by pain and loss of locomotion. It affects slightly more men than women; this is due to 

hip loading (Altman, Alarcon and Appelroth, 1991).

Most patients experience mild symptoms over long periods of time, while others have a 

rapid progression of the disease that often leads to surgery (Altman, Alarcon and 

Appelroth, 1991).
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The predominant symptom is pain with walking. Patients complain of difficulty when 

bending to put on shoes or socks, standing from a seated position and sexual difficulties 

from painful hip motion.

From a clinical perspective, the definition of hip OA is one that combines the pathology 

of OA (confirming radiographs) with the pain that occurs with joint use (patient-reported 

symptoms) (www.aaos.org, October 2003). When evaluating OA Hip, a complete history 

and physical examination encompassing the involved extremity, the neurovascular 

system, and contiguous joints, including the knee and spine, both documented sources of 

hip pain, should be conducted (Emms, O'Connor and Montgomery, 2002) and (Swezey, 

2003).

The classic symptoms of hip arthritis from (www.aaos.org, October 2003):

1. Pain: Patients describe pain as aching in nature that typically is felt in the joint. 

Worse when the joint is being used relieved by resting. Onset is usually gradual, 

variable, or intermittent over time, with good days and bad days. Hip pain is 

usually diffuse, and may be experienced in the groin, buttock, thigh, knee, or shin 

depending on the nerve involved.

2. Stiffness: After inactivity and improves with activity.

3. Depression: anxiety related to the reduced amount of activity and the increased 

pain experienced on a daily occurrence.

4. Loss of mobility: difficulty with daily living activities, social isolation, and 

decreased ability to work.

5. Crepitus: Cracking or locking on the joint on movement.
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6. Reduced range of movement: Restriction in rotating the hip internally or 

externally.

7. Instability/ muscle weakness: caused by the change in the normal joint load 

distribution, reduction of activity and increased pain.

8. Gait Abnormality: Trendelenberg gait (waddling), Abductor lurch gait (short 

step) and Lumbar lordotic (swayback) due to hip flexion contractor and a reduced 

range of motion and pain.

Classification of OA is a result of the major predisposing factors for its onset. There are 

two groups primary and secondary.

Primary osteoarthritis is a process in which articular cartilage degeneration occurs in the 

absence of any obvious underlying abnormality. The symptoms of OA result from 

abnormal stresses on the weight bearing joints or normal stresses on weakened joints, and 

become worse in frequency and severity with aging (Moskowitz, Howell, Alterman, 

Buckwalter and Goldberg, 2001).

Secondary osteoarthritis results from either an abnormal concentration of force across the 

joint with normal articular cartilage or a normal concentration of force across an 

abnormal joint. As a result, secondary OA is often the result of injury or repetitive motion 

such as that found in certain occupations, but it can also result from congenital conditions 

and systemic disease. Secondary OA is more likely to show at an earlier age than primary 

OA (Moskowitz, Howell, Alterman, Buckwalter and Goldberg, 2001).

Tables 2-6 shown in Appendices A-E give a detailed description of the types of disorders 

that are labeled secondary OA. The classification of osteoarthritis is important for a 

surgeon when he/she is deciding what type of treatment will best suit the patient.
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4.3 Epidemiology.

The Australian Institute of Health and Welfare (AIHW) estimates that there are some 

27,000 new cases of radiological OA among women each year with a peak rate onset of

13.5 per 1000 population in the 65-74 years age group. There are about 15,000 new cases 

in men with a peak rate of 9.0 per 1000 in those aged 75 years and over (March and 

Bagga, March 2004). Systomatic OA is approximately 10% of men and 20% of females 

aged 45-65 years and a further 50% of women aged over 85 years, (figure 58) (March, 

Schwarz, Carfrae and Bagge, 1998).
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Figure 58: Incidence of osteoarthritis in Australia (March and Bagga, March 2004).

Within the United States OA can be estimated to be affecting nearly 25 million adults. 

The prevalence estimates arthritis range from as low as 6% of the adult population (age 

20 or older) and as high as 90% of the population over age 40 (Jordan, Kington and Lane, 

2000).

In recent studies in several countries show a consistent incidence of hip OA as slightly 

lower than the overall incidence of OA in any other joint. In Denmark a study carried out
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in 1980 showed the incidence of hip OA in people older than age 60 years resulted in 

3.7% of males and 5.6% of females (Petersson, 2002). A study conducted in Finland in 

1993 showed people older than age 30 years had an incidence of hip OA in 4.0% of 

males and 6.0% in females (Heliovaara, Makela, Impivaara, Knekt, Aromaa and Sievers, 

1993). France in 2000 showed people older than 20 years had an incidence of hip OA in 

5.7% of males and 2.5% of females. In Japan people older than 20 years showed 1.4% of 

males and 3.5% of females with OA in the hip (Inoue, Wicart and Kawasaki, 2000).

The impact on an individual’s life in Australia is huge. OA is the third-largest contributor 

to life-years lost, equal to asthma (4.8% of total life-years lost due to disability ), and only 

exceeded by depression (8.0%) and dementia (5.6%) (March and Bachmeier, 1997).

Australians with OA take longer to perform activities of daily living, have less time 

available for leisure activities, depend significantly more on family and friends for 

assistance and spend more money on healthcare than age-matched and sex-matched peers 

in the general population (Gabriel, Crowson, Campion and O'Fallon, 1997). This is 

illustrated by a 1995 National Health Survey SF-36 report, looking at people with OA 

when compared with the general population. Apart from the general health and mental 

health scores (which are similar), people with arthritis have poorer scores on six of the 

eight domains of the SF-36 measure of health-related quality of life, (figure 59) (1995 

National Health Survey SF-36 report). The SF-36 was designed to use as an instrument 

for measuring health perception in the general population. It is easy to use, acceptable for 

the patients, and fulfills stringent criteria of reliability and validity (Brazier, Harper, 

Jones, O'Cathain, Thomas, Usherwood and Weatlake, 1992).
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No arthritis

Arthritis

Eight domains of health-related quality of life

Figure 59: National Health Survey SF-36 scores (1995 National Health Survey SF-36 

report).

The statistics in the United States of America are alarming. With 30%-50% of adults with 

hip OA unable or had much difficulty performing the functional activities of walking, 

carrying items or stooping. By contrast, less than 2% of adults without hip OA report 

having difficulty in these areas (figure 60) (Healthy People 2010, 2000).

Limitations on Activities as Self-Repotted by Adults with OAHip
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Figure 60: Limitations on activity by adults with hip OA (www.aaos.org).
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The emotional impact on adults with hip OA is substantial (figure 61). Adults with hip 

OA report a much higher degree of emotional distress at 19% than adults without hip OA 

at 6%. Over 41% of adults with hip OA rate their health as poor or fair, while only 9% of 

adults without hip OA rate their health the same.

Emotional Status as Self-Reported by Adults with OA Hip

□ AdiJts w ih OA Hp ([HIS 1999) □ Adults w to Arthritis or Hp (MHIS1999)

Key: 1. Everything is an effort. 2, Restless 3, Nervous 4, Sedentary 5, Worthless 6, Hopeless

Figure 61: Emotional status for adults with hip OA (www.aaos.org).

The cost to the Australian economy is substantial. The direct medical cost to Australian 

healthcare in 1993-94 was $624 million. 43% of this accounts for joint replacement 

surgery (Mathers and Penn, 1999).

The total number of knee and hip replacements in Australian hospitals rose from 34, 700 

in 1996-97, to 44, 552 in 2000-01; this is an increase of almost 30% in just 4 years. 

Figures for July 2001 to June 2002 report 52, 788 hip and knee replacement procedures, 

having increased from 46, 537 in the previous 12 months, and representing a further 

increase of peers in the general population figure (62) (Gabriel, Crowson, Campion and 

O'Fallon, 1997) and (Yelin and Callahan, 1995).
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Figure 62: Number of hip and knee replacements performed in Australia from 1996 

to 2001 (March and Bagga, March 2004).

4.4 Risk factors.

The onset of Osteoarthritis is multifactorial. Risk factors can be classified into two 

groups, modifiable risks and nonmodifiable risks.

Modifiable risks are associated with injury, obesity and occupational overuse (Sharma,

2001).

There is evidence to show the associations between hip trauma and the development of 

osteoarthritis (Felson and Zhang, 1998). March and Bagga (2004) suggest that the levels 

of proteases released at the time of injury stay elevated and tip the balance of the 

chondrocyte and articular cartilage towards degeneration rather than repair (March and 

Bagga, March 2004).

The prevalence of obesity in Australia is increasing (March and Bagga, March 2004). 

Obesity is a two fold risk of acquiring hip Osteoarthritis. It is associated with the 

development of disability and radiological progression of OA once established (March 

and Bagga, March 2004).
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Occupational activity through overuse and frequent minor injury is a risk of developing 

hip OA. March and Bagga 2004 state that, there is consistent association between hip 

osteoarthritis and farming men. People that have been working in the agricultural 

industry for more than 10 years have a double the risk of those that have worked in the 

industry for 1 year (March and Bagga, March 2004).

Age and gender can affect the prevalence of hip OA. Women over 65 years are more 

likely than males to have hip OA, while individuals aged between 55-64 years OA is 

more common in men (March and Bagga, March 2004). This can be seen in the patient 

group enrolled for this project chapter 8.

There is a strong association but no one gene that has been identified as the cause and 

onset of OA (March and Bagga, March 2004). Twin studies have identified the 

heritability of OA may be as high as 60%-65% for hip and hand OA (March and Bagga, 

March 2004).

All races can be affected by OA. A study of prevalence was conducted in 6585 Dutch 

inhabitants in one village that compared the results with ten similar cross-sectional 

population studies which totaled of 22,629 participants. The researchers concluded that 

OA is a worldwide disease and that, most likely, the etiology is the same in all 

populations (Van Saase, Van Romunde, Cats, Vandenbroucke and Valkenburg, 1989). 

Contrary Van Saase a study conducted by the Chinese, found Asians have a much lower 

incidence to hip OA and a higher incidence of knee OA (Nevitt, Xu and Zhang, 2002).

The conflict in information may suggest that, OA is multifactorial and no one factor may 

cause the disease. With an ageing population an increase in obesity and improvements 

found in general health care more people will live longer and eventually be exposed to 

OA.
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4.5 Treatment.

Treatment of OA converges on two lines of management, conservative management and 

surgery. The focus for management is to control pain, improve function and quality of 

life and to avoid potential complications from the management of choice.

The management plan involves multiple kinds of treatment. Management is a tool to help 

the patient maintain their own quality of life. Treatment includes education, exercise 

programmes, weight loss, physiotherapy, hydrotherapy, medications and surgery 

(Grainger and Cicuttini, 2004). Table 7 is an algorithm for the medical management for 

OA in the hip.
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Table 7: Management algorithm for OA in the hip (Grainger and Cicuttini, 2004).

Still symptomatic

Still symptomatic
Unable to 

take 
NSAIDS

Severe symptoms

Consider at any time

Tramadol or Opioids

Symptomatic Osteoarthritis of the hip

Regular Paracetamol 
Glucosamine 

Topical NSAID

NSAIDS
COX-2

(Consider comorbid 
conditions)

Education 
Exercise Program 
Weight loss advice

Physiotherapy

Hydrotherapy

Cane

Severe symptoms

Consider Arthroplasty

NSAIDS = non-steroidal anti-inflammatory 

COX-2-= cyclo-oxgenase
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Education of patients with osteoarthritis can increase the understanding of the disease 

process, prognosis, rationale and implications of managing of their condition (Grainger 

and Cicuttini, 2004). Studies have shown , by educating the patient with arthritis, there is 

a small reduction of pain, disability, a reduction of visits to the doctor, increased physical 

activity and improved quality of life (Lorig, Manzonson and Holman, 1993; Superio- 

Cabuslay, Ward and Lorig, 1996).

Education is a process which commences in consultation with the doctor. Written 

material consumer groups or the internet are other sources for the patient to find 

information about the disease. Table 8 given in Appendix F is an example of the 

information available for patient with OA.

Weight reduction is the key goal in managing OA. As stated earlier walking creates three 

to six times a persons body weight to travel across the hip joint. Extra weight has been 

associated with the progression of OA and disability (Felson and Zhang, 1998).

Exercise plays a huge role in the reduction of weight. It is difficult for many who suffer 

form OA to engage in physical activity due to the pain and immobility of the joint. The 

recruitment of a dietitian, physiotherapy, hydrotherapy and cognitive-behavioral 

modifications may lead to the reduction of weight for the patient (Grainger and Cicuttini, 

2004).

Inactivity due to joint pain can reduce the muscle mass around an arthritic joint. A 

reduction in muscle mass can produce joint instability. The aim with exercise is to reduce 

joint stiffness and disability by increasing muscle strength and joint stability.

Systematic reviews of short term exercise programs show a small to moderate reduction 

in pain and disability and an improvement in aerobic fitness (Grainger and Cicuttini, 

2004).
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Pharmacological management can be used in conjunction with other treatment 

modalities. Extra care must be taken when introducing drug therapy. Careful scrutiny of 

co morbidities, concomitant drug therapy, side effects and costs are important factors to 

consider for the doctor prior to prescribing medications.

Paracetamol is widely accepted as the first line drug treatment for OA. This is designed to 

help reduce pain. If well tolerated by the patient, paracetamol can be used in conjunction 

with other medications long term (Altman, Hochberg, Moskowitz and Schnitzer, 2000).

Non steroidal anti inflammatory (NSAID) and cyclo-oxgenase-2-specific inhibitors 

(COX 2) are designed to reduce inflammation in the joint. These drugs are used in 

conjunction with paracetamol when paracetamol is not adequate for pain relief.

NSAIDs work well but have problems with side effects. The toxicities, in particular the 

gastrointestinal (GI) and renal have been the largest problem. In 1988 a study conducted 

by Griffin et al (1988) found, people 65 years and older that were hospitalized or died 

with peptic ulcers, 30% of these was due to NSAID intake (Griffin, Schaffner and Ray, 

1988). There is a large range of NSAIDs and all have similar efficacy. Patients with low 

risk factors are commenced on low doses and titrated against side effects (Grainger and 

Cicuttini, 2004).

COX-2 inhibitors are the new generation of NSAIDs. These drugs have specific 

inhibitors of cyclo-oxgenase-2 which decrease the risk of upper gastrointestinal 

complications. Endoscopic studies have shown a decrease incidence of gastro duodenal 

ulcers compared to NSAID use (Hawkey, 1999). Another important improvement in this 

group of drugs the decrease in platelet aggregation or bleeding time (Barnes and 

Edwards, 2005). NSAIDs have the problem of increasing clotting times for patient that 

bleed. This is a problem for patients that are undergoing surgery. NSAIDs must be ceased 

at least two weeks before surgery so the patient’s blood may return to normal.
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Although the side effects for GI problems are lower for COX-2 medication. Some 

published work suggests that there is an increased risk of cardiovascular events (Barnes 

and Edwards, 2005).

Long term opioid use has its benefits in the management of chronic joint pain. These 

groups of drugs have a strong analgesic effect. The side effects associated with opioids 

include constipation, urinary retention, mental confusion and drowsiness (Barnes and 

Edwards, 2005). Tramadol (Hydrochloride) is a centrally acting analgesic with relieving 

effects comparable to codeine. The efficacy of Tramadol can be comparable to that of 

NSAIDs in patient with knee and hip OA (Barnes and Edwards, 2005).

Glucosamine and Chondroitin Sulfate is a non traditional supplement for the use in 

patients with OA. They are derivatives of glycosaminoglycans found in articular 

cartilage. This drug can be bought over the counter at pharmacies and super markets. 

The effects of Glucosamine have been documented to be similar as low dose NSAIDs 

without the same side effects (McAlindon, LaValley, Gulin and Felson, 2000). There is 

also suggestion that Glucosamine many have an effect on slowing tissue damage 

associated with OA (McAlindon, LaValley, Gulin and Felson, 2000). There are no 

studies published that have compared the effects of the combination of both agents and 

placebo (Barnes and Edwards, 2005).

After the conservative management tolls have been exhausted surgery is an option for 

patients with hip OA. Total hip replacement or hip resurfacing are both viable options for 

patients with continuing pain and immobility. This option can reduce to need for 

medications reduce the pain in the joint and increase mobility. The option for surgery 

does not come without risks or complications. The complications associated with joint 

surgery consists of infection, deep vein thrombosis (DVT), pulmonary embolus, fracture, 

dislocation, nerve and artery damage and anaesthetic complications.

All options related to OA management represent some risk. At this stage there is no cure 

for OA. It remains to be an increasing problem associated with today’s world population
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and ageing. The main aim for medical professionals is to help the patients to maintain 

their normal activities with the least amount of pain and immobility.

Within this cohort, all patients were managed conservatively until this option was 

exhausted. Total hip replacement and recently hip resurfacing became the next line of 

management for hip OA.
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Chapter 5 Osteoporosis

Fractures can be associated with the reduction of bone mass. The reduction in mass can 

be attributed to the disease process of Osteoporosis. This concept can also be related to 

the disadvantage of femoral neck fracture after hip resurfacing, where there is a reduction 

of bone mass at the femoral neck resulting in fracture.

This chapter is the introduction to an important subject, namely osteoporosis as a disease 

process which affects the outcome of hip resurfacing.

5.1 Definition

The purpose of bone is to ensure survival of the individual. It can be a lever for 

movement and speed. Nature has selected the materials of bone with properties that meet 

the contradictory needs of strength and lightness, stiffness and flexibility (Seeman, 

2002b). The homeostasis of bone is maintained by the osteoclast, which are responsible 

for bone resorption and the osteoblast which is responsible for bone formation. As 

humans age there are adverse effects of bone quality, including accelerated osteocyte 

death, increased bone turn over, thinned trabeculae, decreased cortical width and 

increased cortical porosity. The strength of bone is related to the bone mass, the surface 

area, the distribution of mass and the quality of bone (Lin and Lane, 2004).

Osteoporosis is a bone disease defined by low bone density (mass), associated with micro 

architectural deterioration of bone leading to bone fragility and increased fracture risk 

(Genant, Cooper, Poor, Reid, Ehrlich, Kanis, Nordin, Barrett, Black, Bonjour, Dawson, 

Delmas, Dequeker, Ragi, Gennari, Johnell, Johnston, Lau, Liberman, Lindsay, Martin, 

Masri, Mautalen, Meunier and Khaltaev, 1999) and (Lin and Lane, 2004). The world 

health organisation (WHO) has defined osteoporosis on the basis of bone mineral density 

(BMD) measured on dual energy x-ray absorptiometry (DEXA) as a t-score of greater 

than 2.5 standard deviations below the mean for normal bone, who are young healthy 

individuals at their peak bone mass (Lin and Lane, 2004). Low bone density may be 

secondary to failure to achieve optimal bone mass, bone mass caused by increased bone
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resorption and inadequate replacement of lost bone as a result of decreased bone 

formation (Lin and Lane, 2004).

Osteoporotic fractures are caused by an imbalance between mechanical strength of bones 

and the mechanical loads placed on them. Fractures due to osteoporosis occur throughout 

the human body, but the sites most at risk are the hip, vertebrae, and the distal radius. The 

lifetime risk of a fracture at any of these three sites in 50-year-old individuals is 40% for 

Caucasian women and 13% for Caucasian men (Cummings, Kelsey, Nevitt and O'Dowd, 

1985) and (Melton, Chrischilles, Cooper, Lane and Riggs, 1992).

5.2 Pathophysiology,

The mechanical behavior of bone depends on the internal bone structure as well as the 

loads applied. It is also widely assumed that mechanical stresses and strains influence the 

remodeling process and subsequently the structure and strength of the bone (Muller, 

2005).

Osteoporosis is a metabolic bone disease characterized by a defect in bone remodeling 

and the loss of normally mineralized bone (figure 63). Maximum skeletal mass is 

achieved in young adults at 18-25 y of age (peak bone mass). After age 40 y, the slow 

phase of bone loss begins in both sexes and continues at a rate of 0.5—1 %/y until late in 

life (Olsen, 2000).
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Figure 63: A: Normal mineralized trabecular bone. B: Osteoporotic bone 

(www.arthritisvic.org.au, 2005).

The underlying cause of fractures in osteoporosis is bone fragility, which is caused by a 

reduction in bone density.

Bone mineral content of a particular region of the skeleton is quantified by the 

measurement of the degree of attenuation of photons by the mineralized bone mass with 

bone densitometry (figure 64). Measurement of BMD makes it possible to predict 

fractures and is an indispensable tool in identification of individuals at high risk of 

fracture (Seeman, 2002b).
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F igure 64: Structure of bone and the process of densitometry (Seeman, 2002b).

Fracture risk is determined by absolute mineral bone density (BMD), regardless of age. 

In the absence of severe trauma, fractures do not occur until BMD has fallen below the 

fracture threshold of 1 g/crrr, well below the top peak bone density of 1.4 g/cm" in 

healthy, young adults. Further decreases in BMD below the fracture threshold will 

increase the risk of fracture (Olsen, 2000).

There are many factors that contribute to low BMD. Inadequate peak BMD in young 

adulthood is the major cause. This may be caused by a combination of genetic and 

nutritional factors. In addition to total energy intake, the nutrients that promote bone 

synthesis include calcium, vitamin C, vitamin D, and vitamin K. Genes for collagen type 

2, 25-hydroxyvitamin D-la hydroxylase, vitamin D hormone receptor, estrogen receptor, 

transforming growth factor b, and interleukin 6 are critical for normal bone metabolism 

(figure 65) (Ralston, 1997).
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Figure 65: Model for pathogenesis of osteoporosis (Olsen, 2000).

It is well known that women are more susceptible to osteoporosis than men (Cummings, 

Cosman and Jamal, 2002) and (Seemam 2002a). On average women lose bone even more 

rapidly for a few years after menopause. On average women lose 1% - 3% of their bone 

density per year for about three years after their last menstrual cycle. Estrogen inhibits 

bone resorption and this leads to more aggressive bone resorption and faster bone loss 

during the perimenopausal years (Cummings, Cosman and Jamal, 2002). The initial 

accelerated phase of bone loss is remodeling transient, indicating the rapid fall in bone 

mineral mass produced by the increase in numbers of multicellular units. This raises the 

porosity of the bone as the remodeling moves from a lower to a higher rate (figure 66) 

(Seeman, 2002b).

Men also gradually lose bone as they age, but they do not have the acute phase of 

menopause and there appears to be no accelerated period of bone loss (Cummings, 

Cosman and Jamal, 2002). Although osteoporosis and fractures are regarded primarily as 

problems for women, the prevalence of fractures are similar in both sexes. Both 

morbidity and mortality of hip fractures are 3 times higher in men than in women 

(Seeman, 1997).
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A low peak BMD contributes to the reduced BMD found in men with fractures. One 

cause of this is the delayed puberty in boys. The testosterone-mediated increase in 

periosteal apposition, which enlarges the diameter of the bone and is responsible for the 

sex differences in bone size, is delayed in some teenaged boys. The result of this is a 

decreased amount of periosteal apposition, smaller bones and a greater risk of a reduction 

in bone mass (Stenstrom, Norjavaara, Hulten, Hallberg, Albertsson-Wikland and 

Mellstrom, 2001). In later life, biochemical measurements of bone remodeling rise 

modestly. The loss of trabecular bone proceeds in a linear fashion with thinning of the 

trabecular rather than a complete loss as seen in women. Bone loss is a result of an 

increase in the volume of bone removed in the basic multicellular units, so trabecular 

connectivity is better maintained in men than in women. As the trabecular are lost, the 

trabecular surfaces diminish. The result is that men continue to lose bone from the 

trabecular compartment longer than do women (figure 66) (Seeman, 2002b).

Perforation Thinning

Figure 66: Mechanism of loss of trabecular bone in women and trabecular thinning 

in men (Seeman, 2002b).
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5.3 Epidemiology.

The clinical manifestations of osteoporosis affect nearly two million Australians (The 

burden of brittle bones: costing osteoporosis in Australia., 2001). In the absence of 

interventions, the prevalence of osteoporosis-related conditions is predicted to increase 

over the next two decades from 10% of the population currently to 13.2% by 2021 (The 

burden of brittle bones: costing osteoporosis in Australia., 2001). The incidence of 

osteoporotic fractures is also predicted to increase, from one every 8.1 minutes in 2001 to 

one every 3.7 minutes in 2021. Total costs relating to osteoporosis are currently estimated 

at $7.4 billion per annum, of which $1.9 billion are direct costs. Its disease burden can be 

expressed in terms of premature mortality and disability, which together represented over 

25, 000 healthy years of life lost to Australians in the financial year 2000-01 (The burden 

of brittle bones: costing osteoporosis in Australia., 2001).

While, in the United States in 2000 it was estimated six million white women had 

osteoporosis (Melton, 2000). Between 1990 and 1996, the risk of hip fracture in the 

United States increased by 31%, to an estimated 390,000 hip fractures/yr (934 per 

100,000 elderly women and men), and these numbers are projected to continue to grow as 

the number of elderly increases. A white woman of fifty has >45% probability of 

sustaining a fracture in her remaining lifespan. Hip fractures increase mortality risk in the 

subsequent year by 12% to 20% for women, usually as a result of comorbid conditions 

(Melton, 2000). Mortality risk is even higher for men, being about 25% to 30% for all hip 

fractures. A general, so-called secular, increase in fracture incidence has been recorded 

over time in many western countries, possibly because of lifestyle changes, such as less 

walking. With this and the continued increase in life expectancy, the incidence of 

osteoporotic fractures is projected to reach epidemic proportions in the coming decades if 

effective means to combat it are not developed and implemented (Roden and Reszka, 

2003).

The incidence of hip fractures worldwide could reach three million/yr in women and 1.5 

million/yr in men by 2050 (Gullberg, Johnell and Kanis, 1997). The worst prospects are
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in Asia, where demographics will cause the largest increase in osteoporotic fractures by 

2040 to 2050 (Lau and Cooper, 1996).

5.4 Classification.

Generalised osteoporosis represents a heterogeneous group of conditions with many 

pathogenic mechanisms. The term "primary" osteoporosis refers to osteoporosis that 

results from the involutional losses associated with aging and, in women, additional 

losses related to natural menopause. Osteoporosis that is caused or exacerbated by other 

disorders or medication exposures is referred to as "secondary" osteoporosis (Stein and 

Shane, 2003).

Primary osteoporosis is the deterioration of bone mass that is unassociated with other 

chronic illnesses. It is related to ageing and a decrease in gonadal function. Early 

menopause or premenopausal estrogen deficiency may increase the rate of onset. 

Prolonged periods of inadequate calcium intake, sedentary lifestyle, smoking and alcohol 

abuse are also associated with primary osteoporosis (South-Paul, 2001).

Secondary osteoporosis results from chronic conditions that contribute significantly to 

accelerated bone loss. It is associated with a substantial minority of osteoporotic fractures 

in women and the majority of fractures in men (Reid and Harvie, 1997). Almost all 

chronic diseases make some impact on life-style, usually by restricting physical activity 

reducing the anabolic effect of exercise and gravitational strains on the skeleton, for 

example osteoarthritis. Restricted appetite and modified gastrointestinal tract function 

also has an impact on bone nutrition and synthesis. Sex hormones also play an important 

role in the maintenance of the normal skeleton (Boyle, 1993). Table 9 seen in appendix G 

lists the contributing factors associated with secondary osteoporosis.

Patients with osteoarthritis are often faced with the underlying problem of reduced 

activity and an increase in medication intake due to pain and joint disability. This group

106



Chapter 5 Osteoporosis

of patients is susceptible to a reduction of bone mass and osteoporosis which results in 

susceptibility to femoral neck fracture. It has been postulated that patients with 

osteoarthritis are protected from fracture due to the protective nature of the osteoarthritic 

process (Healey, Vigorita and Lane, 1985). There is no current research on the risk of 

osteoporotic fracture due to secondary causes (osteoarthritis) before or after hip 

resurfacing surgery. However, Dequeker (1993) shows that extra capsular hip fractures 

are significantly higher in patients that have both conditions (Dequeker and Johnell, 

1993). Currently the most common clinical presentation of femoral neck fracture after hip 

resurfacing is an extracapsular fracture.

5.5 Diagnosis.

History and physical examinations are neither sensitive enough nor sufficient for 

diagnosing primary osteoporosis. It is important however in screening for secondary 

forms. A medical history provides valuable clues to the presence of chronic conditions, 

behaviors, physical fitness and long term use of medications that could influence the bone 

mineral density (South-Paul, 2001).

Humans already affected by complications of osteoporosis may complain of previous 

fractures and may display a propensity to fall. Midthoracic back pain associated with 

activity, aggravated by long periods of sitting or standing are also signs of osteoporosis.

Dual-energy x-ray absorptiometry (DEXA) is the current “gold standard" for the 

diagnosis of osteoporosis. DEXA is reliable, with a reported precision of about 1%.

The precision data are obtained under idealized conditions. In clinical practice such 

values are rarely achieved. A more realistic clinical precision of 2%, a change of at least 

5.6% between measurements is necessary to be 90% confident the change is real 

(Sambrook, Seeman, Phillips and Ebeling, 2002).

BMD measurements are currently supported by a Medicare rebate for certain high risk 

categories in Australia (Medicare Benefits Scedule Book, 2004).
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Prior to the development of dual energy X-ray techniques (DEXA), bone mineral density 

measurements were typically reported in raw units. Most often, this was expressed as 

grams of bone mineral, divided by the length, area, or volume of the measured region. A 

review of early publications reveal a plethora of units, most often g/cm (forearm and heel 

measurements using single energy), g/cnr (spine and hip measures using dual energy), or 

mg/cm3 (spine measurements) (Faulkner, 2005).

In 1994 the significance of the T-score was firmly established by a landmark report 

entitled “'Assessment of fracture risk and its implication to screening for postmenopausal 

osteoporosis” developed by a Study Group of the World Health Organization (Kanis, 

1994). The guidelines have never been officially adopted as official WHO policy and 

remain as the “WHO Study Group” recommendations today. The purposes of this report 

were:

1. To define the value of screening tests for osteoporosis

2. To identify the population at risk

3. To determine the costs and benefits of interventions in osteoporosis

4. To determine the costs and benefits of screening for low bone mineral density.

This report is probably best known for providing a population-based definition for 

osteoporosis based on a specific T-score value. This was a major step forward for 

osteoporosis diagnosis, as previous definitions relied on the presence of one or more, low 

trauma fractures to define the disease and was not based on BMD or T-score (Faulkner, 

2005).

The WHO Study Group redefined the osteoporosis paradigm, by correctly defining the 

disease based on low bone density and the disease outcome as low trauma fracture. In 

their report, the WHO Study Group chose the T-score as the basis for their definition 

(Kanis, 1994), Recommending the following categories (figure 67):

1. Normal: a BMD not more than 1 SD below young normal (T-score > 1)
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2. Low bone mass (osteopenia): a BMD between 1 and 2.5 SD below young 

normal (T-score < -1 and > -2.5)

3. Osteoporosis: a BMD greater than 2.5 SD below young normal (T-score > -2.5)

T-score
1.50 f

1.25-
Normal

£ 1.00-

Osteo
peniam 0.75-

Qsteo-
porosis

£ 0.50-

0.25 J

20 30 40 50 60 70 80 90
Age (years)

Figure 67: Explanation of T- and Z-scores, with World Health Organization
thresholds (Sambrook, Seeman, Phillips and Ebeling, 2002).

Currently The T-score is defined as the difference between a measured bone density and 

the expected young normal value divided by the population standard deviation. The T- 

score is a unitless value, as it is a ratio of two numbers with the same units. It therefore 

avoids the difficulty of differing units for different BMD technologies. It provides an 

immediate sense of whether the measured BMD is normal, high, or low as compared with 

the expected young normal value. The use of the T-score was an important step in 

improving the general acceptance and understanding of bone density measurements 

(Faulkner, 2005).

Biochemical markers of bone turnover provide additional information to assess fracture 

risk. The finding of an elevated bone resorption marker in addition to low BMD 

strengthens the case for treatment in an individual (Sambrook, Seeman, Phillips and 

Ebeling, 2002).
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Several biochemical markers of bone turnover can be measured in serum and urine. 

Although measuring the levels of biochemical bone markers can not quantify total 

skeletal bone mass, it can provide additional information to assess fracture risk. An 

elevated bone resorption marker in addition to low BMD strengthens the case for 

treatment in an individual. Specific biochemical markers are human osteocalcin, bone 

alkaline phosphatase, immunoassays for pyrinoline cross-links and type 1 collagen 

related peptides in urine that reflect the overall rate of bone formation and bone 

resorption are now available (South-Paul, 2001).

In clinical trials of Hormone Replacement Therapy (HRT) or bisphosphonates, the 

percentage decrease in bone turnover markers correlates with the change in BMD at two 

years (Hannon, Blumsohn, Naylor and Eastell, 1998). There is no good evidence that 

reduced levels of bone-turnover markers in response to therapy predicting fracture-risk 

reduction (Sambrook, Seeman, Phillips and Ebeling, 2002). At this stage bone markers 

are primarily of research interest and are not recommended as part of the basic workup 

for osteoporosis. They have a high degree of biologic variability and diurnal variation and 

do not differentiate causes of altered bone metabolism (South-Paul, 2001).

5.6 Fracture Risk.

Fractures occur in situations in which high bone turnover is combined with frequent 

impact. There is no cut off point below which fracture risk abruptly increases. Bone 

mineral density is used to diagnose the gradient of risk, which is analogous to blood 

pressure where higher blood pressure means higher risk of stroke (Cummings, Cosman 

and Jamal, 2002).

The relationship between BMD and fracture risk is quantified by the “relative risk per 

standard deviation decrease in BMD”. For example, a relative risk/standard deviation 

(RR/SD) of 1.5 means that a women with a BMD that is 1 SD below the mean for her age 

has a 50% higher fracture risk than a women with a BMD that is average for her age 

(Cummings, Cosman and Jamal, 2002). In a sample of 5800 Dutch men and women over

110



Chapter 5 Osteoporosis

55 years of age, the risk of hip fracture rose 13-fold with age, to which the decrease in 

bone density contributed only 1.9 in women and 1.6 in men (DeLaet, Van Hoat, Banger, 

Hotman and Pols, 1997). The proximal femur BMD appears to be the best overall 

predictor of fracture risk, particularly as it is unaffected by osteoarthritis (Sambrook, 

Seeman, Phillips and Ebeling, 2002).

These are important observations, because they suggest that something very important in 

the ageing or disease process which influences fracture risk independently of bone 

density (Wilkin, 1999).

One obvious mechanism is that ageing people fall more frequently and, for a given bone 

density, sustain fracture more often as a result. Fractures seldom occur without some 

impact, however fragile the bone, but there may be an additional and more subtle 

explanation to account for the differences in risk (Wilkin, 1999). Falls are the leading 

cause of injury deaths and disabilities among persons aged >65 years. Of those who fall, 

20%-30% sustain moderate to severe injuries that reduce mobility and independence and 

increase the risk for premature death (Stevens and Olsen, 2000).

There are many other risks at play. Genetic, nutritional and behavioral can cause this 

debilitating disease.

Genetics plays an important role in many different disease patterns. Because osteoporosis 

is usually asymptomatic until a fracture occurs, it is crucial to recognize who is at risk. 

Family history increases the risk of disease. It is well known that women are more 

susceptible than men and only over the last few years has it been recognised that 

osteoporosis is an important health problem for men. Many clinical decisions involving 

men must be based on extrapolations from what is known about osteoporosis in women. 

Osteoporosis related fractures in men is associated with lower femoral neck bone mineral 

density, quadriceps weakness, higher body sway, lower body weight and decreased 

stature, table 9, appendix G (South-Paul, 2001; Orwoll, 1998, and Taxel, 1998).
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Nutrition has an important role in sustaining bone health. There are at least four nutrients 

involved in this process, calcium, salt, protein and vitamin D.

Calcium is a risk factor due to an increased requirement at menopause. This is due to the 

rise in obligatory calcium loss and a small reduction in calcium absorption (Nordin, 

Need, Steurer, Morris, Chatterton and Horowitz, 1998).

Salt is a negative risk factor because it increases obligatory calcium loss. Every 100 

mmol of sodium will take 1 mmol of calcium out of the body (Nordin, Need, Steurer, 

Morris, Chatterton and Horowitz, 1998).

Protein is another negative risk factor, increasing animal protein intake from 40 to 80 g 

daily increases urine calcium by about 1 mmol/day. Low protein intakes in third world 

countries may partially protect against osteoporosis (Nordin, Need, Steurer, Morris, 

Chatterton and Horowitz, 1998).

Vitamin D which is sometimes called a nutrient and sometimes a hormone is important 

because age-related vitamin D deficiency leads to malabsorption of calcium, accelerated 

bone loss and an increase in hip fracture (Nordin, Need, Steurer, Morris, Chatterton and 

Horowitz, 1998).

Eating disorders which are more prevalent in teenagers has an effect on bone mineral 

density. Inability to maintain normal body weight promotes bone loss. Bone mineral 

density of these patients does not increase to the normal range even after several years 

after recovery from the disease (Taxel, 1998). However, it has been shown, that by 

increasing an adolescent’s calcium intake bone mineralization improves table 9, appendix 

G (Taxel, 1998).

Major demands are placed on the mother by the fetus for calcium during pregnancy and 

by the infant during lactation (Ulrich, Miller, Eyre, CH., Schlebusch and Soules, 2003).
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These losses in bone mineral density can occur for up to 6 months after the baby is born 

(South-Paul, 2001).

Behavioral issues become a problem when the bone mass is compromised. Sedentary 

lifestyle and immobility associated with disease or obesity can increase the incidence of 

osteoporosis (South-Paul, 2001). All of the patients in the cohort for this project were 

severely restricted in activity prior to their hip resurfacing surgery due to pain and the 

ability to function in their normal daily tasks.

A history of smoking carries a modest but significant risk for future fractures. In addition, 

the effect of smoking is over and above that which can be explained by variations in 

BMD. The risk of subsequent fractures was greater in the case of hip fracture than for all 

fractures (Kanis, Johnell, Johansson, De Laet, Eisman, Fujiwara, Kroger, McCloskey, 

Mellstrom, Melton, Pols, Reeve, Silman and Tenenhouse, 2005).

Excessive alcohol intake is a well recognised cause of secondary osteoporosis. Higher 

intakes are associated with an increased risk of femoral neck fractures. The threshold 

intake for high risk appears to be approximately 14 units for women and 28 in men 

(Kanis, Johansson, Johnell, Oden, De Laet, Eismen, Pols and Tenenhouse, 2005).

5.7 Treatment.

Treatment is to reduce morbidity and mortality associated with the first fracture and all 

subsequent fractures. Treatment of osteoporosis is needed because (i) fractures are 

associated with significant morbidity and mortality; (ii) bone loss and fracture risk 

accelerate with advancing age; and (iii) treatments are available to prevent accelerated 

bone loss, slow the deterioration of microarchitecture and reduce the risk of fractures 

(Sambrook, Seeman, Phillips and Ebeling, 2002).
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Bisphosphonates are the most potent class of drug in the prevention and treatment of 

osteoporosis. They are pyrophosphate analogs, which strongly bind to the hydroxyapatite 

of bone, inhibiting osteoclast activity. Alendronate and risedronate are the two main oral 

bisphosphonates while pamidronate and zolendronate are intravenous options used to 

reduce fracture risk (Lin and Lane, 2004). Alendronate or etidronate are the drugs of 

choice for men with primary osteoporosis (Sambrook, Seeman, Phillips and Ebeling,

2002).

The risk reduction with potent bisphosphonates is seen early, usually within 12 months. 

Bisphosphonates can reduce the relative risk of subsequent fractures by approximately 

50% (Sambrook, Seeman, Phillips and Ebeling, 2002).

Estrogen therapy (HRT) can prevent bone loss in postmenopausal women. Estrogen is 

not only effective in preventing bone loss when given at or near menopause, but also 

continues to reduce bone loss for 10-15 years after menopause, with increases in bone 

density averaging 5% over three years (Sambrook, Seeman, Phillips and Ebeling, 2002) 

and (Ettinger, Genant and Cann, 1985). Testosterone replacement therapy is indicated in 

men with hypogonadism (Sambrook, Seeman, Phillips and Ebeling, 2002).

Calcium is a weak antiresorptive and supplementation may reduce a negative calcium 

balance. Dairy products are the largest source of calcium in the diet. Increased calcium 

intake, from dietary sources or supplementation, should always be adjunctive therapy in 

the treatment of postmenopausal osteoporosis (Sambrook, Seeman, Phillips and Ebeling, 

2002).

Vitamin D is better regarded as an endogenously produced pro-hormone than as an 

essential dietary constituent. It is produced in the skin as a result of sunlight exposure. 

With increasing age and frailty, vitamin D levels tend to decline, resulting in 

malabsorption of calcium and increased secretion of parathyroid hormone (PTH), which 

in turn leads to accelerated bone loss (Sambrook, Seeman, Phillips and Ebeling, 2002).

114



Chapter 5 Osteoporosis

The administration of calcium and vitamin D has been shown to reduce the risk of hip 

fracture (Lin and Lane, 2004).

Evidence is less straightforward for the vitamin D metabolite calcitriol. Nasal calcitonin 

is helpful in the treatment of boney pain secondary to fracture. It can also work to help 

increase bone mineral density (Lin and Lane, 2004). There is no evidence to support the 

use of calcitriol for osteoporosis in men (Sambrook, Seeman, Phillips and Ebeling, 2002).

Parathyroid hormone (PTH) is anabolic agent that is designed to work by increasing bone 

resorption and bone formation, increasing bone mineral density and enhancing bone 

architecture and integrity. Studies have shown that PTH increases the connectivity 

density of bone, thickens trabeculae, increases cortical thickness and inhibits osteocyte 

apoptosis, resulting in a reduction in fracture (Lin and Lane, 2004).

Engaging in regular exercise, to maximize peak bone mass and prevent age-related and 

menopause-related bone loss, is a potentially important approach to reducing fracture 

risk. However, there is no evidence supporting the efficacy of exercise in preventing 

fractures at any specific site. Exercise increases muscle strength and may improve 

coordination and balance and reduce the risk of falls. Evidence that the reduction in falls 

leads to fewer fractures is not currently available (Sambrook, Seeman, Phillips and 

Ebeling, 2002).

Osteoporosis has no one single cause, the pathogenesis of structural failure and bone 

fragility remains a huge issue for Australians to deal with over the up coming decades. 

The breadth, depth and heterogeneous nature of the biomechanical problem of structural 

failure remain an issue for the clinician to treat as a stand alone or secondary disease.

115



Chapter 5 Osteoporosis

Reference List:

Boyle, I. (1993) Baillieres Clinical Rheumatology, 7, 515-534.

The burden of brittle bones: costing osteoporosis in Australia. (2001) Access Economics, 

Canberra.

Cummings, S., Cosman, F. and Jamal, S. (2002) Osteoporosis, American College of 

Physicians., Philadelphia.

Cummings, S. R., Kelsey, J. L., Nevitt, M. C. and O'Dowd, K. J. (1985) Epidemiology 

Review>, 7, 178-208.

DeLaet, C., Van Hoat, B., Banger, H., Hotman, A. and Pols, H. (1997) British Medical 

Journal, 3, 221-225.

Dequeker, J. and Johnell, O. (1993) Bone, 14, S51-S56.

Ettinger, B., Genant, H. K. and Cann, C. (1985) Annuals of Internal Medicine., 102, 319

324.

Faulkner, K. (2005) Osteoporosis International, 16, 347-352.

Genant, H. K., Cooper, C., Poor, G., Reid, I., Ehrlich, G., Kanis, J., Nordin, B. E.,

Barrett, C. E., Black, D., Bonjour, J. P., Dawson, H. B., Delmas, P. D., Dequeker, 

J., Ragi, E. S., Gennari, C., Johnell, O., Johnston, C. J., Lau, E. M., Liberman, U. 

A., Lindsay, R., Martin, T. J., Masri, B., Mautalen. C. A., Meunier, P. J. and 

Khaltaev, N. (1999) Osteoporosis International, 10, 259-264.

Gullberg, B., Johnell, O. and Kanis, J. (1997) Osteoporosis International, 7, 407-413.

Hannon, R., Blumsohn, A., Naylor, K. and Eastell, R. (1998) Journal of Bone and 

Mineral Research, 13, 1 124-1133.

Healey, J., Vigorita, V. and Lane, J. (1985) Journal of Bone and Joint Surgery, 67A, 586

592.

Kanis, J. (1994) Osteoporosis International, 4, 368-381.

Kanis, J., Johansson, H., Johnell, O., Oden, A., De Laet, C., Eismen, J., Pols, H. and 

Tenenhouse, A. (2005) Osteoporosis International, 16, 737-742.

Kanis, J., Johnell, O., Johansson, H., De Laet, C., Eisman, J., Fujiwara, S., Kroger, H., 

McCloskey, E., Mellstrom, D., Melton, L. J., 3rd, Pols, H., Reeve, J., Silman, A.

J. and Tenenhouse, A. (2005) Osteoporosis International, 16, 155-162.

116



Chapter 5 Osteoporosis

Lau, E. and Cooper, C. (1996) Clinical Orthopaedics and Related Research, 323, 65-74.

Lin, J. and Lane, J. (2004) Clinical Orthopaedics and Related Research, 425, 126-134.

Medicare Benefits Scedule Book (2004) Commonwealth Department of Aged Care, 

Canberra.

Melton, L. J., 3rd (2000) Journal of Bone and Mineral Research, 15, 2309-2314.

Melton, L. J., Chrischilles, E. A., Cooper, C., Lane, A. W. and Riggs, B. L. (1992) 

Journal of Bone and Mineral Research, 7, 1005-1010.

Muller, R. (2005) Osteoporosis International, 16, S25-S35.

Nordin, B., Need, A., Steurer, T., Morris, H., Chatterton, B. and Horowitz, M. (1998) 

Annual New York Academy of Science, 20, 336-351.

Olsen, R. (2000) American journal of Clinical Nutrition, 71, 1031-1032.

Orwoll, E. (1998) Endocrinology’ Metabolic Clinics of North America, 27, 349-367.

Ralston, S. H. (1997) Bone Mineral Joint, 315, 469-472.

Reid, D. and Harvie, J. (1997) Bailieres Clinical Endocrinology and Metabolism, 11, 83

99.

Roden, G. and Reszka, A. (2003) Journal of Bone and Joint Surgery, 85 A, 8-12.

Sambrook, P., Seeman, E., Phillips, S. K. and Ebeling, P. (2002) Medical Journal of 

Australia, 176, S1-S15.

Seeman, E. (1997) Baillieres Clinical Rheumatology, 11, 613-629.

Seeman, E. (2002a) The Lancet, 359, 1841-1850.

Seeman, E. (2002b) Lancet, 359, 1841-1850.

South-Paul, J. (2001) American Family Physician, 63, 867-904.

Stein, E. and Shane, E. (2003) Endocrinology Metabolic Clinics of North America, 32, 

115-134.

Stenstrom, M., Norjavaara, E., Hulten, L., Hallberg, L., Albertsson-Wikland, K. and 

Mellstrom, D. (2001) Journal of Bone and Mineral Research, 16, SI 85.

Stevens, J. and Olsen, S. (2000) Morbidity and Mortality Weekly Report, 49, 1-12.

Taxel, P. (1998) Geriatrics, 53, 22-33.

Ulrich, U., Miller, P., Eyre, D., CH., C., Schlebusch, H. and Soules, M. (2003) Archives 

of Gynecology and Obstetrics, 268, 309-316.

Wilkin, T. (1999) British Medical Journal, 318, 862-865.

117



Chapter 5 Osteoporosis

www.arthritisvic.org.au, (2005), August 20.

118



Chapter Six

Total Hip Replacement and
Hip Resurfacing



Chapter 6 Total hip Replacement/ Hip Resurfacing

Total hip replacement (THR) represents an effective means of operative correction in 

several hip etiologies, it also has several inherent short comings. The major disadvantage 

results in sacrificing the femoral head and neck. Should this implant fail revision hip 

surgery is the only alternative. Revision is difficult and results are not always predictable 

(Wagner, 1978).

The pattern of biomechanical loading of the proximal femur is markedly altered after 

insertion of a total hip prosthesis. The bone is stressed in an unusual manner quite 

different to normal physiological conditions. Combining the effect of a metallic stem 

filling the femoral canal and bone cement, the natural elasticity of the osteal structure 

deforms under load. The mechanical situation is such that a total hip prosthesis can be 

expected to fail in time (Wagner, 1978).

End stage hip disease in the young active patient is a challenging clinical problem for 

Orthopaedic surgeons. Total hip replacement is approached with trepidation because 

many of these patients may have a life span of more than 30 years and potentially out live 

their hip components.

Hip resurfacing offers several advantages over other techniques. Most importantly the 

femoral neck is left intact so that the physiological load transfer properties of the 

proximal end of the femur are preserved. This creates an orientation of weight bearing 

along the line of the epiphyseal bone trabeculae perpendicular to the joint surface and 

results in maximum rigidity. This load transference is a factor of great importance to the 

longevity of the components (Wagner, 1978).

This chapter will concentrate on the history and development of total hip replacement and 

hip resurfacing surgery.
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6.1. History of total hip replacement.

The earliest attempt to treat hip disease was more than 150 years ago. The endoprosthetic 

replacement (an artificial internal body part that is surgically implanted) was first 

implanted in 1822 by Surgeon Anthony White at the Westminster Hospital, London 

(figure 68) (Rang, 2000).

Figure 68: Surgeon Anthony White (www.orthogastonia.com, 2005).

Dr White divided the femur 2 inches below the greater trochanter, removed the upper end 

of the bone and produced a mobile joint (Rang, 2000).

In 1826, John Rhea Barton performed a subtrochanteric osteotomy. This involved cutting 

the femur creating a false joint where the bone does not join. This patient was able to 

move and function 3 weeks after surgery. The movement lasted for 6 years, after which 

the hip became painful and ceased to move at all (Klenerman, 2002).

Between 1826 and the early 1900’s numerous materials were tried to refashion the 

painful joint. Neighboring soft tissue or foreign material was interposed to prevent fusion 

and increase movement in the joint. Several proposals were tried including, muscles, fat, 

chromatized pig bladder, gold, magnesium, zinc, rubber and glass (Knutson, 1998). Early 

in the 1900’s Themistocles Gluck a German surgeon well ahead of his time, replaced the
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hip with ivory components with nickel-plated screws for fixation, primitive cement of 

pumice powder and plaster of paris and glue. All these designs had a very high failure 

rate due to material incompatibility, wear sepsis and loosening (LeVay, 1990).

Unpredictable results using these materials led Marius Smith-Peterson, MD, to perform a 

"mold arthroplasty" in 1923, in which he placed a mold between exposed surfaces of the 

femoral head and acetabulum. This component fit over the femoral head and provided a 

smooth surface for the joint to articulate. The original material for the mold was made 

from glass. While proving biocompatible, the glass could not withstand the stress of 

walking and quickly failed. Over time Smith-Peterson pursued other materials including 

plastic resins and stainless steel (Branson and Goldstein, 2003).

In 1936, scientists manufactured cobalt-chromium alloy. It was used in the shipping 

industry to avoid corrosion of sea going vessels. This material was applied by Smith- 

Peterson’s mold arthroplasty, due to the anti corrosive nature.

In 1938, Dr Jean Judet and his brother Dr Robert Judet developed an acrylic material to 

replace the arthritis hip surfaces (figure 69). This component was placed over the femoral 

head and provided a smooth surface for the hip to move. This component had a large 

failure rate due to loosening (Klenerman, 2002).
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Figure 69: A: Dr Jean Judet (www.maitrise-orthop.com, 2005). B: Acrylic femoral 
component used by the Judet brothers (Authors patient picture database)

Dr Phillip Wiles in 1938 at the Middlesex hospital replaced an entire hip joint with 

stainless steel components that were ground to fit together (figure 70). The acetabular cup 

was fixed with 2 screws and the femoral component was secured with a bolt passing 

through the femoral neck. Only six procedures were performed these results were not 

encouraging due to the bone reabsorption and loosening (Amstutz and Grigoris, 1996).

Figure 70: A: Dr Phillip Wiles. B: Wiles Arthroplasty (Amstutz and Grigoris, 1996).
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Austin Moore (figure 71) and Harold Bohlman in Carolina and Frederick R Thompson 

(figure 72) of New York in 1940 separately designed and implanted femoral prosthesis 

using cobalt chrome (CoCr) casting alloy. These implants were designed to replace the 

femoral head. The component was in one piece, consisting of a femoral head and stem. 

These components were used for femoral neck fractures and osteoarthritis. The diseased 

hip socket (acetabulum) was not replaced (Branson and Goldstein, 2003). This procedure 

is called a hemiarthroplasty.

Figure 71: A: Austin Moore (www.mooreclinic.com, 2005). B: Cobalt chrome alloy 

Austin Moore implant (www.bone-implants.com, 2005). C: Patient x-ray with an 

Austin Moore component (www.qmc.nhs.uk, 2005).
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Figure 72: Thompson cobalt chrome implant (www.bone-implants.com, 2005).

The 1940’s also commenced an era of hip arthroplasty in England. Kenneth McKee 

designed a Cobalt chromium total hip replacement that was fixed with CoCr alloy screws 

surviving for 3 years (figure 73: A). His later designs were inspired by the Thompson 

stem. The femoral head was 1 V4 inch in diameter and matched to his cloverleaf 

acetabular component (Figure 73: B) (Amstutz and Grigoris, 1996).
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Figure 73: A: Kenneth McKee. B: The first McKee component design (Amstutz and 

Grigoris, 1996).

In this era of changing ideas and new technology, John Charnley (figure 74) also an 

English surgeon started to investigate friction and lubrication in normal hip joints. 

Although he was pessimistic about the hip replacement designs and more interested in 

hip arthrodesis for hip OA, Charnley looked at many animal models to try and answer the 

question of squeaking in the then current designs. His ideas were bold and he was 

eventually banished to an isolated tuberculosis sanatorium that had been converted into a 

makeshift hospital Wrightington, Manchester. The results of his experimental work 

showed an extraordinary low coefficient of friction in a functioning animal joint is better 

than a skate on ice. This result started his work on the low friction Arthroplasty 

(Klenerman, 2002).
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Figure 74: Sir John Charnley (www.worldortho.com, 2005).

Charley pursued looking for materials that could reduce the friction in the joint. He was 

convinced McKee’s metal on metal bearing surface was not going to work well. The 

results of his experiments led him to believe the natural elastohydrodynamic lubrication 

with synovial fluid could not be used to reduce the frictional torque of the metal on metal 
articulation (www.midmedtec.co.uk, 2005).

Introduced to polytetraflurethylene (PTFE), known as Teflon or Fluon. This material was 

used to line the acetabulum with a thin shell. Using the same material he designed a cover 

for the femoral head. This created Teflon on Teflon bearing surfaces. The design reduced 

the blood supply to the femoral head and was discarded (figure 75) (Klenerman, 2002).
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Figure 75: Charnley’s Teflon on Teflon hip components (www.midmedtec.co.uk, 
2005).

Charnley’s next design required the removal of the femoral head and the insertion of 

Moore’s prosthesis (figure 76). This project spanned the years 1958-1962. He combined 

the metal femoral component with the PTFE acetabular component for the first metal on 

plastic articulation. Gradually over time he reduced the size of the femoral head 

component and deepened the acetabular component for a better articulating fit. After 

implanting 300 over 4 years the PTFE material failed and caused wear debris. Charnley 

revised all components himself (Klenerman, 2002).
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Figure 76: Charnley’s metal on plastic components (www.midmedtec.co.uk, 2005).

Charnley moved to a material known as ultra-high molecular weight polyethylene 

(UHMWPE) a plastic that had been made in Germany for the use in gears in the weaving 

trade. At a similar time Charnley came into contact with a dentist Dennis Smith. Smith 

introduced Charnley to a self curing polymethyl methacrylate (PMMA) to anchor 

prosthesis to bone. PMMA was used widely in Neurosurgery because it cured quickly 

without the addition of heat and has a property consistency that would embed between 

cancellous and cortical bone. Chamley’s report in 1960 suggested that PMMA was a 

grouting process; the cement does not act as glue but a fixation into which the implant 

can grow. This creates an interlocking adhesion between the implant and the surrounding 

bone (figure 77) (Klenerman, 2002).
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Figure 77: A: Cement bonding to bone and metal interface (2005a). B: The process 
of cementing a femoral component (www.ses.soton.ac.uk, 2005).

This third attempt began in 1962 and this involved a stemmed cemented femoral 

component, a 22.25mm femoral head and a high density polyethylene cup inserted into 

the acetabulum (figure 78) (Klenerman, 2002).

Sir John Chamley’s pioneering work is still being used today with many successful hip 

arthroplasty operations.
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Figure 78: A: An X-ray of a Charnley metal on polyethylene component 
(www.midmedtec.co.uk). B: Charnley femoral component 
(www.materials.qmul.ac.uk, 2005).

The introduction of bone cement prompted McKee to modify his components. With an 

improved articulating bearing surface and the input of Watson- Farrar the neck geometry 

was reduced to decrease anterior impingement. In 1966 smaller sized components with 

15/8 inch head diameter were introduced to improve the boney cover in the acetabular 

cup. This new design was still causing some problems with excessive wear. By 1968, the 

geometry of the heads was slightly reduced creating a polar bearing (figure 79) (Amstutz 

and Grigoris, 1996). McKee also improved his surgical and cementing technique to 

produce a component that was too be used by many surgeons for many years.
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Figure 79: Updated version of the McKee Farrar design (www.midmedtec.co.uk).

In 1964, Peter Ring designed a hemispheric cup with a long threaded stem that was 

inserted into the pelvis (figure 80). This was matched to a standard Moore prosthesis. 

Ring wanted fixation of the cup without bone cement. In 1965, the acetabular component 

was modified to include an expanded shoulder to permit countersinking. The femoral 

component became narrower proximally and had an elongated neck to increase range of 

motion. The metal on metal CoCr articulation was polar (Amstutz and Grigoris, 1996). 

This component was the first self locking total hip replacement.

Figure 80: A: Peter Ring. B: The Ring component (Amstutz and Grigoris, 1996).

In 1956, John Scales and JN Wilson, at the Royal National hospital Stanmore developed 

the first prototype where the acetabular component was in two parts. The outer base plate
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was attached to the acetabulum by 3 nails at 120° to each other and the inner shell was 

screwed with a 3 clip retention mechanism (figure 81). The design was to enable the 

synovial fluid to enter the bearing surface while allowing the wear debris to escape. 

There was a high incidence of early component loosening that was due to the high 

frictional torque, irregular geometry of the bearing surfaces and poor surface finish 

(Amstutz and Grigoris, 1996).

Figure 81: The Stanmore Total hip component (Amstutz and Grigoris, 1996).

Maurice Muller and Arnold Huggler in 1965 designed with the Sulzer brothers a 

prosthesis which was made of CoCr alloy (Protasul-1) with highly mirror polished 

articulating surfaces and 3 plastic sliding bearings in the inner side of the cup to enhance 

lubrication. It had a curved 32mm stem. Two components were designed. One with the 

Charnley stem the other with the McKee stem (figure 82). Muller later went on to 

develop a hip resurfacing component for the young active patient (Amstutz and Grigoris, 

1996).
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Figure 82: The Muller/ Huggler components (Amstutz and Grigoris, 1996).

There were numerous other variations, such as the Harris and Aufranc Turner prosthesis, 

which blended the features of the McKee and Charnley designs of femoral components 

(Klenerman, 2002).

The design of the joint replacement has evolved as problems with various components 

have been identified.

In the 1970’s an alternate concept was introduced by French surgeon Boutin. Boutin was 

concerned about tissue reactions to both metal and plastic debris from the then popular 

Charnley and McKee designs. Boutin was intrigued by the reputation of an alumina 

ceramic as a highly wear resistant bearing surface in extreme conditions. There were 

many problems with the first total hip system, mainly from fixation of the ball to the stem 

component. Dr Boutin pasted the fragile ball the metallic stem with epoxy resin, many of 

these initial components failed (Cordingley, Kohan, Ben-Nissan and Pezzotti, 2003). 

Later laboratory experiments demonstrated that the alumina ceramic was a safe material 

and well tolerated by the tissue and also produced very low quantities of wear particles. 

Boutin then designed a new system for the fixation of the femoral head on the femoral 

stem. The design is known today as the taper fixation (figure 83).
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Figure 83: Ceramic femoral component with a taper fixation 

(http://www.totaIjoint.info/ceramic_for_total_hips.htm).

Since the 1970’s the alumina- on - alumina combination articulating surface has become 

a reliable alternative to the standard surface bearings. This is because of the good wear 

results earlier on. However, for many surgeons the advantages were counterbalanced by 

the fear of ceramic failure. Fritsch, EW and Gleitz, M in 1996 reported catastrophic 

patterns with massive osteolytic lesions from ceramic head fractures, this lead to difficult 

revision procedures (Fritsch and Gleitz, 1996).
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The last 10 years has seen the improvement in technology, materials, surgical technique 

and the push to improve patient component survival.

6.2 Implant design and materials.

For a total hip replacement to perform successfully, three important design objectives 

must be met.

■ Implant components must provide appropriate control of joint movement.

■ The components must be able to withstand large loads experienced across a hip 

joint and in to other structures.

■ The implants must be able to provide long term performance and fixation 

(Callaghan, Dennis, Paprosky and Rosenberg, 1995).

The hip components can come in various different forms and component sizes (figure 
84).

Figure 84: Various different hip components (www.midmedtec.co.uk).
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This is to ensue the component fit is as close as possible to the patients natural anatomy. 

Femoral components can be monolithic or modular allowing customizing the fit. In the 

modular components the femoral stem has a Morse taper at the neck. This allows the 

surgeon the freedom to choose any material or size for the femoral head.

Femoral heads come in a range of sizes. The earlier Charnley heads were 22 mm, later 

designs ranged between 28mm, 32mm and 36mm.

The acetabular component can also be monolithic or modular. Modular cups are designed 

to have an outer shell and an insert. The insert can be plastic, ceramic or metal.

Figure 85 is an illustration of the different combinations a surgeon can use when 

performing a total hip replacement.

FEMORAL COMPONENT ACETABULAR COMPONENT
FIXATION BACKING FIXATION

PMMA
CoCr alloy

METAL k /

Screw, or
press fitting

TI alloy
Alumina

Press fitting

Figure 85: Different combinations of materials in total hip replacement

(www.biomed.metu.com, 2005).

Metal-on metal implants are made of cobalt chromium molybdenum (CoCrMo) or 

Titanium (Ti) and stainless steel (316L). Metal can be used for the articulation or bearing 

surface, for example CoCrMo on CoCrMo. Metal can also be used as the surface next to 

the bone, for example Ti.
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Cobalt chromium molybdenum (CoCrMo) has good wear properties and is often used for 

femoral stems, femoral heads and acetabular cups. There have been problems with metal 

implants. Metal sensitivity, unknown carcinogenicity and wear particles which cause 

loosening.

Tissue discoloration observed at revision surgery in patients with wear has been a 

concern. This staining was attributed to debris generated in the articulation, impingement 

of the component or motion at the implant cement interface (Amstutz and Grigoris, 

1996). The issue of local and remote carcinogenesis caused by implants remains 

controversial. Malignant tumors at the implant site are extremely rare with no pattern in 

their histologic appearance. There is debate about the effect of metal implants in remote 

tissue Gillespie et al (1988) reported an increase risk of tumor of the lymphatic and 

hemopoietic system. The results showed 25% of these patient’s tumors appeared in the 

first year after surgery (Gillespie, frampton and Henderson, 1988). In 1995, Mathiesen et 

al. were not able to establish any association between hip arthroplasty and an increased 

risk of cancer in the fist 10 years after surgery (Mathiesen, Ahlborn, Berman and Urban 

Lindgren, 1995).

Metal sensitivity has been known to cause aseptic loosening. It is suggested that patients 

have a delayed hypersensitivity due to metal release which leads to occlusion of blood 

vessels of the periprosthetic bone, osteonecrosis, fatigue fracture and subsequent 

loosening (Evans, Freeman, Miller and Veron-Roberts, 1974). The exact nature of the 

particulate debris of different types has not been fully defined. The debate between 

immune and nonimmune reactions continues. There have been many studies looking at 

skin patch tests and post revision histology. Rooker et al. and Brown et al. showed no 

evidence of metal sensitivity, while Deutman et al. and Lalor et al. postulated a 

sensitivity response to metal after hip replacement (Rooker and Wilkinson, 1980), 

(Brown, Lockshin, Salvati and Bullough, 1977), (Deutman, Mulder, Brian and Nater, 

1977) and (Lalor, Revell and Gray, 1991).
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Ceramics are nonmetallic inorganic materials that are classified as bioactive or inert 

according to the tissue when implanted in an osseous environment. The bioactivity of the 

material can be defined as its ability to bond biologically to the bone. An inert ceramic 

means it elicits a minor fibrous reaction. In clinical practice inert ceramic material is used 

as the bearing surface while the bioactive ceramics are employed as coatings to enhance 

fixation due to their osteoconductive properties (Hamadouche and Sedel, 2000).

Ceramics have a brittle nature and fracture of the ceramic femoral heads along with the 

high costs of manufacturing has been the main reason for its limitation to their expanded 

use world wide. The risk of fracture has been reduced in recent years due to the 

improvements in the manufacturing process with increased purity and density (figure 86).

Pressure Test-Ceramic

0.016F MAX LOAD B0BQ.316F
Typical ceramic {Alumina) heads catastrophically failed, producing 
shrapnel ranging from microscopic particles to marble-sized fragments 
at an average of just 8,059 pounds of force.

Figure 86: Ceramic head fracture under proof testing conditions 

(www.oxinium.co.uk, 2005).

The introduction of the Morse taper avoids critical stresses in the head which in the past 

has been a cause of fracture (Hamadouche and Sedel, 2000). The rate of fracture has been
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evaluated as 0.02% for alumina and 0.03% and was reduced to 0.01% for those of 

zirconia (Willmann, 1998).

Alumina ceramics of surgical grade is obtained by sintering alumina powder at 

temperatures between 1600 and 1800°C (figure 87). The resultant material is in its 

highest state of oxidation, allowing thermodynamic stability, chemical inertness and 

excellent resistance to corrosion. Alumina is a brittle material with excellent compression 

strength but the bending strength is limited. It has excellent frictional characteristics are 

due to in part to a high wettability because of the hydrophilic surface and thick film 

lubrication which minimises adhesive wear (Hamadouche and Sedel, 2000).

Figure 87: Example of Alumina ceramic femoral heads and acetabular cups 
(www.cerametec.com, 2005).

Clinical experience over the last 20 years has shown favorable results for the use of 

alumina on alumina as a bearing surface for hip replacement surgery. The wear rates are 

reduced and there is less osteolysis due to sensitivity (Prudhommeaux, Hamadouche and 

Nevelos, 2000).

Zirconia ceramic was introduced for femoral heads because it’s higher strength and 

toughness which will reduce the risk of fracture (figure 88). Pure Zirconia is an unstable 

material showing three different crystalline phases. Monoclinic, tetragonal and cubic, 

phase changes result in a large variation in volume and significantly decrease the
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mechanical properties of the material due to the production of cracks. Stabilization is 

completed by adding oxides (C0O2, MgO or Y2O5) to maintain the tetragonal phase. 

Zirconia is used for the articulation against polyethylene. It has been shown that Zirconia 

articulating with zirconia or alumina causes catastrophic wear (Hamadouche and Sedel,

2000)

Figure 88: Example of Zirconia head (www.progressivemotion.com, 2005).

Mixed - oxide ceramics is a new class of ceramic. It has been designed to combine the 

extra mechanical strength of Zirconia with the tribiological properties of alumina. This 

material contains 40-80% zirconia and has shown wear rates of wear in vitro comparable 

to those of alumina ceramic (Hamadouche and Sedel, 2000). The alternative is ZTA 

zirconia toughened alumina (75% AI2O3 with 25% Zr02) (Cordingley, Kohan, Ben- 

Nissan and Pezzotti, 2003).

Ultra-high-molecular-weight polyethylenes (UHMWPE) have been used as a bearing 

material in total-joint-replacement prostheses. The articulating surface comprises of a 

metal (typically a cobalt-chromium alloy) or ceramic femoral head that articulates against 

a UHMWPE component during in vivo use. It has been well established that the 

longevity of such implants depends on the wear performance of the UHMWPE 

components (Li and Burstein, 1994).
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The presence of particulate wear debris of UHMWPE that is generated due to the sliding 

of UHMWPE components against the metal or ceramic femoral component and this has 

been linked to complications such as tissue inflammation, bone loss (or osteolysis), and 

implant loosening (Landy and Walker, 1988). Osteolysis resulting from wear of 

UHMWPE is recognized as the leading problem in orthopedic surgery today. Although 

UHMWPE has superior wear characteristics compared with those of other polymers, its 

resistance to wear must be improved for increased lifetime of joint-replacement 

prostheses (Li and Burstein, 1994).

A new approach has been adopted to improve the wear performance of UHMWPE. 

Instead of using processing methods such as high-pressure crystallization or physical 

blending, UHMWPE components have been modified via chemical methods. Cross

linking of UHMWPE macromolecules has been performed using cross-linking agents 

such as peroxides (Shen and McKellop, 1996), and through gamma (Oonishi, Ishimaru 

and Kato, 1996) or electron-beam irradiation (Dijkstra, Hoogsteen and Pennings, 1989).

The cross-linking of UHMWPE results in an interpenetrating network of high-molecular- 

weight polyethylene chains, with the potential benefit of increased strength in the 

interfacial region between resin particles of polyethylene components (figure 89). 

Incomplete consolidation of resin particles has been observed in components of 

UHMWPE, and is believed to contribute to wear (Li and Burstein, 1994). Laboratory hip- 

simulator wear tests have shown that there is a decrease in UHMWPE wear rate 

corresponding to an increase in the degree of cross-linking (Shen and McKellop, 1996) 

and (Oonishi, Ishimaru and Kato, 1996).
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Figure 89: Structure of Cross-linked UHMWPE (www.orthoassociates.com, 2005).

Fixation for the hip replacement to the bone can be broken down into three different 

areas, cemented, cementless and a hybrid fixation (figure 90).
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SCREWS

CLASS-CERAMIC 
I -AYER

BONE CEMENT

V | RESORBABLE PARTICLE

Figure 90: Different types of fixation for hip replacement. A: Direct interference B: 

Mechanical fixation by screws C: Bone cement D: Porous ingrowth E: Direct 
mechanical bonding F: Bone cement with resorbable (http://ttb.eng.wayne.edu, 

2005).
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Poly Methymethacrylate (PMMA) was introduced to the orthopaedic environment by Sir 

John Charnley. Originally it was designed for the use in dentistry. It is used as the load

transferring material between a total joint prosthesis and the bone implantation site. 

Commercially available bone cement is a two-phase material that consists of a liquid 

methylmethacrylate monomer and a fine pre-polymerized polymethylmethacrylate 

powder. These components are packaged separately, mixed together in the operating 

room in a vacuum-mixing chamber and inserted under pressure into the prepared bone 

cavity before the polymerization reaction is complete. The liquid monomer contains a 

promoter or accelerator (to initiate the free-radical reaction) and a stabilizer (to prolong 

shelf-life) and the powder contains an initiator (a catalyst) and a radiopacifier. 

Radiopaque material is commonly added to bone cement to enable the radiologist to 

"see" the cement mantle, monitor its integrity and observe the presence of defects 

(Pienkowski and Andrews, 2005).

The name "bone cement" is actually a misnomer because instead of serving as an 

adhesive, it more accurately serves as an interfacial material between the reamed 

medullary canal of the proximal femur or tibia for total hip or knee implants, 

respectively, and the metallic stem of the prosthesis. Bone cement applied to the 

medullary canal is intended to form a layer (mantle) of uniform thickness between the 

bone and the implant stem (figure 91). This cement mantle is intended to mechanically 

interlock with the pores of the prepared bone and structurally compensate for the inability 

of the surgical technique to create a cavity in bone that exactly matches the shape of the 

total joint stem (Pienkowski and Andrews, 2005).
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Figure 91: A: Cement bone interface (www.midmedtec.co.uk, 2005) B: Histology of 
cement bone interface (www.jointrepIacement.com, 2005b).

Bone cement is the technology of choice for older patients because it virtually guarantees 

secure, immediate post-operative implant fixation and allows patients to ambulate soon 

after surgical implantation of the new joint. This reduces post-operative morbidity and 

mortality and reduces the duration of hospitalization and rehabilitation. This is 

particularly important because two-thirds of all hip replacement patients are older than 

65 years of age (Pienkowski and Andrews, 2005).

Cementless fixation requires an appropriate porous ingrowth surface and viable bone, 

with intimate contact between the two surfaces. In the mid 1970’s, problems related to 

cement fixation, including loosening, bone loss and signs of fragmented cement. Pressfit 

components were designed to decrease this problem.

Calcium phosphate-based material called hydroxyapatite (HA) has also been introduced 

as an option for boney ingrowth on hip and cup components. Hydroxyapatite is the 

inorganic phase of bone, is inherently compatible with the body, and has been shown to
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promote bone growth and enhance implant fixation (figure 92) (Branson and Goldstein, 

2003).

Porous coated stem are indicated for the use in younger active patients due to the 

excellent long term results (Branson and Goldstein, 2003).

Figure 92: A: Pressfit femoral stem. B: Pressfit acetabular cup. C: Electron 

microscope view of the porous coating surface on the hip components 

(www.zimmer.com, 2005).

Today surgeons have the choice of the hybrid design in a range of materials and 

geometry. They can have the combination of ceramic femoral head polyethylene cup 

liner metal cup in Ti or CoCr Mo shell and metal Ti or CoCr Mo femoral stem. The stem
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can be cemented or pressfit with a proximal or total fixation. The cup can also be pressfit 

or cemented. Ultimately, the surgeon will choose the design he or she feels will give the 

patient the best long term survival.

6.3 THR success and implant survival.

Joint replacement is one of the most successful procedures conducted by Orthopaedic 

surgeons. Outcomes studies involving patients following total hip replacement have 

shown the dramatic benefits of the surgery on the patient’s quality of life. Although a 

return to preimplant activity levels may not be achieved by very active patient, many can 

return to an active life. Figure 93 shows the implant survival of cemented, uncemented 

and hybrid implants. The first period covers 1979-1989 and the second 1990-2000. In the 

second time interval, most elements of the modern cementing technique were used. The 

cemented implants have improved over time. The uncemented implants also display a 

significant improvement (Malchau, Herberts, Garellick, Soderman and Eisler, 2002).
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Figure 93: THR results for cemented, uncemented and hybrid implants (Malchau, 
Herberts, Garellick, Soderman and Eisler, 2002).

The common expectation for survival of an implant is 10-15 years. The expectation is 

due to the long term follow-up of the older implants. Survival data which has been 

followed for up to 20 years reveals that implants have survived well even though the 

technology, materials, techniques and experience of surgeons have improved (figure 94).
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Figure 94: Long term follow-up of the first generation hip implants. Charnley, 

Stanmore and the Muller THR(Malchau, Herberts, Garellick, Soderman and Eisler, 
2002).

As reported in the literature younger patients have a higher failure rate after hip 

replacement. Malchau et al. (2002) divided the THR population into 3 groups and 

analysed the results (figure 95). Within these groups they also divided the groups into
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cemented and non cemented. The cohort younger than 55 years showed an increasing 

rate of failure, 8-9 years after the primary operation. While the cohort between 55-75 

years shows a drastically reduced amount of revision operations out to 9 years. The 

cohort older than 75 years shows the best results overall (figure 95) (Malchau, Herberts, 

Garellick, Soderman and Eisler, 2002).
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Figure 95: Survival by age. A: Cemented and non cemented under 55 years B: 
Cemented and non cemented 55-77years C: Cemented and non cemented older than 

75 years (Malchau, Herberts, Garellick, Soderman and Eisler, 2002).

6.4 What is Hip Resurfacing?

Hip Resurfacing or surface arthroplasty represents a significant development in the 

evolution of total hip replacement. It is a two part metal on metal articulation. There is an 

acetabular cup and femoral component with a short stem. The stem has been designed for 

correct positioning on the femoral head at the time of surgery. The components size has 

been designed for a fit as close to the patient’s native anatomy. Resurfacing is an 

attractive concept because it preserves proximal femoral bone stock, optimizes stress 

transfer to the proximal femur, and because of the large diameter of the articulation, 

offers inherent stability and optimal range of movement (figure 96) (Grigoris, Roberts, 

Panousis and Bosch, 2005). The other benefits of this procedure are the avoidance of 

stress shielding, restoration of normal anatomy in the form of offset, leg length and 

anteversion and a decrease in dislocation.
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Total hip replacement in its current form has proved very effective in late middle aged 

and elderly patients, with survival rates in excess of 90% at 10 years. When the younger 

more active patients are reviewed, especially men younger than 55 years old, this survival 

figure drops to 80% at tens years (Grigoris, Roberts, Panousis and Bosch, 2005). This 

figure drops significantly as the implant gets older sometimes as low as 33%. Hip 

resurfacing surgery is being advocated for this group of patients. The preservation of 

femoral bone stock at the initial operation and has the potential if required at a later stage 

an easier revision operation due to the amount of remaining bone (Grigoris, Roberts, 

Panousis and Bosch, 2005).

Figure 96: A: A post operative x-ray of a hip replacement. B: A post operative x-ray 

of hip resurfacing (authors data base).

6.5 History of hip resurfacing.

The concept of hip resurfacing is not new. Contemporary designs are a direct descendant 

of the Smith-Petersons mold arthroplasty in 1948. Despite being a hemi arthroplasty with 

no stable fixation to the femoral head outcomes were unpredictable but some lasted many 

years (Smith-Peterson, 1948).
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The first true hip resurfacing procedure was performed by Sir John Charnley in the early 

1950’s. He used Teflon on Teflon bearing surface (figure 97). As mentioned earlier in 

this chapter; this implant was associated with high early failure and abandoned.

Figure 97: Charnley hip resurfacing (www.midmedtec.co.uk, 2005).

In 1960, Townley designed a metal on polyurethane articulation which was associated 

with catastrophic wear. 1967 saw the introduction of the Muller design. This was a metal 

on metal articulation (figure 98). He implanted 18 in young active patients in addition to 

35 stemmed prostheses. These had excellent early clinical results (Grigoris, Roberts, 

Panousis and Bosch, 2005).
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Hip
resurfacing
component

Figure 98: Muller THR and hip resurfacing component (Amstutz and Grigoris, 
1996).

A bipolar metal on metal hip resurfacing component was introduced by Gerard in 1970. 

This system consisted of the LUCK cup inserted in to an Aufranc Vitallium cup 

(Howmedica Inc, Rutherford, NJ). In 1972 the Aufranc cup was replaced with a 

polyethylene cup in attempt to decrease the friction between the two implants (Grigoris, 

Roberts, Panousis and Bosch, 2005).

Furuya, in Japan inserted 13 hip resurfacing components using stainless steel acetabular 

components with high density polyethylene (HDP) femoral components fixed with 

cement (Furuya, Tsuchiya and Kawachi, 1978). Nishio in 1972 combined Urist 

acetabular component with his own femoral component made from Vitallium (Nishio, 

Eguchi and Kaibara, 1978).

Flip resurfacing then moved to a cemented acetabular polyethylene cup and metal femoral 

components. This was used in 1971 by Paltrinieri and Trentani, Italian surgeons and 1974 

by Freeman.

Freeman introduced the concept of resurfacing from a biomechanical aspect. He believed 

the internal structure of the arthrosic and normal femoral heads were grossly different. 

The compressive strength of the femoral head dependant upon the medial trabecular 

system which runs through the femoral head at 20° to the vertical (the plane of the
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resultant of the major loads borne by the hip (Freeman, 1978) This forward thinking is 

still used today and much of the success of the hip resurfacing revival is due to the 

original thoughts made by Freeman.

The ICLH resurfacing component was implanted in 1972 by Freeman. This component 

consisted of a cemented high density polyethylene femoral component and a metallic 

acetabular component (figure 99). Forty percent of these components failed.

Figure 99: Freeman hip resurfacing components (www.midmedtec.co.uk, 2005).

Between 1975 and 1979 the design was changed and 222 components consisting of a 

high density polyethylene acetabular component and a metallic femoral component were 

implanted. These components although better showed a large failure rate. A total of 43 

revisions were experienced with this series the major complication being aseptic 

loosening which totaled 35 (Freeman and Bradley, 1978).

In 1974 Wagner introduced hip resurfacing in Germany. This component became widely 

used in Europe (figure 100). The acetabular components had a thickness of only 4mm. 

Cobalt-chromium (Co-Cr) and ceramic femoral components were available. A series of 

426 consecutive resurfacings were performed. Short term follow up was favorable, long 

term the material combination would show a disadvantage for the procedure (Wagner, 

1978).
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Figure 100: A: Wagner hip resurfacing component (www.midmedtec.co.uk, 2005). 
B: X-rays of the Wagner components post operatively (http://www.jri- 
oh.com/jri_hip surface.php, 2005).

Freeman and Wagner both commenced a push to look at patient outcomes. They were 

both very interested in patient selection, surgical technique and patient satisfaction after 

surgery. The unfortunate problem for these two forward thinkers was the lack of 

manufacturing technology and materials available for them to use (Wagner, 1978) and 

(Freeman and Bradley, 1978).

The push for resurfacing in the United States of America began in 1973 with Eicher and 

Capello. They used a cemented metal femoral component and polyethylene acetabular 

component which was reinforced with a metal backing in 1982 (Grigoris, Roberts, 

Panousis and Bosch, 2005).

Amstutz in 1973 developed a hip resurfacing device that had internal eccentric shells 

which was called THARIES (Total hip Articular Replacement using Internal Eccentric 

Shells). The components were cemented and consisted of a CoCrMo femoral component 

and an all polyethylene acetabular component (figure 101). Both components were 

eccentric with polyethylene maximum wall thickness of 3.5-5.5mm in the weight bearing
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areas. The technique was designed around the concept of resecting all non-viable femoral 

head bone but preserving as much of the head and neck as possible, to allow fixation of 

the components (http://www.jri-oh.com/jri_hip_surface.php, 2005).

Figure 101: THARIES surfacing component (www.midmedtec.co.uk, 2005).

This was the biggest series of this generations hip resurfacing. In total 322 implants were 

implanted between June 1975 and November 1984. 189 of these case were revised 97% 

of these were for aseptic loosening figure 102 (www.midmedtec.co.uk, 2005).
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Figure 102: Survival curve from the first series of THARIES 

(www.midmedtec.co.uk, 2005).

In 1983 Amstutz implanted the first cementless resurfacing arthroplasty with Ti-6A1-4V 

femoral component, modular ultra high molecular weight polyethylene acetabular liners, 

and pure titanium mesh porous backing. The initial sockets were hemispherical with 

screws, and later, the first chamfered cylinder socket with an interference fit was 

developed (Grigoris, Roberts, Panousis and Bosch, 2005).

The results of the 1970’s and 1980’s were disappointing and the resurfacing concept was 

abandoned with exception to a few centers. The expectations that these components were 

going to be easily revised quite often did not come to fruition. While the proximal 

femoral bone stock was maintained the acetabular remained a problem. The destruction 

was partly the consequence of the excessive removal of bone and cement mantle 

periprosthetic osteolysis (Grigoris, Roberts, Panousis and Bosch, 2005).

The implication of wear debris was not fully understood at the time, failure was 

attributed to other factors including avascular necrosis of the femoral head, acetabular 

component loosening due to high frictional torque and a high incidence of femoral neck 

fracture.
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The debate raged on over the problems associated with the concept of hip resurfacing, 

many researchers trying to establish a positive case to continue with resurfacing while 

others completely dismissed the idea with constant negative results slamming the 

procedure.

Howie et al. (1993) examined 72 retrieved failed Wagner femoral heads and concluded 

that there was viable bone in femoral head in most cases and bone destruction was due to 

wear particle osteolysis (Howie, Cornish and Vemon-Roberts, 1993). Similar finding 

were found by Campbell et al. (2000) (Campbell, Mirra and Amstutz, 2000). Freeman 

believed that avascular necrosis was not a problem due the blood supply in an arthritic 

femoral neck came from intraosseous vessels. These vessels would not be interrupted at 

the time of surgery and therefore a lack of blood supply to the head could not be a 

problem (Freeman, 1978).

Large bearing frictional torque has been subject to debate. It has been suggested that a 

large bearing articulation was the cause of failure in the early resurfacing procedures. 

Investigators looked at survival of cemented THAR1ES in the larger bearings and 

concluded despite the larger frictional torque on the larger femoral heads survival was not 

subject to the size of the articulation rather wear debris was the distinguishing factor 

(Mai, Schmalzried, Dorey, Campbell and Amstutz, 1996).

UHMWPE wear debris has been shown in to be the underlying cause of loosening in hip 

arthroplasty. The use of the poly and metal coupling was due to the early failures of the 

first generation of metal on metal devices, coupled with the excellent early results of the 

Charnley metal on UHMWPE hip joint, led to the abandonment of the metal on metal 

designs. These failures have been subsequently traced to poor design and manufacturing 

tolerances leading to equatorial contact, as opposed to polar contact which has become 

standard today. Wear performance is obviously still a concern and this has led to 

extensive testing of many materials and combinations (Walker and Gold, 1971).
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Femoral neck fractures seen in the first generation of resurfacings were due to osteolysis 

of the femoral neck and surgical technique. Perioperative neck notching was often a 

consequence of extreme valgus positioning of the implant, which at the time was 

recommended to reduce the tension of shear stresses across the head neck junction. 

Undersizing the femoral head component also caused notching and large trochanteric 

osteotomy also compromised the femoral neck (Freeman, 1978).

The renaissance of metal on metal articulations for total hip arthroplasty began in 1988 

(Amstutz and Grigoris, 1996). Sulzer Orthopaedics (Winterthur Switzerland) developed 

the Metasul bearing, a precisely engineered, high carbon containing, wrought Co-Cr alloy 

with excellent wear characteristics (Weber, 1996). With this metal on the market, Wagner 

introduced a new hip resurfacing component in 1991. This system was cementless. The 

acetabular component was titanium alloy shell with a Metasul inlay. The thickness of the 

construct and the extensive macro features on its external surface made it difficult to 

implant and preparation of the femoral head was crude (figure 103). Only small numbers 

of this implant were used and there is no follow up (Grigoris, Roberts, Panousis and 

Bosch, 2005).

Figure 103: Second generation Wagner metal on metal hip resurfacing (www.jri- 
oh.com, 2005).
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In 1991 in the United Kingdom McMinn in collaboration with Corin Medical 

(Cirencester, United Kingdom), introduced a hip resurfacing based on a cast Co-Cr alloy. 

This first design was associated with high incidences of aseptic loosening and was 

changed a year later to components coated with hydroxyapatite (HA). The components 

were then cemented which proved to fail. The acetabular component had early loosening 

issues relating to the debonding of the cement interface. He then moved to a hybrid 

component a cementless acetabular component and a cemented femoral component 

(figure 104) (Grigoris, Roberts, Panousis and Bosch, 2005).

Figure 104: Early McMinn resurfacing design (www.midmedtec.co.uk, 2005).

1996 brought the split of McMinn and Corin and two different resurfacing designs were 

launched, the Cormet-2000 developed by Corin Medical (figure 105) and the 

Birmingham Hip Resurfacing (Midland Medical Technologies, Birmingham, United 

Kingdom; now Smith and Nephew, Memphis, Tennessee) (figure 106) (Grigoris, 

Roberts, Panousis and Bosch, 2005).
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Figure 105: Corin, Cormet -2000 hip resurfacing device (www.corin.co.uk, 2005).

Figure 106: Birmingham hip resurfacing device (www.midmedtec.co.uk, 2005).

By the end of 2004 the major manufactures had introduced metal on metal hip 

resurfacing systems. The following figures represent the recent influx and popularity of 

the hip resurfacing components.

1. 1996: Conserve Plus, Wright Medical Technology, Arlington, Tennessee (Figure

163
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2. 2001: Durom, Zimmer, Winterthur, Switzerland (Figure 108).

3. 2003: ASR (Articular Surface Replacement) DePuy Orthopaedics, Warsaw 

Indiana (Figure 109).

4. 2004: ReCap, Biomet, Warsaw, Indiana (Figure 110).

5. 2004: Icon Hip Resurfacing, International Orthopaedics GMBH, Bromsgrove, 

United Kingdom.

Figure 107: Conserve Plus implant (www.activejoints.com, 2005).
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Figure 108: Durom implant (www.investor.zimmer.com, 2005).

Figure 109 ASR Implant (www.activejoints.com, 2005).
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Figure 110: ReCap Implant (www.biomet.com, 2005).

6.6 Birmingham Hip Resurfacing.

The Birmingham Hip Resurfacing (Midland Medical Technologies, Birmingham, United 

Kingdom; now Smith and Nephew, Memphis, Tennessee) is the implant of choice for this 

thesis.

The components used in this patient cohort were McMinn’s 1997 design. All patients 

have the same components and there have been no manufacturing changes since the 

commencement of this project.

The components are Cobalt, Chromium, Molybdenum and Carbon as-cast metal 

microstructures having had no post casting heat treatments (figure 111). It is a hybrid 

fixation. The femoral component is cemented and the acetabular component using 

hydroxyapatite. The bone metal interface on the back of the acetabular cup is Porocast 

IM, This process is a cast-in porous surface with an uneven surface to serve as a good
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bone in growth surface, the beads are part of the metal substrate (figure 112) (Me Minn, 

2003).

Figure 111: Casting process for hip resurfacing implant (www.midmedtec.co.uk, 
2005).

Figure 112: A: Macro picture of the Porocast surface on the acetabular component. 
B: Microscopic picture of the Porocast surface on the acetabular component 
(www.midmedtec.co.uk, 2005).

167



Chapter 6 Total hip Replacement/ Hip Resurfacing

The finishing technologies for the hip resurfacing components have improved 

dramatically since the first implant was implanted many years ago. The modern metal on 

metal design has near perfect bearing surfaces. The Birmingham hip resurfacing 

roundness is to within two microns and the surface roughness is well within the ISO 

standard for conventional total hip replacement (figure 113) (Me Minn, 2003).

Figure 113: Polishing process of the Birmingham hip resurfacing component 
(www.midmedtec.co.uk, 2005).

6.7 The success of hip resurfacing.

The successes of the new generation hip resurfacing devices have been solely due to the 

improvements in materials, manufacturing technologies, surgical instruments and surgical 

technique.

From July 1997 until February 2001 McMinn implanted 1,209 implants. Survivorship 

analysis on this group shows a 97% survival at 7-8 years versus a 40% survival at the 

same time period in Wagner resurfacings (figure 114) (Me Minn, 2003).
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Figure 114: Survival analysis of the McMinn implant from 1997-2001 (Me Minn, 
2003).

McMinn’s early findings enabled the reintroduction of hip resurfacing into the 

orthopaedic market. This has not been an easy task. Debate continues to rage on within 

the Orthopaedic community on the safety and long term outcomes for the younger 

patient.

The Australian National Joint Registry (2004) states, in the years 2002- December 31st 

2003, 3,703 hip resurfacing were performed. This is 7.8% of the primary hip market in 

Australia. The revision rate at this point is 1.9%. There is no significant difference in the 

early revision rates for resurfacing implants compared to early revision for a standard 

total hip replacement in patients less than 55 years old. The major reason for revision is 

femoral neck fracture (66.7%) followed by loosening (19.4%) (Graves, Davidson and 

Ingerson, 2004).
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7.1 Introduction.

Reduced bone mineral mass induces an increased fracture risk on the superior side of the 

femoral neck before and after hip resurfacing. To date the selection criteria for patients 

undergoing hip resurfacing has not included the assessment of bone quality other than the 

use of visual inspection of radiographs (Singh Index) to estimate the mechanical quality 

of the bone. The information collected from a radiograph, evaluates the morphology of 

the hip with high image resolution, but this method is insensitive to changes in bone 

mineral mass. It is recognised that the use of visual inspection or Singh Index is 

subjective, and its predictive value for the mechanical quality of the bone in individual 

patients remains uncertain and unreliable (Krischak et al., 1999).

The importance of implant survival relies on many variables. The most important of these 

is bone strength and bone stock. In standard hip replacement the femoral neck is splinted 

by the medullary canal’s stiff metal femoral stem. This offers protection and the reduced 

risk of femoral neck fractures. The hip resurfacing design does not offer the same 

protection across the femoral neck, exposing the neck to stress. If this bone has a reduced 

bone mineral mass, the risk of fracture at the femoral neck is high.

Hip fractures comprise a group of injuries that result from cyclic mechanical stresses; 

they can be classified as either fatigue or insufficiency fractures. A stress fracture that 

occurs in normal bone in a healthy young or middle aged individual secondary to 

repetitive mechanical stress is defined as a fatigue fracture; repetitive loading results in a 

decrease in the bone's failure strength. In the elderly, whose bone fatigue strength has 

been lowered secondary to osteoporosis, osteomalacia, Osteoarthritis or other disease 

states, lower loads (normal activities) or fewer loading cycles can result in osseous failure 

(Egol et ah, 1998). This type of stress fracture is considered to be an insufficiency 

fracture. Published work, has suggested that low levels of repetitive stress in normal bone 

lead to increased bone remodeling and resultant localized osteoporosis and subsequent 

osseous weakening (Fullerton and Snowdy, 1988).
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Fullerton and Snowdy (1988) described a femoral neck stress fracture classification with 

three categories: tension, compression, and displaced (figure 115) (Fullerton and 

Snowdy, 1988). Tension stress fractures occur on the superolateral aspect of the femoral 

neck and are at increased risk for fracture displacement (Egol et ah, 1998). The tension 

and displacement fractures can also be called Subcapitial. This constitutes 63% of all 

fractures occurring in the hip (Blake and Fogelman, 1996).

Figure 115: Classification of femoral neck fractures. (A) Tension type fracture. (B) 
Compression type fracture. (C) Displaced type fracture (Egol et al., 1998)

The fatigue process proceeds by the accumulation and consolidation of microcracks that 

occur throughout the osseous structure (trabeculi, osteons, and cement lines). These 

structures have different and anisotropic (dependent on load direction) mechanical 

properties that determine the initiation, orientation, and propagation of microfractures 

(Egol et al., 1998).

Clinical antidotal evidence reveals the pattern of fracture after hip resurfacing as a 

Subcapitial or tension fracture. The fracture will commence on the superior side of the 

neck and run across to the inferior pole or calcar region as seen in figure 115c. All 

fractures in this cohort resulted in this pattern of fracture (figure 116).
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B
Figure 116: A: Well placed and functioning BHR. B: Tension fracture pattern post 
BHR.

Insufficiency or displacement fractures of the femoral neck are catastrophic for the future 

of the implant and revision is the only option. Therefore to reduce the risk of this fracture 

occurring, it is vital for the surgeon to have information regarding the health of the bone 

prior to surgery. Armed with the appropriate tool, the surgeon may be able to steer the 

patient away from the complication of fracture and ultimately revision surgery.

Bone mineral density measurement (BMD) is the front line examination to diagnose bone 

disease characterized by the absolute decrease in the amount of bone to a level below that 

required for mechanical support for normal activity and the occurrence of fracture 

(Osteoporosis) (Blake et al., 1999) The clinical application of bone mineral density 

testing has been widely published for its relationship with fracture risk (Blake and 

Fogelman, 1996). This technique is popular not only because of high precision but the 

cost of the scan is low, scan time is short and the radiation dose is minimal (Mirsky and 

Einhorn, 1998).
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Close scrutiny to bone quality other than the use of visual inspection of radiographs 

(Singh Index) to estimate the mechanical quality of the bone has not been closely 

analysed. A change in bone mass across the femoral neck can be influenced by disease 

(Osteoarthritis) or a change in load pattern (pain and disuse). If hip resurfacing is the 

technique of choice, the major difficulty is to distinguish clearly which patient will have a 

positive outcome without the complication of femoral neck fracture.

This is the first attempt to introduce a practical tool for surgeons to assess bone quality 

prior to hip resurfacing surgery. The following chapters illustrate the method and results 

for a prospective longitudinal outcome analysis of 423 consecutive hip resurfacing 

procedures to test the validity of the introduction of BMD in conjunction with unique 

selection criteria. There were 339 patients under 65 years of age (264 males and 75 

females). There were 84 patients 65 years and over (61 males and 23 females).

Bone mineral density examination were introduced preoperatively, 6 months, 12 months 

and 24 months postoperatively to test for bone mass quality. It was a clinical decision to 

examine bone mineral density examinations as a consecutive series. The consultant 

orthopaedic surgeon felt it was safer for every patient to be included in the treatment 

group. Bilateral hip examinations were tested and the collateral hip was used as the 

control. The results are illustrated using three different methods. Firstly, the T-score, 

femoral neck BMD and total BMD for the operated hip and the non operated hip are 

calculated as the average change over time. Secondly, the percentage change in femoral 

neck BMD has been calculated over a 24 month period. This has been calculated because 

there is little information in the literature and the only other article that has looked at 

BMD in hip resurfacing (Kishida et al., 2004) presented the results as the percentage 

change over time. Presenting the results as a percentage will be quickly identified in a 

published paper version of this thesis. Thirdly, a regression analysis was performed on 

the cohort to establish a direct comparison to the general population. The results are 

shown as the relationship between BMD and age and the relationship between BMD and 

BMI (chapter 8).

178



Chapter 7 Methodology

The short form (SF-36), WOMAC health questionnaire, TEGNER activity score and 

body mass index (BMI) were used to analysis the patient’s outcomes, activity and general 

health preoperatively, 6 months, 12 months, 24 months and 36 months postoperatively. 

These surveys were chosen to assess the outcomes of the patients because they are widely 

used in orthopaedic research and they give an overview of the patient’s general health 

(SF-36), disease status (WOMAC) and activity level (Tegner). The results are illustrated 

as the average change over time (chapter 9).

The patient inclusion criteria for this cohort included moderate to severe symptomatic 

osteoarthritis in patients who had failed at least 6 months of conservative treatment, 

patients who were employed and/or outdoor, recreational activity undertaken three or 

more times a week, and living at home. No patient was institutionalized or in a cared 

facility. Age was not used as a selection criterion. All patients had osteoarthritis and 

there was no inflammatory disease. This study protocol was approved by ethics 

committee of the University of Technology Sydney. Written informed consent was 

obtained from patients.

The interest in this issue commenced after Eve femoral neck fractures were experienced 

with in the first 50 cases. The fracture group consisted of four males and one female. A 

retrospective review of the patient’s history in the fracture group indicated that three out 

of five patients had co-morbidities, two of the males were alcoholics (had received 

treatment at some stage previously) and the female was taking prescribed Dilantin, (for 

long term epilepsy). Osteoporosis was ascertained as the cause of fracture. These five 

patients later had revision surgery and total hip replacement. All fractures occurred in the 

first six months after surgery. Before the commencement of this thesis work, femoral 

head retrieval was conducted on 21 fractured femoral heads, the results can be found in 

appendix 2. These results lead to the initiation of the current work and a new novel 

approach with a practical preventable tool to fracture for hip resurfacing surgery.
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Chapter 8 BMP

8.1 Introduction

Chapter 8 introduces the methodology and results applied to test the research question. 

Bone mineral density (BMD) measurement is a well known technique for the diagnoses 

of poor bone mass (Osteoporosis). To date there has been no published data analyzing the 

effect of bone mineral density examination in patient selection criteria for hip resurfacing 

surgery.

This is the first attempt to introduce a practical tool for surgeons to assess bone quality 

prior to hip resurfacing surgery. A prospective longitudinal outcome analysis of 423 

consecutive hip resurfacing procedures was conducted to test the validity of the 

introduction of BMD in conjunction with unique selection criteria. There were 339 

patients under 65 years of age (264 males and 75 females). There were 84 patients 65 

years and over (61 males and 23 females). Bilateral hip measurements were conducted 

and the collateral hip was used as the control. It was a clinical decision to conduct a 

consecutive series.

The methodology has been describe throughout the chapter highlighting the BMD 

technique, the procedure, patient positioning, interpretation of the examination, clinical 

considerations and gender and age issues. Each section also describes what is happening 

in the literature.

The results indicate that patients that undergo BMD examinations and score with in the 

described guidelines the chance for femoral neck fracture can be reduced. Bone mass is 

just one part of a multifactorial approach but when the patient has been examined for 

bone quality prior to surgery, poor bone mass is not the cause if there is a complication.
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8.2 History of bone mineral density testing.

Historically, bone mineral density examinations were developed to help understand the 

complex behavior of bone mineral in the skeleton. It is a non invasive measurement of 

the mineral content of the bone.

Single photon absorptiometry (SPA) was introduced by Cameron and Sorenson in 1963 

(Cameron and Sorenson, 1963). The instrument used radionuclide source emitting y-rays 

with a single energy. The method was limited to measuring sites immersed in water or 

embedded in other materials with absorption qualities similar to soft tissue.

In 1970 the first commercial densitometer was introduced by Norland-Cameron. This 

machine was a single photon absorptiometry instrument, which measured the distal 

radius. The measurement sites were assessed by scanning a single line either once or 

repeatedly. Reproducibility of the limbs position was an issue with precision because it 

required manual positioning of the limb resulting in the measurement of the midshaft of 

the radius where the bone is entirely cortical (Blake, Wahner and Fogelman, 1999).

Dual photon absorptiometry (DPA) was introduced on the market in 1981 by researches 

at Wisconsin University. Although, the first equipment designed for duel photon 

absorptiometry was in 1965. Different designs were constructed for different body sites 

and different radionuclide sources and computer algorithms were researched and 

developed.

When the radionuclide ~ Gd became available in the early 1970’s, this allowed the 

development of scanners measuring different sites of the skeleton with a single source 

(Blake, Wahner and Fogelman, 1999). The 'Gd radionuclide emits photons at two 

discrete energies (44 and 100 KeV). This enabled the distinction between soft tissue and 

bone resulting in lumbar spine and the proximal femur measurements to become a reality 

(figure 117) (Blake and Fogelman, 1996).
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While this scanner was a significant improvement the drawbacks were the scanning time 

of approximately 20-40 minutes and the resolution was limited to 4-8mm, giving poor 

quality images (figure 117) (Blake, Wahner and Fogelman, 1999).

A

•V

Figure 3.6 (A) A Novo BMC LAB 22a DPA scanner as used in the mid-1980s. (B) A lumbar spine DPA scan being 
analysed on a Novo BMC LAB 22a system

Figure 117: Dual Photon Absorptiometry (Blake, Wahner and Fogelman, 1999).

Since its first clinical appearance in 1987 dual energy x-ray absorptiometry (DEXA) has 

become a dominant method of evaluating bone loss and establishing fracture risk 

(Genant, Grampp, gluer, Faulkner, Jergas, Engelke, Hagiwara and Van Klijk, 1994). The 

introduction of an x-ray tube and discarding ' Gd gamma radiation improved the 

performance of bone densitometers by combining a high photon flux with a small focal 

spot to aid in precision and reduce scanning time (Blake and Fogelman, 1996).

Rutt et al. 1985 showed from theoretical calculations the replacement of ' Gd 

radionuclide with an X-ray tube improved images from 2mm to 1mm and improved
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precision from 2% to 1% and reduced scan times from 20 minutes to 2 minutes (Rutt, 

Stebler and Cann, 1985).

DEXA was the method of choice in this cohort, due to the low dose of radiation (0.5- 

5.0mSv) which is less than 5% the dose of a chest x-ray, which make DEXA ideal for 

repeated examinations and high precision (figure 118) (Theis and Beadel, 2003).

Figure 118: DEXA machine (Group, 2000).

Quantitative computed tomography (QCT) is a three dimensional distribution of 

volumetric bone density (figure 119). QCT is primarily used to determine the trabecular 

bone in any skeletal site. The application of QCT is the highest diagnostic sensitive test to 

measure bone mineral content and mass (Blake, Wahner and Fogelman, 1999) and 

(Genant, Engelke and Fuerst, 1996). This technique is available on any commercial CT 

machine with the use of specially designed calibration phantoms.

The principle source of error for QCT is the measurement of marrow fat which leads to 

underestimation of BMD and overestimation of BMD loss. It is possible to improve the 

error rates but this increases the radiation dose for the patient and impairs precision 

(Blake, Wahner and Fogelman, 1999) and (Gluer and Genant, 1989).
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The disadvantage and the reason for not utilizing this technology for this thesis is the 

high amount of radiation the patient receives when undergoing the scan and the high cost 

of each scans.

Figure 119: CT machine (Group, 2000).

8.3 What is bone mineral density?

Bone is a three dimensional structure made up of proteins and calcium hydroxyapatite. 

Dual energy x-ray absorptiometry (DEXA) measures the amount of the calcium mineral. 

The amount or density of mineral in the bone accounts for approximately 70%-90% of 

the strength of a bone. Bone strength reflects the integration of two main features, bone 

density and bone quality. Bone quality relates to architecture, turnover, microfracture and 

mineralization. Currently there is no tool to measure bone quality therefore bone mineral 

density is required to identify patients before fractures occur (Watts, 2004).

The term bone density or bone mineral density (BMD) relates to the mineral content per 

unit of area. DEXA assess the amount of bone mineral content in a two dimensional
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projection and divides the result by the area. These results can sometimes be referred to 

as areal bone mineral density (S. R. Cummings, F. Cosman and SA. Jamal, 2002). To 

illustrate the concept, DEXA can be compared to a flower which is in three dimensions 

and then pressed in a flower press, resulting in two dimensions, (figure 120 and 121). 

Bone mineral density is a reflection of the three dimensional bone pressed and the results 

given in two dimensions or grams per cm".

Figure 120: 3D image of a Peony flower (www.lillies.ca, 2001).

Figure 121: 2D image pressed Peony (Pacbell.net/kate_chu/pressed_flowers.html).

Bone mineral density examination was the test of choice for this cohort because it has 

been shown widely in the literature as the best predictor of fracture risk in the proximal 

femur (Leslie and Ward, 2004) and (Faulkner, 2003). Pocock, et al. (2001) has estimated 

the axial bone mineral density using DEXA as the principle diagnosis in Australia for the

187



Chapter 8 BMD

assessment of proximal femoral fracture risk. (Pocock, Culton, Noakes and Harmelin,

2001) The association between BMD and fracture risk is stronger than that between 

serum cholesterol and coronary artery events and that between systolic blood pressure 

and stroke associated mortality (Compston, Cooper and Kanis, 1995).

8.4 Dual Energy X-ray Absorptiometry Principles.

Dual-energy x-ray absorptiometry (DEXA) is fundamentally the high precision 

measurement of the transmission of x-ray through the body (Testi, Viceconti, Baruffaldi 

and Cappello, 1999). It requires x-ray of two different photon energies namely x and y - 

radiation. The photoelectric effect and Compton scattering are the main processes. The 

photooelectric effect is the complete absorption of the incident photon by an atom. 

Compton scattering undergoes photon collision with an atom electrons in which the 

photon is deflected and loses some energy (Blake, Wahner and Fogelman, 1999). This 

creates a distinction between two different types of tissue. At low photon energies used 

in bone mineral density (30-140keV), the photon effect is the predominant mode of 

interaction in the bone and Compton scattering in the soft tissue. When these x-rays pass 

through the bone some are absorbed. This absorption is the measurement of bone density 

illustrated in (figure 122).

Calcium atoms

Incident X-rays

Transmitted X-rays

X-ray absorbed by 
Calcium atom

Figure 122: Absorption of x-rays indicating principles of bone mineral density 

(Group).
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To ensure accurate measurements of transmission factor it is important that the photons 

removed from the incident beam by scattering do not reach the detector. This requires the 

use of a narrow beam of radiation and efficient collimation of the detector (Blake, 

Wahner and Fogelman, 1999).

The bone density machines are based on the property that x-ray beams attenuate 

differently in bone and soft tissue as a function of photon energy (Testi, Viceconti, 

Baruffaldi and Cappello, 1999). This implements the areal densities of the two tissues. 

The areal density is defined as the integral mass of bone mineral per unit projected area 

(g/cm ). This can be described as the integral mass of bone mineral density at the 

measurement site divided by the projected area (figure 123). In clinical practice, the 

results are referred to as the patient's bone density or BMD.
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Linear attenuation coefficient ()i) 

= O.l/cm

lOO Photons 90 Photons

1 cm

A

Areal density 
M = p x g/crrv

B

Figure 123: Areal bone mineral density. A: Definition of the linear attenuation 

coefficient. B: Definition of areal bone mineral density (Blake, Wahner and 

Fogelman, 1999).

Areal bone density can be misleading, because it is influenced by the size of the bone 

illustrated in (figure 124). When two bones of different sizes have the same density, the 

larger bone will have a higher result, than the smaller one. Nevertheless, bone mineral 

density has proven to be a clinically useful tool in patients of all sizes (SR Cummings, F 

Cosman and SA Jamal, 2002).
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Figure 124: Example of areal bone mineral density of two different sized bones 
modified from (SR Cummings, F Cosman and SA Jamal, 2002).

This work has been directed to use the BMD measurements as a uniform analysis tool to 

overcome the over and under estimation of areal bone mineral density. This was achieved 

by ensuring the technicians use a standard area of lcnr for every examination.

The following equations illustrate the physical principles of DEXA photon energies 

(Blake, McKeeney, Chhaya, Ryan and Fogelman, 1992). The transition through the body 

is given by:

Low energy: /' = V0 exp - {p sMs + p rMb) (1)

High energy: I = I0 exp - (p$Ms + Mb MB)(2)

Where p is the mass attenuation coefficient, M is the areal density, and subscripts B and 

S denote bone and soft tissue.
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The attenuation of coefficients for bone and soft tissue in the equation changes with body 

thickness. The standard photon energies for bone are 100 keV while the soft tissue 

photon energies are 40 keV. The transmission measurements reflect the total mass of 

tissue in the beam. This can be a problem with altered body mass and thickness (Blake 

and Fogelman, 1996).

The Norland XR series machine used in this group of patients has dynamic filtration 

which automatically compensates for the widest ranges in patient thickness to decrease 

photon saturation.

Norland medical systems were the first to produce a commercial bone mineral device.

The Norland XR pencil beam series densitometer (figure 125) has a constant stationary 

potential anode x-ray source at a constant potential of 100 kV and a stabilized 1.3-mA 

anode current. K-edge filtration is employed using a variable thickness Samarium filter 

(Z = 62, K-edge = 46.8 keV) (figure 126). This separates the x-ray distribution into 

different components of high and low energy photons simultaneously. The output from 

constant potential x-ray generators is passed through the Samarium filter (K-filter), 

resulting in energy output at different levels of voltage (Mirsky and Einhorn, 1998). The 

photons cross bone and soft tissue and a detector registers the intensity of the incoming 

beams (Testi, Viceconti, Baruffaldi and Cappello, 1999). The difference in attenuation of 

the beam in bone and soft tissue is directly proportional to the bone mineral content at 

that location (Wahner and Fogelman, 1994). Each scan pixel is a measure of the total 

bone mass crossed by the x-ray at that position.
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Figure 125: Norland XR series densitometry machine (www.wilburnmedial.com).

High-energy detector
(7mm Nal)

Low-energy detector 
(0.3mm Nal) —

i ◄--------

▼ i—

i -------- ►
...I

Laser indicator....*f" [■ -4
Detector collimator

Subject

Source collimator.........

Samarium filter module 
(1 fixed, 3 selectable)

Ultra-stable 100 kV 
(C.P.) X-ray source

Figure 126: Schematic drawing of a Norland XR series densitometry machine 

(Blake, Wahner and Fogelman, 1999).
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The Norland scanner is unique in that, before scanning the patient, the system measures 

the patient’s body thickness with short pulse of radiation and then automatically chooses 

the most appropriate K-edge fdter thickness from a range of selectable filters based on 

the patient’s size. This allows the scanning of a wide range of patient sizes, optimizing 

accuracy and precision while minimizing radiation doses.

The radiation source contains an x-ray tube with a small focal spot at the anode and a 

high photon flux. This creates an intense narrow beam of radiation which results in high 

image definition and precision (Bilezikian, Raisz and Rodan, 1996). The dose of 

radiation to the patient is minimal 0.5 to 5.0 microsieverts (Mirsky and Einhorn, 1998).

Norland systems have a 77 step double step-wedge calibration phantom. Calibrations of 

machines are important for accuracy and precision. The calibration is an automatic 

function at the beginning of every day use of the machine. These tests include, bone 

mineral density calibrations, precision and radiation dose for the patient.

Quality control is very important for the use of these machines. Firstly, they provide the 

health of the machine, changes could suggest component failure. Secondly, any problems 

in calibration will affect the accuracy of the measurement and will have implications on 

the correct interpretation of BMD results. Thirdly, and most importantly when patients 

are coming back for repeated scans, if the calibration of the machine has changed, this 

has to be incorporated into the interpretation of the patient’s follow up BMD.

The calibration scan derives a fourth order polynomial function that enables 

measurements of logarithmic transmission in the high and low energy beams to be 

converted into bone mineral density results. This system eliminates pile up energy to 

cross over the beam hardening corrections otherwise necessary for x-ray absorptiometry 

measurements. This phantom is made of aluminum and acrylic (figure 127). At the same 

time the calibration phantom is scanned a spine phantom made from hydroxyapatite and 

tissue equivalent epoxy resin is also scanned. The entire procedure takes approximately 

15 minutes.
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Figure 9.11 The Norland 77-step calibration 
phantom.

Figure 127: 77 step calibration phantom (Blake, Wahner and Fogelman, 1999).

There are two different types of scanning geometry. The first, pencil beam and the 

second, fan beam (figure 128).

The Norland system uses pencil beam geometry or raster scan. A pencil beam is 

produced from a pinhole collimator producing a rectilinear narrow 3mm pencil beam, this 

is then coupled to a single detector in the scanning arm. The recent technology has 

introduced a slit collimator to generate a fan beam coupled to a linear array of detectors. 

This creates a sweeping effect rather than a two dimensional raster scan done by the 

pencil beam. This improves scan times.

The pencil beam offers the benefit of reduced amounts of radiation exposure to the 

patient and technician and the instrument is considered to be more accurate. The problem 

is the scan times are longer than the fan beams (Sorano, Ioannidou, Wang, Thornton, 

Horlick, Gallagher, Heymsfield and Pierson, 2004). The decision to scan the patients on
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the Norland system was due to the lower dose of radiation to the patient and technician. 

The estimated extra time for the scan using the pencil beam was 2-4 minutes.

Figure 128: Comparison of X-ray beam. Pencil on right, Fan on left (Blake, Wahner 

and Fogelman, 1999).

8.5 Procedure.

A fracture is not simply an episode of a traumatic event but it also is the result of 

impaired skeletal status. There is unanimous agreement that most fractures of the hip 

without adequate trauma may be attributed to a diminished bone integrity called 

Osteoporosis (Blake, Wahner and Fogelman, 1999).

The first prospective study to evaluate the association between of bone density and 

fractures was published in 1975. The results showed, bone mass was inversely related to 

fracture incidence (Smith, MRA. and Johnston, 1975).

Since then it has been well established that papers bone mineral density evaluation is the 

hallmark for the diagnosis of poor bone integrity and Osteoporosis.
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In this cohort this work concentrated on using bone mineral density evaluation as an 

interpretation of the potential for the decrease in bone integrity and using this concept for 

the use of this model as a selection tool for patients about to undergo hip resurfacing.

The initial point for the interpretation of DEXA results is the computer generated data 

provided by the scan report soft ware. The scan image is overlaid with the various 

software generated areas of interest in the hip BMD as shown in figure 129. The 

information contained in the result page includes, biographical data, quality control, 

normal range plot and scan interpretation of the T and Z-scores which is measured as a 

SD. The bottom boxes give the results from raw data retrieved from the three regions of 

interest. The T-scores and raw scores were used in this work. The information provided 

also allows the physician to check whether the scan acquisition and analysis are within 

guidelines and assists with clinical interpretation.
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Figure 129: Example of Norland scan report software showing various factors on 

selected areas for this specific work.
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In 1994 a working group of the World Health Organisation (WHO) designed a scale to 

interpret bone mineral examination results. This concept is known as a fracture threshold 

(Lofman, Larrson and Toss, 2000). The fracture threshold is associated with the diagnosis 

of Osteoporosis or poor bone integrity. Table 10 indicates the categories the WHO 

designed to label females with diminished bone integrity. The scores are related to the T- 

Score.

Table 10: WHO definition of Osteoporosis (Blake, Wahner and Fogelman, 1999).

Category Definition by bone density

Normal A value for bone mineral density or bone mineral content that is not 
more than 1 SD below the young adult mean value.

Low bone mass (or osteopenia) A value for bone mineral density or bone mineral content that lies 
between 1 and 2.5 SD below the young adult mean value.

Osteoporosis A value for bone mineral density or bone mineral content that is more 
than 2.5 SD below the young adult mean value.

Severe osteoporosis (or 
established osteoporosis)

A value for bone mineral density or bone mineral content more than
2.5 SD below the young adult mean value in the presence of one or 
more fragility fractures.

SD. standard deviation.

The WHO interpretation is the gold standard used world wide for clinicians to interpret 

risk of fracture in patients with poor bone stock. This thesis work applied this 

interpretation of fracture risk threshold with a number of patients to ascertain suitability 

of the method for specific BHR operations and the patient recovery in the follow up 

studies.

Different bones contain different amounts of mineral therefore the normal amount of 

bone mass (grams) and bone density (mg/unit) differ form site to site. The standard terms 

used to describe the mass and density when looking at the results form a bone density 

examination is T-score and Z-score. Both of these scores rely on the standard deviation 

(SD) for the measurement. SD represents the normal variability in the measurement in the 

population. The distance between the 5th and the 95th percentile of a group can cover 4
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SD. For the hip BMD 1 SD results in 10% to 15% of the mean value (SR Cummings, F 

Cosman and SA Jamal, 2002).

The T-score figure is widely used for the interpretation of bone mineral density (BMD) 

results but never applied as a patient selection criterion. The T-Score is a parameter to 

measure the decrease/increase of the subject’s BMD measurement from the mean BMD 

for a young adult population in units of the standard deviation (Blake and Fogelman, 

1997). The young adult mean and SD is derived from a group of healthy subjects aged 20 

to 35 years matched for sex and race.

Scoring 0 means that the patient has a BMD value exactly at the mean for young adults. 

A score of -2.5 means the patient has a BMD 2.5 SD below the average value found in 

healthy 20- 30 year old adults. A patient’s T-score result is defined as measured BMD by 

the young adult mean BMD divided by the young adult SD.

The relationship between femoral neck bone mineral density and fracture risk can be 

illustrated by (figure 130). Using the WHO threshold for fracture risk, every unit 

decrease in BMD increases the risk of fracture by a factor of 2.5 (Cummings, Black and 

Nevitt, 1993).
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Normal

□ Osteopenia

Osteoporosis

T-score

Figure 130: Relationship between T-scores and hip fracture risk (Blake, Wahner 

and Fogelman, 1999).

The Z-score is the number of SDs below (minus) or above (plus) the mean BMD for 

people of the same age. It is the difference between the mean value of the individual and 

a group of people of the same gender and age (SR Cummings, F Cosman and SA Jamal,

2002). A patient's Z - score result can be defined by as the measured BMD, less aged 

matched mean SD, divided by the age matched SD.

This score can determine whether factors other than aging might be causing bone loss. 

This can be referred to as secondary bone osteoporosis or bone loss that isn’t caused by 

aging.

In young adults, Z and T-scores are similar. As bone ages and starts to decline after age 

30, the difference between the Z and T-scores increase. The T-score will be lower than 

the Z-score and the distance increases with age.
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8.6: Interpretation of BMD results.

Interpretation of BMD commences with the scan software from the manufactures 

machine. Calculations are plotted against a reference population to achieve the SD for 

each score. This is a very important consideration when looking at the results. There are 

many different types of reference populations. This is a preset reference scale for the 

software to calculate the results of the BMD or T and Z scores.

The same patient measured on different machines with different reference populations 

will have very different results. A reference population is a validated study assessing the 

mean normal BMD for that specific population group. This data is then used in the scan 

software as the reference for the calculations of SD to produce BMD scores.

Third National Health and Nutrition Survey (NHANES III) is the recently completed 

clinical project looking for mean BMD reference populations. This is the current method 

used in the USA. This population consists of equal numbers of Caucasian, non Hispanics 

black, non Hispanic white and Mexican Americans. This reference population has been 

adopted widely world wide as the standard reference population (Blake, Wahner and 

Fogelman, 1999)

In Australia we have a different type of population and the Australian and New Zealand 

have recognised the inconsistencies for Australians in regard to the BMD results. The 

Geelong Osteoporosis study (GOS) has been recognised as useful tool and Australia wide 

reference population.

The study was conducted in Geelong due to the advice from the Australian Bureau of 

Statistics. The population in this region was best represented as similar demographic and 

socioeconomic factors to that of the population. The study was conducted on women only 

(Henry, Pasco, Pocock, Nicolson and Kotowicz, 2004).

All BMD scans done in this series have the Geelong reference population as reference 

data for the calculation of T and Z - scores.
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Bone mineral density examination used for the purpose of this study is being adapted to 

look at the potential fracture risk in patients predominantly with Osteoarthritis. These 

patients have a changed biomechanical and disease process which can change the loading 

through the femoral neck.

All patients have been measured using the T and Z-scores recommended by the WHO. 

These scores give a general overall impression of the bones behavior. The T and Z - 

scores lack the ability to assess subtle differences in the femoral neck. Bone mineral 

density examinations have the ability to assess different areas of the femoral neck which 

will give an indication of the bone condition over a certain region.

To date there is no published data pertaining to the exact score that will cause fracture.

In this current work, in the first 50 cases there were 5 femoral neck fractures. All 

fractures were extra-capsular. One conclusion to this was the patients bone quality, which 

gave a starting point for this current work.

Every patient after this point was enrolled into a clinical trial looking at bone mineral 

density as a form of selection criteria prior to their hip resurfacing surgery. The BMD of 

the patients were measured and were selected out of hip resurfacing if their T-score 

measure is less than -2.5, which is in line with the WHO published data. If a patient from 

this series scored less than -2.5, he/she was recommended a total hip replacement 

procedure (THR). Although the t-score was the tool of choice, other scores from the bone 

mineral density measurements were collected and analysed.

These regions of importance are the femoral neck, wards triangle and trochanter as given 

in figure 131.
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Figure 131: Areas of interest utilized in this current work to measure the BMD.

A decreased or increase in bone mass in the femoral neck can be influenced by disease or 

a change in load patterns caused by osteoarthritis. All patients in this series have 

osteoarthritis and required hip surgery. If hip resurfacing is the technique of choice the 

major difficulty is to distinguish clearly which patient will have a positive outcome 

without the complication of femoral neck fracture.

As stated earlier in this current work BMD was selected as the gold standard examination 

to test for the possible risk of femoral neck fracture in patients with diminished bone 

integrity. A number of studies (Nevitt et al. 1995; Fazzalari et al. 1985) have attempted to 

determine whether osteoarthritis of the hip is associated with altered or an increase in 

bone mineral density values. Nevitt et al. (1995) suggested that there is an inverse 

association between the risk of femoral neck fracture in patients with osteoarthritis and 

osteoporosis (Nevitt, Lane, Scott, Hochberg, Pressman, Genant and Cummings, 1995). 

This could be attributed to bone remodeling in the proximal femur secondary to hip 

osteoarthritis. Thickening of the medial cortex and trabecular hypertrophy in the neck 

region may result from an altered distribution of mechanical stress, a reduced area and

204



Chapter 8 BMD

shock absorbing capacity of cartilage, stiffening and increased vascularization of 

pericarticular bone, changes in musculature and weight bearing. (Fazzalari, Darracott and 

Vernon-Roberts, 1985)

Preidler et al. (1997) looked at the effect of buttressing on the femoral neck. Wards 

triangle and trochanteric regions associated with the increased density of the bone in 

osteoarthritis. They suggest that while many studies suggest an increase in bone mineral 

density in patients with hip osteoarthritis they found no correlation between cortical 

thickness and increase in bone mineral density. Higher bone density is described 

frequently but controversially in patients with osteoarthritis (Preidler, White, Tashkin, 

McDaniel, Brossmann, Andresen and Sartoris, 1997).

It has been strongly suggested that the trochanteric region stays unchanged in patients 

with osteoarthritis. This may suggest while the femoral neck may appear to increase in 

density, the foundations, namely the trabecular may remain the same or decrease due to 

the reduced femoral loading associated with hip osteoarthritis (Preidler, White, Tashkin, 

McDaniel, Brossmann, Andresen and Sartoris, 1997).

Kishida et al. (2004) suggested that surface replacement of the hip is the most direct way 

to maintain load on the proximal femur. This work was to evaluate the effect of the 

surface replacement of the hip on the BMD of the proximal femur. The results indicate 

that fracture of the femoral neck in hip resurfacing patients is an early complication. Hip 

resurfacing preserves the BMD in the proximal femur and the distribution of stress after 

hip resurfacing is relatively normal. It will maintain the BMD that was determined prior 

to surgery (Kishida, Sugano, Nishii, Miki and Yoshikawa, 2004).

Due to the various possibilities, in this research the patients had more than the t-score 

assessed. This includes the T-score, total BMD and femoral neck.

In diagnosing osteoporosis to date the standard hip bone mineral density measurement is 

on only one hip and the spine.
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In this thesis this cohort has been tested using bilateral hip measurements. Firstly, the 

contralateral hip has been used as a control. Secondly, the contralateral hip is used to 

increase precision and assess an indication of change in bone mineral density scores of 

the diseased hip related to osteoarthritis.

Several studies have indicated that bilateral hip bone mineral density measurements are 

highly correlated (Faulkner, Genant and McClung, 1995), (Bonnick, Nichols, Sanborn, 

Payne, Moen and Heiss, 1996) and (Rao, Reddy and Rao, 2000). Faulkner (2003) 

suggests, the use of both hips in bone mineral density examinations guards against the 

influence of degenerative disease influencing the hip of interest. This can result in 

precision error. Bilateral hip measurements can give a global perspective of the bone 

mass in the proximal femurs (Faulkner, 2003).

8.7 Clinical considerations.

Careful visual scrutiny of the scanned image is important to ensure the findings are not 

adversely affected by technical problems. The current scanning technique requires the 

technician to place the patient in a standard position to ensure exposure of the femoral 

neck and to use constant areas of interest boxes to measure the correct areas in the 

femoral neck.

The standard hip positioning for the femoral neck bone mineral density is the patient 

lying supine on the table. The patient's legs should be flat with feet strapped to foot 

holder to ensure inward rotation. It is important to ensure the whole leg is rotated 

approximately 25-30 degrees. The patient is aligned with the midline of the scanning 

table (figure 132) (Blake and Fogelman, 1996). The scan area should include the entire 

femoral head, the greater trochanter, and the proximal end of the femoral shaft at least 

2.5cm below the lesser trochanter (Theodorou, 2001).
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Figure 132: A, represents the patient at the midline of the scanning table. B, 
illustration of the foot holder with the foot rotated inward, a indicates the angle of 
internal rotation (Blake and Fogelman, 1996).

Two difficulties encountered in this series were the inconsistency of the patient being 

able to rotate the hip to 25 degrees for the examination due to the anatomical changes in 

rotation resulting from osteoarthritis before the operation and on the follow up 

examinations the patients return to normal hip rotation and able to maneuver freely 

without constraint. This was overcome by the technician noting the preoperative angle of 

rotation of the hip and superimposing preoperative scans with follow up scans as a check 

to ensure the same angle of the hip rotation remained consistent for each examination 

(figure 133).
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Figure 133: Superimposed bone mineral density scan from one patient pre and post 
hip resurfacing.

All bone mineral density instruments use semi automated scan analysis software to 

reduce operator subjectivity in the areas of interest (ROI). The instruments also have the 

capability to be manually adjusted on change of anatomy. It is important for longitudinal 

studies exact and reproducible positioning of ROIs to achieve optimum results.

The femoral neck ROI is the most reproducible ROI in the femur and shows the least 

difference in size and position in follow up examinations (figure 133). The proportion of 

trabecular and cortical bone at this site is almost equal (Blake and Fogelman, 1996). In
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order to have the correct position of the femoral neck ROI it is important to visually 

check the scanned region. For this, it is important to place the femoral neck in a straight 

line through the axis of the neck and “edge detection" in the Norland software will pick 

up the edges of the femoral neck. This is shown marked on the scan (figure 133). When 

different scans from the same patient are being compared it is important to have the ROIs 

matched for size and position.

The ward's triangle ROI is located in the mid portion of the femoral neck (figure 133). It 

has the highest portion of trabecular bone. The software will search for the region of the 

lowest bone mineral density that is found in the femoral neck region of interest. This ROI 

is set in the density software and is unable to be manually moved by the operator and a 

measurement is taken at a fixed location.

The trochanter ROI is the point of inflexion on the lateral bone edge where the trochanter 

blends into the shaft. And the straight line through the central axis of the femoral neck. 

The trochanteric ROI is very high in trabecular bone (figure 133).

The patients in this cohort were evaluated preoperatively, 6 months, 12 months and 24 

months postoperatively. These time intervals were chosen to coincide with normal post 

operative follow up. Collateral hip bone mineral density measurements were measured at 

each time point for comparison. The evaluations were made on the t-score, total BMD 

and the femoral neck.

8.8 Gender and age issues.

Fractures are caused by an imbalance between mechanical strength of bone and the 

mechanical loads placed on them. Fractures due to a change in bone mass occur 

throughout the human body, but the sites most at risk are the hip, vertebrae, and the distal 

radius. The lifetime risk of a fracture at any of these three sites in 50-year-old individuals 

is 40% for Caucasian women and 13% for Caucasian men (Cummings, Kelsey, Nevitt 

and O'Dowd, 1985) and (Melton, Chrischilles, Cooper, Lane and Riggs, 1992).
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It is well known that women are more susceptible to low bone mass than men (SR 

Cummings, F Cosman and SA Jamal, 2002) and (Seeman, 2002a). On average women 

lose bone even more rapidly a few years after menopause. On average women lose 1% - 

3% of their bone density per year for about three years after their last menstrual cycle. 

Estrogen inhibits bone resorption and this leads to more aggressive bone resorption and 

faster bone loss during the perimenopausal years. The initial accelerated phase of bone 

loss is remodeling transient, indicating the rapid fall in bone mineral mass produced by 

the increase in numbers of multicellular units. This raises the porosity of the bone as the 

remodeling moves from a lower to a higher rate.

Men also gradually lose bone as they age, but they do not have the acute phase of 

menopause and there appears to be no accelerated period of bone loss. Although fractures 

are regarded primarily as problems for women, the prevalence of fractures are similar in 

both sexes. Both morbidity and mortality of hip fractures are 3 times higher in men than 

in women (Seeman, 1997).

A low peak BMD contributes to the reduced BMD found in men with fractures. One 

cause of this is the delayed puberty in boys. The testosterone-mediated increase in 

periosteal apposition, which enlarges the diameter of the bone is responsible for the sex 

differences in bone size, is delayed in some teenaged boys. The result of this is a 

decreased amount of periosteal apposition, smaller bones and a greater risk of a reduction 

in bone mass (Stenstrom, Norjavaara, Hulten, Hallberg, Albertsson-Wikland and 

Mellstrom, 2001).

The loss of trabecular bone in men proceeds in a linear fashion with thinning of the 

trabecular rather than a complete loss as seen in women. Bone loss is a result of an 

increase in the volume of bone removed in the basic multicellular units, so trabecular 

connectivity is better maintained in men than in women. The result is that men continue 

to lose bone from the trabecular compartment longer than do women (Seeman, 2002b).
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Most clinical trials have examined fracture risk in women rather than men due to their 2 

to 3 fold higher fracture risk. This is thought be related to a lower areal bone density in 

women.

This cohorts bone mineral density measurements were standardised to measure the same 

areal bone density. This means for each scan a 1 by 1cm area for each was measured. 

This is supported by others (De Laet, Van Hout, Burger, Weel, Hofman and Pols, 1998), 

(Cheng, Suominen, Sakari-Rantala, Laukkanen, Avikainen and Heikkinen, 1997), (Selby, 

Davies and Adams, 2000) and (De Laet, Van der Klift, Hofman and Pols, 2002). Centre 

et al. (2004) found for the same areal BMD, hip fracture rates are similar between sexes, 

however for the majority of fractures in men, fractures were observed to occurred above 

the 2.5 SD cut off (Center, Nguyen, Pocock and Eisman, 2004).

In this work due to the gender differences in the patients and for presentation of the 

results the cohort was divided into four groups, males and females less than 65 years and 

over 65 years.

8.9 Periprosthetic Bone.

Periprosthetic bone loss following total hip replacement is of concern. It can occur as a 

result of a reduction in load transmitted to the bone (stress shielding). Stress shielding 

may explain why the effects of different types of prosthesis differ in different areas of the 

proximal femur (Huiskes, Weinans and Van Reitbergen, 1992) and (Sychterz and Engh, 

1996).

Factors which contribute to affect the remodeling patterns after THA include patient- 

related factors such as sex and the quality of the bone at the time of operation, and 

prosthesis-related factors such as design and the presence, type and extent of the coating 

(Rahmy, Gosens, Blake, Tonino and Fogelman, 2004).
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The evaluation of periprosthetic bone loss on radiographs only is of questionable 

reliability, since it may go unrecognized until 70% of the bone is lost (West, Mayor and 

Collier, 1987). Dual energy X-ray absorptiometry (DXA) has been shown to be an 

accurate and precise tool for determining periprosthetic BMD. An acceptable coefficient 

of variation (CV) can be achieved by controlling positioning and rotation of the hip are 

strictly controlled (Rahmy, Tonino, Tan and Ter Riet, 2000) and (Martini, Lebherz, 

Mayer, Leichtle, Kremling and Sell, 2000).

Many studies have shown the decrease in bone mineral density around the femoral stem 

component. Kiratli et al. (1992) studied 89 uncemented porous coated hip prostheses at 2 

years after surgery, and reported a decrease of bone mineral density between 4% and 

25% (Kirati, Heiner, McBeth and Wilson, 1992). Engh et al. (1992) looked at 5 autopsy 

specimens of anatomic medullary locking (AML) prostheses (80% porous-coated) at 17 

to 84 months. They showed a significant decrease in proximal BMD of about 45% and a 

slightly less decrease in the midstem area of about 32%. There was no change in BMD 

around the distal part of the stem (Engh, McGoven, Bobyn and Harris, 1992). Kiglus et 

al. (1993) reviewed 72 AML hip prostheses at 5 to 7 years to reveal a 35% decrease in 

BMD proximally, and a 20% to 25% decrease in the midstem (Kilgus, Shimaoka, Tipton 

and Eberle, 1993).

The reason for the rapid decrease in bone mineral density could be explained by the poor 

bone stock before surgery. This has not been mentioned in any of the studies described 

above. Rahmy et al. (2004) does however suggest that bone quality at the time of surgery 

is the major factor influencing bone loss around the femoral stem (Rahmy, Gosens, 

Blake, Tonino and Fogelman, 2004). These studies did not mention how the implants 

were coated. Proximal, distal and fully coated implants many have an influence on post 

operative stress shielding.

It is suggested that hip resurfacing offers the patient the ability to maintain normal load 

through the femoral neck after surgery. The problem with this assumption is if the patient 

is not appropriately selected the risk of fracture is high. The only study that has been
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published is by Kishida et al. (2004). They looked at the bone mineral density changes 

after hip resurfacing and compared it to total hip components. There was a cohort of 13 

patients with bone mineral density measurements at 12 and 24 months. They found no 

significant difference in bone mineral density in patients that underwent hip resurfacing 

while, the total hip replacement patient's (n=13) bone mineral density decreased by 11% 

to 17% at the same time points. They concluded that hip resurfacing system transfers load 

to the proximal femur in a more physiological manner than long stem devices, that it 

prevents stress shielding and preserves the bone stock of the proximal femur (Kishida, 

Sugano, Nishii, Miki and Yoshikawa, 2004).

8 .10 Results and discussion

Inferential statistics were calculated to analyse the cross section in this cohort compared 

to the rest of the general population. This was completed using linear regression analysis 

of two well published variables, BMD and age and BMD and BMI. These calculations 

were completed using femoral neck BMD. The distribution was analysed using 

Kolmogorov-Smirnov which resulted in parametric data. Pearson Correlation was then 

calculated to show the relationship for each variable.

Age vs. BMD

Linear Regression
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Figure 134: Linear regression for age vs. BMD.
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Figure 134 shows the linear regression for age compared to femoral neck bone mineral 

density. The age was calculated into two groups, less than 65 and 65 and over. 

Correlation is significant P= 0.01. This indicates that as age increase bone mineral 

density decreases. These results are parallel to the current literature.

BMI vs. BMD

BMI

Figure 135: Linear regression for BMI vs. BMD.

Linear Regression

Figure 135 shows the linear regression for BMI compared to femoral neck bone mineral 

density. The BMI was calculated into two groups, BMI less than or equal to 30 and BMI 

of greater than 30. Correlation is significant P= 0.01. This indicates that as BMI increases 

the BMD measurements increase. These results are also correlate to the general 

population.

The Bone mineral density scores were calculated as an average. T-scores, total bone 

mineral density and femoral neck scores at time points preoperative, 6 months, 12 months 

and 24 months were calculated respectively. The collateral hip was also plotted as the 

control.
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The group was divided into four sub groups, this being females over 65 years (mature), 

females less than or equal to 65 years (young), males over 65 years (mature) and males 

less than or equal to 65 years (young).

The t-score is measured as a SD. The World Health Organisation scoring system was 

used with this cohort because there is no other system at this stage to score orthopaedic 

patient's risk of fracture when undergoing hip surgery. Figure 136 shows the t-scores for 

mature females. The average scores were calculated at the described time intervals and 

plotted. The average scores for the operated hip were 0.05, -0.1, -0.1 and 0.3. The 

average scores for the non operated hip were -0.2, -0.1, -0.06 and -0.2. The SD for the 

operated hip was 1.6 while the SD for the non operated hip was 1.4. There is no 

significant difference (p>0.5) between the non operated and operated hips at any of the 

time points.

Mature female T-scores
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Figure 137 shows the t-scores for young females. The average scores were calculated at 

the described times points and graphed. The average scores for the operated hip were 

-0.55, 0.19, -0.42 and -0.15. The average scores for the non operated hip were -1.19, -0.7, 

-1.05 and -0.78. The total mean SD for the operated hip was 1.2 while for the non 

operated hip was 1.1. The differences between the two female groups indicate the change 

in bone mineral density over time. It is well know that bone behaves differently through 

out the life span. These differences may be the indication of the bones behavior in the 

premenopausal and post menopausal groups. Both plots indicate for the T-score 

evaluation these female groups remain in the normal range according to the WHO. There 

is no significant (p>0.5) loss of BMD in the immediate postoperative period.

Young female T-scores
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Figure 137: T-scores for young females.

Figure 138 shows the t-scores for mature males. The average scores were calculated at 

the described time intervals. The average scores for the operated hip were 0.24, 0.01, 0.4 

and 0.13. The average scores for the non operated hip were 0.09, 0.08, -0.19 and
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-0.37. The total mean SD for the operated hip was 1.3 while for the non operated hip was 

1.3. This plot shows the t-scores of the operated hip and non operated hip to be very 

similar until 6 months post operation. The change after this point shows no statically 

significant difference (p>0.5) but clinically it would indicate a decrease in the non 

operative hip. These results do show that the BMD t-score remains within the normal 

range for this age range.

Mature Male T-scores
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Figure 138: T-scores for mature males.

Figure 139 shows the t-scores for young males. The average scores were calculated at the 

described times points and graphed. The average scores for the operated hip were -0.4, - 

0.4, -0.2 and -0.5. The average scores for the non operated hip were -0.78, -0.47, -0.7 and 

-0.9. The total mean SD for the operated hip was 1.6 while for the non operated hip was 

1.2. This plot shows a very similar pattern to the mature male plot. This indicates that 

male BMD t-scores remain similar throughout the different age groups. Males do not 

have the same hormonal change midlife which alters their bone mass. This could explain 

the difference in pattern of all four plots.
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Figure 139: T scores for young males.

Total bone mineral density is a global score at the femur. This gives an impression of 

bone mass over the whole region. This score encompasses femoral neck, trochanter and 

Wards triangle. This measurement is in g/cm . Figure 140 shows total BMD for mature 

females. The average scores were calculated at the described time intervals. The average 

scores for the operated hip were 0.99, 0.98, 0.99 and 1. The average scores for the non 

operated hip were 0.9, 0.9, 1 and 0.9. The total mean SD for the operated hip was 0.21 

while for the non operated hip was 0.28. This plot shows no significant difference (p>0.5) 

between the operated hip and non operated hip across the time intervals.
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Figure 140: Total BMD for mature females.

Figure 141 shows total BMD for young females. The average scores were calculated at 

the described times points and graphed. The average scores for the operated hip were 

0.93, 1.06, 0.97 and 0.98. The average scores for the non operated hip were 0.85, 0.94, 

0.85 and 0.9. The SD for the operated hip was 0.18 while the SD for the non operated hip 

was 0.17. This plot also shows a very symmetrical pattern. The total BMD measurements 

for the women’s groups are very similar. This score shows the global condition of the 

bone while a t-score in the previous plots gives the measurement in a SD. Both of the 

female groups show no significant change in their BMD after the implantation of the hip 

resurfacing device.
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Figure 141: Total BMD for young females.

Figure 142 shows total BMD for mature males. The average scores were calculated at the 

described time intervals and graphed. The average scores for the operated hip were 1.05, 

1.01, 1.06 and 1.02. The average scores for the non operated hip were 1.03, 1.01, 0.98 

and 0.96. The SD for the operated hip was 0.15 while for the non operated hip was 0.17. 

This plot shows no significant difference (p.0.5) in the global BMD results between hips 

at any of the time points. The results also indicate the lack of bone mass change after 

surgery.
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Figure 142: Total BMD for mature males.

Figure 143 shows total BMD For young males. The average scores were calculated at the 

described time intervals and graphed. The average scores for the operated hip were 0.9, 

0.9, 0.9, and 0.9. The average scores for the non operated hip were 0.9, 0.9, 0.9 and 0.8.

this plot also shows no significant difference (p>0.5) in BMD change between the hip or 

over the 4 time intervals. Using a global BMD measurement will show the general 

overview of bone health prior to surgery . These plots also indicate that the femoral bone 

mass does not reduce after a hip resurfacing procedure, which is contrary to widely 

published results found after total hip replacement.

The SD for the operated hip was 0.15 while the SD for the non operated hip was 0.14.
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Figure 143: Total BMD for young males.

Femoral neck bone mineral density measurements measures the region wear the potential 

tension fractures occur. Figure 144 shows femoral neck scores for mature females. The 

average scores for the operated hip were 1.01, 0.96, 1 and 1.02. The average scores for 

the non operated hip were 0.92, 0.89, 0.93 and 0.9. The SD for the operated hip was 0.17 

while the SD for the non operated hip was 0.15. This plot shows consistency between 

both hip measurements. This shows the operated hip behaving in parallel with the 

operated hip out to 2 years after surgery.
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Figure 144: Femoral neck scores for mature females.

Figure 145 shows femoral neck for young females. The average scores for the operated 

hip were 0.98, 1, 0.97, and 1.03. The average scores for the non operated hip were 0.94, 

0.96, 0.99 and 0.93. The SD for the operated hip was 0.19 while the SD for the non 

operated hip was 0.19. This plot is slightly different to the mature female results. This 

could indicate the difference in bone mass between different age groups among females. 

However this difference is only slight. The measurements remain similar to the 

preoperative femoral neck score. This indicates good bone quality at the femoral neck 

after surgery. There does not to be any clinical sign of reduced bone mass within the 

females groups
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Figure 145: Femoral neck score for young females.

Figure 146 shows femoral neck for mature males. The average scores were calculated at 

the described times points and graphed. The average scores for the operated hip were 1, 

1, 0.9, 1 and 0.99. The average scores for the non operated hip were 1, 0.9, 0.9 and 0.9. 

The SD for the operated hip was 0.15 while the SD for the non operated hip was 0.15. 

These results indicate that in the first 6 months after surgery the femoral neck scores are 

identical but there appears to be a small decrease in the first 6 months after surgery. The 

improvement out to 2 years in femoral neck BMD from the operated hip is only 0.1 

which is not significant while the contralateral hip remains steady out to 2 years. There is 

no indication of proximal femoral bone loss by the operated hip after surgery.
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Figure 146: Femoral neck scores for mature males.

Figure 147 shows femoral neck for young males. The average scores were calculated at 

the described times points and graphed. The average scores for the operated hip were 1, 

1, 1 and 1. The average scores for the non operated hip were 1, 0.9, 1 and 1. The SD for 

the operated hip was 0.55 while the SD for the non operated hip was 0.17. This plot 

shows a drop in BMD for the operated hip. This result is consistent with the mature male 

plot. The operated hip BMD shows no change in BMD from the preoperative evaluation 

out to 2 years after surgery. Although the plot appear to different in appearance there is 

no significant difference between the two plots. The male femoral BMD results clearly 

show that there is no significant drop in BMD results after an implant has been inserted.
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Figure 147: Femoral neck score for young males.

The bone mineral density results have also been presented as the percentage of BMD 

change over time. This has been evaluated to analysis the comparison to other work 

completed in the literature (Kishida, Sugano, Nishii, Miki, Yamaguchi and Yoshikawa, 
2004).

Table 11 shows the percentage bone mineral change within the four groups. The analysis 

shows the change in bone mineral density at each time interval since the preoperative 

assessment.
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Table 11: Percentage change in bone mineral density for the femoral neck region.

Time Op

Mature

Female

N/op
Mature

Female

Op
Young

Female

N/op
Young

Female

Op
Mature

Male

N/op
Mature

Male

Op
Young

Male

N/op
Young

Male

6 + 4% + 3.2% + 2% +2.12% + 10% + 10% 0% + 10%

12 +0.99% + 1% + 1% + 5% 0% + 10% 0% 0%

24 + 0.9% + 2% + 5% +1.06% +1% + 10% 0% 0%

The percentage change is calculated as the ratio of the difference between the 

preoperative BMD less the 12 months post operative BMD divided by the preoperative 

BMD. Confidence intervals at 90% were calculated for each group. This encompassed 

the percentage change in bone mineral density between the preoperative bone mineral 

density and the bone mineral density at 12 months. Mature females results were P =0.045 

for the operated leg compared to P = 0.054 for the non operated leg. Young females 

results were P= 0.04 for the operated leg while the non operated leg was P = 0.042. The 

mature males results were P=1 for the operated leg and P= 0.01 for the non operated leg. 

The young males results showed a P=1 for both the operated leg and the non operated 

leg.

Comparisons between the genders were not analysised due to gender differences between 

bone mass. However, on inspection the male group appears to have greater variation in 

bone mineral change across the time intervals.

The strength of bone material is a complicated function of its composition and 

organisation. The femoral neck carries a significant fraction of the load, increasing from 

about 30% in the subcaptital region to about 90% at the base of the neck. The two most 

common musculoskeletal disorders of the older population are osteoporosis and
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osteoarthritis (Li and Aspden, 1997). Dequeker and Johnell (1993) found that 0.5% of 

patients with osteoporosis also had osteoarthritis in the hip. Extra-capsular hip fracture 

was significantly more frequent in patients who had both diseases (Dequeker and Johnell, 

1993). These results do not show an extremely high incidence of fracture. In a study by 

Healey et al. (1985), they looked at 50 women and the coexistence of osteoporosis and 

osteoarthritis. They found that the 4% had both diseases and 6% of these had 

compression fractures (Healey, Vigorita and Lane, 1985). In this cohort of patients all 

fractures were extra-capsular and small in numbers. Implementing bone mineral density 

testing for patients undergoing hip resurfacing surgery will highlight the patients at risk 

of osteoporotic fractures due to the low T-score. These patients can then be offered 

alternative treatments.

The results presented in table 11 show a difference than those presented by other 

researchers mentioned above on bone mineral density changes after total hip replacement. 

The average change in bone mineral density after hip replacement surgery indicates a 4% 

to 45% decrease (Kirati, Heiner, McBeth and Wilson, 1992), (Engh, McGoven, Bobyn 

and Harris, 1992), (Kilgus, Shimaoka, Tipton and Eberle, 1993). Their results may be due 

to the quality of bone prior to these patients having surgery, indicating that many of these 

patients may have been osteopenic before the insertion of the implant. Stress shielding 

may have also been a problem which was not mentioned.

No studies analysed their cohorts in gender and age groups. It was an overall percentage 

change in bone mineral density.

Kishida et al. (2004) results show similar characteristic as this cohort. They found no 

significant difference in bone mineral changes at 12 months (Kishida, Sugano, Nishii, 

Miki and Yoshikawa, 2004). This cohort was small and all patients remained in one 

group for analysis.

The aim for this project was to develop a selection tool for surgeons to use in every day 

practice. T his means it had to be practical and easy for the technicians and for the
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surgeons to interpret. The standard bone mineral test was used in this cohort rather than 

using gruen zones like other studies (Kishida, Sugano, Nishii, Miki and Yoshikawa, 

2004). Standard bone mineral testing can be used on any of the three software 

applications in the city and in the country, therefore any surgeon any where in the world 

can adopt this technique if they so desire.

The results described above is an indication of how bone mass behaves after hip 

resurfacing surgery. The cohort was divided into four groups to look at age and gender as 

separate entities due to the differences in bone mass at different ages and genders. The 

results show that no patients fractured after the bone mineral density technique was 

introduced. Although the selection for hip resurfacing surgery is multifactorial, 

introducing BMD examinations as a selection tool provides a picture of bone quality 

prior to surgery. This information alone will help the surgeon determine if the patient will 

be suitable for surgery. If the patient’s BMD score falls below -2.5 he or she can be 

offered a primary hip replacement without the risk of fracture. The results show that by 

using bone mineral density as a selection tool prior to hip resurfacing surgery, and using 

the WHO indications for osteoporosis of T-scores, the patients that fall within the 

parameters are less likely to fracture after surgery.

Future work is required on the development of specific regions of interest across the 

femoral neck. Standard guidelines from the WHO were used to select patients for this 

research and these guidelines have been developed for patient’s undergoing examinations 

for osteoporosis.

Bone mass measurements are regarded as a surrogate endpoint for fractures and although 

we did not have a femoral neck fracture after implementing bone mineral density testing 

as selection tool it is a tool for fracture risk. There are many other factors that contribute 

to low bone mass. We have found that by using bone mineral density testing as a 

selection tool prior to surgery and if the results show that the patient is within a normal 

range according to the WHO the patient's risk of fracture is can be reduced.

229



Chapter 8 BMD

The results concluded that this was the first time BMD measurements were successfully 

introduced as a selection tool for patient requiring hip resurfacing surgery. There were no 

femoral neck fractures after its introduction. I propose BMD examination is part of a 

multifactorial approach in the selection of patient for hip resurfacing surgery and it is the 

one determining factor that will ensure the bone is strong enough to cope with this load 

sharing device.
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Chapter 9 Patient selection

9.1. Introduction

Joint replacement provides a dramatic improvement in the quality of life of patients with 

debilitating end stage hip disease. However, those who are young and active still pose a 

problem, because conventional hip arthroplasty does not provide a lasting solution to this 

group of patients needs (Dorr, fche and Conaty, 1994). The attractive option of hip 

resurfacing for the young active patient which preserves the natural anatomy, joint 

biomechanics is currently gaining interest. Non-violation of the proximal femur, retention 

of the upper femoral bone stock and avoidance of stress shielding in the proximal shaft 

are all well documented advantages (Me Minn, 2003).

The unique disadvantage is the potential for femoral neck fracture and revision surgery. 

Femoral neck fracture is a relatively new complication of arthroplasty surgery due to the 

nature of the unprotected femoral neck after hip resurfacing surgery. This has not 

occurred in total hip arthroplasty due to the protection of the femoral neck by a femoral 

stem. It is well noted that in the past the concern for femoral neck fracture belonged to 

the surgical technique. The importance of notching the superior side of the femoral neck 

and the varus placement of the femoral component are implicated in the causation of 

early femoral neck fracture (Me Minn, 2003). Greater concern for femoral neck fracture 

possibly is the selection of patients with poor bone stock in the femoral neck.

Chapter 8 concentrated on the introduction of bone mineral density examinations, while 

this chapter will explore the current opinions on selection criteria and analyse an 

extension of criteria which may prove suitable and decrease the confusion on the patient 

best suited to undergo hip resurfacing surgery.

The same cohort of patients that underwent BMD examinations were examined in this 

chapter which was a prospective longitudinal outcome analysis and survival of 423 

consecutive hips. There were 339 patients under 65 years of age. Within this group there 

were 264 males and 75 females. In the group over 65 years of age and over there were 61 

males and 23 females.
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The methodology described in this chapter will highlight the many different factors that 

an Orthopaedic surgeon must take into account when selecting a patient for this 

procedure. These include Osteoarthritis, activity, age, body mass index (BMI), gender, 

bone mass and surgical technique. A literature review will also be described throughout 

the methodology.

Outcomes are measured using a short form SF-36 (general health survey), Western 

Ontario MacMaster (WOMAC) (disease specific) Health Questionnaires, Tegner activity 

scores and body mass index (BMI). This data was analysed over a 36 month period. 

These questionnaires were chosen because they are widely utilized and well established 

in the literature. Implant survival has been described using a fcplan Maier curve.

An overall 98.4% implant survival rate was achieved, with 100% survival in patients less 

than 65 years, and 92.8% survival in patients aged 65 years and over. This is well above 

any published survival rate for the BHR surgery.

9.2. Current selection criteria

To date there is no current consensus regarding detailed selection criteria for patients 

undergoing hip resurfacing. There does appear to be many different points of view. 

Wagner and Wagner (1996) state that the special requirements for hip resurfacing 

include, solid bone in the femoral neck and healthy kidneys to process any blood borne 

metal ions from debris (Wagner and Wagner, 1996, 1191). While McMinn (2003), 

suggests patients with osteoarthritis and active young males are best suited for hip 

resurfacing surgery (Me Minn, 2003). Daniel et al. (2004) completing another survival 

analysis with the primary surgeon Dr McMinn, looked at patients under the age of 55 

years. This cohort consisted of 384 patients 302 men and 82 women, the average age was 

48.3. Patient selection was dependant on age and activity. The survival for this group 

shows 97. 7% (Daniel, Pynsent and Me Minn, 2004). While these results are impressive 

the cohort mentioned were determined by age.
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Treacy (2005) suggests that, the decision to offer the patient resurfacing hip should be 

based upon age, quality of bone and the patient's expectations of their post-operative 

activity level. In general in their surgery, the operation was offered to men under the age 

of 65 years and women under the age of 60 years, with normal bone stock judged by 

plain radiographs and an expectation that they would return to an active lifestyle. The 

cohort totaled 130 and 107 of these patients were men. The survival at the end of five 

years was 98% with the average age of the patient at 52.1 years (Treacy, McBryde and 

Pynsent, 2005).

There are many similarities in the selection criteria among surgeons. This might be due to 

the individual surgeon’s preference on his or her own patient population or just that 

successful selection criteria have never been previously detailed or published in the 

literature.

At the commencement of this study, the patient selection criteria for this cohort included 

moderate to severe symptomatic osteoarthritis in patients who had failed at least 6 

months of conservative treatment, patients who were employed and/or outdoor, 

recreational activity undertaken three or more times a week, and living at home. No 

patient was institutionalized or in a cared facility. Age was not a factor as a selection 

criterion. All patients had osteoarthritis or avascular necrosis and there was no 

inflammatory disease.

At the beginning of this investigation within the first 50 cases of this series, five femoral 

neck fractures were experienced. After examination of the fractured femoral necks, poor 

bone stock was ascertained as the cause of fracture in four out of the five retrievals. 

There were no instances of femoral neck notching and no fracture occurred intra

operatively. The fracture group consisted of four males and one female. Analysis of the 

fracture group indicated that three out of five patients had co-morbidities, two of the 

males were alcoholics (had received treatment at some stage previously) and the female
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was taking prescribed Dilantin, (for long term epilepsy). All fractures occurred in the first 

six months after surgery.

The constant variables in the research consist of osteoarthritis, age, gender and bone 

stock, fch set of criteria ha s been written with a survival outcome analyse to verify the 

components survival. Therefore, to analysis the selection criteria the author has included 

a prospective longitudinal outcome analysis of the survival of 423 (393 patients) 

consecutive hip resurfacing procedures with a detailed selection criteria.

The following sections will focus on individual criterion which has some impact on the 

method of selecting the appropriate patient for a hip resurfacing procedure.

9.3 Osteoarthritis

Osteoarthritis (OA) in Australia is the major contributing factor for patients requiring hip 

resurfacing surgery. Arthritis affects around 3 million people in Australia representing 

about 15% of the population (March and Bagga, March 2004). Osteoarthritis accounts for 

the majority of the cases (Access fonomics Report, 2001). OA is present in 5% of 

people under the age of 40. Prevalence increases to 10% of men and 20% of women aged 

45-65 (March, Schwarz, Carfrae and Bagge, 1998).

Osteoarthritis in the hip is higher for women aged 65 years and over, while among 

individuals aged 55-64 years it is more common in men. Age increases risk (odds ratio, 

2.38 for ages 70-74 years compared to 55-59 years). Radiological OA prevalence surveys 

suggest 50% of people over 65 years and almost universally over 85 years (March and 

Bagga, March 2004).

The unmodifiable risk factors for OA are age, genetics, and family history (Felson and 

Kang, 1998) and (Sowers, 2001). The modifiable risk factors include injury, obesity and 

occupational overuse (Sharma, 2001).
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OA is not strictly a disease of old age. Biochemical and structural changes at the joints 

differ with normal ageing and with OA. It is simply more common in older people 

because the mechanics involved take along time to develop to the stage at which they are 

clinically evident (Snibbe and Gambardella, February 2005). OA in the younger 

population can be attributed to a secondary cause. These include metabolic, congenital 

hip dislocation, trauma and inflammatory causes (Dequeker and Dieppe, 1998).

The treatment of osteoarthritis should be designed for each patient to reduce pain, 

preserve joint mobility, and limit functional impairment. Conservative management 

should include exercise, weight loss, and patient education. Patients can also achieve pain 

relief with the use of pharmacologic agents such as non steroidal anti inflammatory 

medication (Snibbe and Gambardella, February 2005).

In this cohort, the decision for surgery relating to the disease process rested on patients 

whom function and mobility remain compromised despite six months of medication 

therapy and patients in whom pain had progressed to unacceptable levels. All patients in 

this cohort had OA and there was no inflammatory disease.

9.4 Activity

Many of the selection criteria can be interrelated with other criteria. Activity can depend 

on bone strength and age. This section will explore activity as a separate identity. 

Functional and systomatic problems arise when a patient has degenerative hip disease. 

This can cause stiffness and chronic pain. The result is the inability to carry out normal 

daily activities, work, exercise and many can lose their independence.

Physical activity is one of the most debated issues when it comes to surgical options for 

patients with hip disease. The patients regard resumption of physical activity as one of 

their highest priorities after surgical intervention (Dorey and Amstutz, 2002). While 

surgeons are mindful of the survival of the implant when they decide what implant will 

best suit their patient.
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The problems and high revision rates associated with total hip replacement and the young 

higher demanding active patient is well documented in the literature (Chandler, Reineck, 

Wixon and McCarthy, 1981) and (Dorr, Luckett and Conaty, 1990). Hip resurfacing has 

been designed for high demand patients and is intended to delay the need for primary 

total hip replacement with the aim to return the patient to impact loading exercise and 

reduce pain.

While the advice for activity levels post surgery are detailed selection criterion of activity 

is broad and subjective for patients prior to hip resurfacing surgery. The consensus in the 

literature for a patient suited to hip resurfacing is, being young and active (Treacy, 

McBryde and Pynsent, 2005) and (Daniel, Pynsent and Me Minn, 2004). The problem is 

the definition of active is subjective and left to the individual surgeon to decide on his or 

her definition of the word. While post surgical instructions are recommended in detail 

and quite specific. Me Minn (2003) states, following hip resurfacing, return to high 

impact activity has to be carefully planned in a graded manner. Patients are advised to 

return to impact loading 12 months after their procedure (McMinn, 2003).

In this cohort of patients a detailed history and physical examination prior to their hip 

resurfacing procedure was completed. Detailed questions on the patients level of 

preoperative function and their expectation of function after surgery was assessed.

Dr Khan the surgeon performing the operations decided on the preoperative criteria to 

be any patient who worked full time or retired patients that attended independent physical 

activity 3 times a week. The patient had to be living independently and not 

institutionalized. Any patients falling outside this set of guidelines were offered a hybrid 

total hip replacement (THR).

The post-operative activity regime included no impact activities, squatting or lifting more 

than 10 kgs for the first six months, fch patient was assessed and closely monitored, 

pre-operatively, then at one, three, six months and annually by the surgeon. Range of
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motion was assessed and a physical examination performed, and radiographs were 

assessed at each interval. After the six-month assessment the patient was able to return to 

impact activities as tolerated, without any specific exclusion.

9.5. Age

Advancing age can be associated with many health care issues these are physical, mental, 

social and environmental. Couple this with a debilitating disease process the results can 

be a decrease in physical activity, increase in body fat and a decrease in bone mass. As 

the body gets older many of the systems begin to deteriorate and cause problems. Bone 

and joint disease is one of these factors related to ageing. Inactivity associated with 

illness in the ageing population often leads to loss of muscle tone and mass, resulting in 

the inability of reaching former activity levels (Gariballa and Sinclair, 1998).

The current published work suggests that age is an important factor when considering a 

patient suitable for hip surgery. Age has been used as a bench mark or cutoff point for 

this patient group. The risk of femoral neck fracture has been said to increase with the 

patients increasing age (Me Minn, Treacy, $<aw and Pynsent, August 1996). While 

Treacy (2005) suggested the criteria for patients suitable for hip resurfacing depended on 

age (Men under 65 and women under 60) (Treacy, McBryde and Pynsent, 2005). It 

would make sense for the surgeon to select the patient out of hip resurfacing due to their 

age because the success of the total hip replacement option. It is safe and the survival is 

promising for older patients. If the aim is for improved mobility, a decrease in pain and 

longevity of the implant chronological age must be reconsidered.

For this patient cohort we looked at more than chorological age as selection for or against 

hip resurfacing. While it is important to consider the patients age, other relating factors 

were more important for example, bone quality, activity and other disease processes (Hui, 

Slemenda and Johnston, 1987). The chronological age of the patient was removed from 

the selection criteria and replaced with the chronological age as a surrogate for other age 

related factors.
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In this patient group the age range for the hip resurfacing components was 24 - 87 years, 

with 325 males and 98 females seen in figure 148. The average age was 54 years. There 

were 339 patients under 65 years of age. Within this group there were 264 males and 75 

females. In the group over 65 years of age and over there were 61 males and 23 females. 

It is interesting to note that 41-60 years was the most dominating age range for the hip 

resurfacing group.

Age and gender distribution for hip resurfacing 
components

■ Males
□ Females

20-30yrs 31-40yrs 41-50yrs 51-60yrs 61-65yrs 66-70yrs 71-80yrs 81-90yrs

Age range

Figure 148: Age and gender distribution for 423 resurfaced hips.

9.6. Body mass index

As observed in this current work body mass index (BMI) is an important assessment tool 

for any patient undergoing surgery. The problem with obesity is that it relates not only to 

the extra mechanical load the patient must endure, but obesity has and overall effect on 

each body system. The complication of femoral neck fracture may not be as important for 

the obese patient as the risk to their general health.
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As stated by the National task force on the prevention of obesity, obesity is considered to 

be a complex disorder primarily related to caloric intake and energy expenditure, as well 

as to the individual’s genetic phenotype, hormonal balance, cultural heritage, and the 

effect of the environment (Overweight, obesity and health risk., 2000). The measure of 

obesity is calculated by means of the body mass index, which is determined by dividing 

the person’s weight in kilograms by the square of the person’s height in meters. A normal 

BMI ranges from 18.5 to 24.9. A BMI of 25.0-29.9 is considered overweight; 30.0-39.9, 

obese; and over 40.0, morbidly obese (Strum, 2002). A BMI in the obese range has 

roughly the same association with chronic health conditions and increased health care as 

does 20 years of aging (Manson, Stampfer, Hennekens and Willet, 1987).

There is an increased mortality in several diseases, primarily coronary heart disease, 

hypertension, stroke, diabetes, and certain cancers, osteoarthritis, high cholesterol level, 

gallbladder disease, sleep apnea, and respiratory problems (Lee, Blair and Jackson, 1999) 

and (Obesity Research 1998). The major increase in medical complications occurs in 

individuals who exceed their recommended BMI by more than 20%, usually a BMI of 

over 28 (Overweight, obesity and health risk., 2000).

Using body mass index alone as a selection criterion for hip resurfacing is difficult 

because excess body weight can be attributed to many different factors as already 

mentioned. It is possible that cumulative exposure to excessive body mass may increase 

the risk of subsequently developing hip OA (Gelber, Hochberg, Mead, Wang, Wigley and 

KJag, 1999). Once diagnosed with OA excess body weight can be a symptom which 

increases the rate of the disease process. This can be through a mechanical or metabolic 

process (Roach, Persky, Miles and Budiman-Mak, 1994).

This cohort was assessed for their BMI prior to surgery (figure 149). BMI alone was not 

used for the selection process. Body mass index was used as a tool for identifying 

probable risk related to surgery or other co morbidities. This included anaesthetic and 

post operative complications such as deep vein thromboses or infection.
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Average BMI

30

Age 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

Age Range

Figure 149: Average BMI in all age groups.

Figure 149 represents the distribution of BMI for this cohort. It is evident that the males 

have a higher average BMI than females. The highest BMI group falls between the ages 

of 30 and 69. This is similar to Marks and Allegrante’s (2002) results. This study was on 

body mass indices in patients with disabling hip osteoarthritis. They found symptomatic 

unilateral and bilateral hip OA is associated with an increased BMI, especially between 

the ages of 30 and 59 years (Marks and Allegrante, 2002).

9.7. Gender

Currently, there is no research on using gender as a selection tool for patients undergoing 

hip resurfacing. Although, the current studies show that there are a higher number of 

males undergo hip resurfacing surgery (Me Minn, Treacy, Kyaw and Pynsent, August 

1996), (Treacy, McBryde and Pynsent, 2005), (Back, Dalziel, Young and Shimmin, 

2005) and (Freeman and Bradley, 1983). Research into the effect of gender on outcomes 

for hip resurfacing is sparse. This may be attributed to the belief that male bone quality
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may be higher than female bone quality or when comparing the outcomes of the studies 

published for total hip replacement, the literature is contradictory.

Schurman and colleagues (1989) found better prosthesis survival for total hip replacement 

among women but attributed the differences in outcome to differences in body weight 

between men and women (Schurman, Bloch, Segal and Tanner, 1989). Other studies 

found no gender difference in either prosthesis survival or quality of life (Kim and Kim, 

1993). One study found that men had significantly better functional outcomes than 

women, as measured by activities of daily living (Greenfield, Apolone, McNeil and 

Cleary, 1993).

For this cohort gender was not used a determining factor for or against hip resurfacing. 

Rather we were more concerned with the quality of the patient’s bone and activity level. 

The group consisted of 287 males and 86 females. Consistent with the current literature 

the group has a high majority of males.

9.8. Comorbidities

Comorbid conditions can be defined as pre-existing secondary diagnoses. These 

conditions may have a significant impact on patient selection prior to hip resurfacing and 

post outcome success. The bone quality is an important selection criterion. There are 

many conditions that may decrease the bone mass which can have a detrimental effect on 

the success for the hip resurfacing device.

There are no specific studies looking at the comorbidities of patients who undergo hip 

resurfacing. The literature which concentrates on survival analysis does have 

contraindications which relates to the problem of decreased bone mass. Wagner and 

Wagner 1996, suggest conditions of the hip which have resulted in major deformity of 

either the head of the femur or the acetabulum such as Gaucher’s disease, Osteonecrosis 

and Rheumatoid arthritis are all contraindications (Wagner and Wagner, August 1996).
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Osteoporosis and long term anti-inflammatory drugs are also detrimental (Me Minn,

2003).

The major influence on contraindications for hip resurfacing is bone loss. Therefore the 

indications for bone loss should be explored as potential comorbidity conditions for hip 

resurfacing. Bone loss can be separated into two groups, primary and secondary. Primary 

bone loss is a deterioration of bone mass that is unrelated to other chronic disease. This 

includes a decrease in gonadal function which is related to menopause or prostate 

problems (South- Paul, 2001).

Secondary bone loss results from chronic conditions listed in Table 12. It is often the 

medication required to improve these disease processes that reduce the patients bone 

mass.
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Table 12: Conditions contributing to bone loss and potentially detrimental to 

patients undergoing hip resurfacing modified from (Tresolini, Gold and Lee, 1998).

Endocrine or Metabolic Causes Medications

■ Acromegaly ■ Cyclosporine

■ Anorexia Nervosa ■ Excess Thyroid hormone

■ Athletic Amenorrhea ■ Glucocorticoids

■ Diabetes Mellitus (Type 1) ■ GnRH agonists

■ Hemochromatosis ■ Methotrexate

■ Hyperadrenocorticism ■ Phenobarbital

■ Hyperthyroidism ■ Phenothiazines

■ Hyperprolactinemia ■ Dilantin

■ Thyrotoxicosis ■ Heparin

Collagen/Genetic Disorders Nutritional

■ Ehlers-Denlos Syndrome ■ Alcoholism

■ Glycogen Storage Diseases ■ Calcium Deficiency

■ Homocystinuria ■ Chronic Liver Disease

■ Hypophosphatasia ■ Gastric operations

■ Marfan Syndrome ■ Malabsortion syndromes

■ Osteogenesis Imperfecta ■ Vitamin D deficiency

Renal disease has been raised as an issue for patient undergoing hip resurfacing. This is 

for two reasons. Firstly, the impact of bone loss related to renal disease (South- Paul, 

2001) and the detrimental effect of the under functioning kidney’s ability to excrete metal 

ions p3st resurfacing (Back, Dalziel, Young and Shimmin, 2005).
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There are behavioral issues associated with the decrease in bone mass also. Smoking has 

been linked to a negative impact on bone turn over. Moderate smokers with low body 

weight (<75 kg), increased bone resorption, not matched by increased bone formation, 

results in decreased bone mineral density. In former smokers, bone resorption is not 

increased, but BMD remains lower compared with that in never-smokers (Szulc, Gamero, 

Claustrat, Marchand, Duboeuf and Delmas, 2002).

Hypertension has been associated with the risk of decreasing bone mass. The rise in 

systolic pressure in the older patient was significant predicting bone loss. This is due to 

the greater calcium losses associated with high blood pressure (Cappuccio, Zmuda and 

Cauley, 1999).

The wide variety of conditions and the importance of co morbidities (figure 150) relating 

to bone loss became apparent within the first 50 cases of this series, five femoral neck 

fractures were experienced. After examination of the fractured femoral necks, poor bone 

stock was ascertained as the cause of fracture in four out of the five retrievals. As 

mentioned earlier there were no instances of femoral neck notching and no fracture 

occurred intra-operatively. Analysis of the fracture group indicated that three out of five 

patients had co-morbidities, two of the males were alcoholics (had received treatment at 

some stage previously) and the female was taking prescribed Dilantin, (for long term 

epilepsy). All fractures occurred in the first six months after surgery.
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Co Morbidity breakdown
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Figure 150: Co Morbidity breakdown for this cohort.

The introduction of bone mineral density examinations plus a detailed comorbidity 

history was introduced after the fracture experience. Although figure 150 shows a diverse 

group of risk factures associated with femoral neck fracture. Bone mineral density 

examination was able to select out the patients most at risk.
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9.9 Bone mass

The assessment of bone mass and the introduction of bone mineral density examinations 

have been presented in chapter 8.

9.10. Surgical Technique

All surgical implantations were carried out by one Orthopaedic surgeon Dr Lawrence 

Kohan and one Anaesthetist, Dr Dennis Kerr, from the McMinn’s surgical technique 

preferring to insert the resurfacing hip components through a posterior approach (figure 

151).

Figure 151: Posterior approach exposing the femoral head.

The surgical technique encompasses the acetabulum to be reamed to the desired diameter 

allowing insertion of the acetabular sizer. The acetabular component is 2 mm greater in 

diameter at its equator than the sizer so underreaming of the acetabulum must not be 

carried out. The acetabular sizer is placed in an anatomic position and a drill passed
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through its superomedial hole. Any cysts are curetted and bone grafted. The cup is 

offered up to the acetabulum on its introducer so that the antirotation splines are opposite 

the ischium and pubis and the cup impacted into position. Protruding acetabular 

osteophytes are resected flush with the cup edge.

On the femoral side, seen in figure 152 a temporary pin is inserted into the lateral femoral 

cortex at a predetermined distance down from the greater trochanter tip. A centering jig is 

located over this pin, thus ensuring correct varus/valgus alignment Proximally the jig is 

adjusted to ensure centralization on the femoral neck, checks for centralization being 

made by rotating the adjustable probe around the neck. A long guide wire is advanced 

into the femoral head and neck through the centering jig. The guide wire is overdrilled 

with a cannulated drill and a centering rod is introduced (figure 152a).

An appropriately sized cylindrical head cutter is advanced over the rod taking care to stop 

at the head/neck junction. The head sleeve is placed over the prepared surface down to 

the head/neck junction and the top of the femoral head is then resected. A chamfer cutter 

is advanced, the femoral head is brushed and lavaged shown (figure 152b).

Figure 152: (A) Guide wire insertion to decrease femoral neck notching (B) A 

cylindrical femoral head cutter is passed as far as the head/neck junction. (C) 
Placement of femoral component.
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Cement key holes are drilled and cysts are curetted and bone grafted. The femoral 

component containing low viscosity cement is impacted into position shown in figure 153 

(Me Minn, Treacy, Kyaw and Pynsent, August 1996).

The importance of precise surgical technique was noted. Notching of the femoral neck 

and varus placement of the femoral component is implicated in the causation of early 

femoral neck fractures (Me Minn, 2003).

Figure 153: Cement key holes drilled into femoral head.

All patients had a combined spinal/general anaesthetic and one dose of intravenous 

antibiotic intra operatively for infection prophylaxis. Patients received calf compressors 

intra operatively and 300mgs of Aspirin daily for six weeks to reduce the risk of deep 

vein thrombosis.

This patient group underwent an early mobilisation and discharge rehabilitation 

programme developed by Dr’s Kohan and Kerr. Most patients were fully weight bearing
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with crutches 2-4 hours after leaving the recovery ward. Figure 154 shows the 

distribution of discharge from hospital for the first 289 patients in this series.

Discharge times

120 

100 

80
1 60 

40 

20 

0

Figure 154: Discharge times for the first 289 patients.

All patients were followed up 2 weeks, 4 weeks, 3 months, 6 months, 12 months and 

annually post operatively. Bilateral calf Doppler ultrasound venography was carried out 2 

weeks after surgery to asses for DVT.

9.11. Outcome Analysis.

How the patient functions preoperatively can also be expected to have an impact on 

postoperative functional outcome in both the short term and the long term. There are a 

number of generic and disease specific outcome measures that have been developed for 

measuring the outcome form the patient’s point of view (Bergner, Bobbitt, Pollard,

...... n
<12 12-24 24-36 36-48 48-60 60-72 >72

Time
Hours

254



Chapter 9 Patient selection

Martin and Gilson, 1976). Patient relevant outcomes are now considered the primary 

outcome measure in clinical trials (Amadio, 1993) and (Clancy and Eisenberg, 1998).

To assess the progress of this cohort, outcome measures were ascertained to assess 

patient function. SF-36, WOMAC and Tegner scores were introduced preoperatively, 6 

months, 12 months and annually to tract the outcome of the component and patient 

satisfaction.

The SF-36 is a self-administered generic health status measuring health perception and 

quality of life in a general population. It is easy to use, acceptable to patients and fulfills 

stringent criteria of reliability and validity (Brazier, Harper, Jones, O'Cathain, Thomas, 

Usherwood and Weatlake, 1992) and (Ware and Sherboume, 1992). It is sensitive to 

changes in health over time (Garrett, Ruta, Abdalla, Buckingham and Russell, 1993). It 

contains 36 items and measures three major health attributes (functional status, well

being, overall health) and has eight subscales (physical function, role limitations due to 

physical health, bodily pain, general health, vitality, social function, role limitations due 

to emotional health, and mental health) (Ware and Sherbourne, 1992) and (Sullivan, 

FCarlsson and Ware, 1995). SF-36 also considers the ability of the patient functioning 

w ithin these subscale roles, and to the degree of satisfaction derived from doing them 

(Jackowski and Guyatt, 2003).

WOMAC, Western Ontario and MacMaster Universities Osteoarthritis Index is a widely 

used disease specific patient relevant self reported instrument validated for OA in the 

lower extremities. It is a measurement for quantifying pain, stiffness and physical 

disability (Bellamy, Buchanan and Goldsmith, 1988). It has been proven to be responsive 

to clinical change over time after hip arthroplasty (Nilsdotter, Roos, Westerlund, Roos 

and Lohmander, 2001).

Tegner is an activity related rating system which reflects a range of activities from 

sedentary, desk-type work with limited walking on even ground to an occupation that 

involves light labor, such as nursing or truck-driving, and some recreational activities,
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such as cycling, cross-country skiing, or swimming (Diduch, Insall, Scott, Scuden and 

F^nt-Rodriguez, 1997). This survey requires a scoring system (0-10) where the patient 

rutes the current level of activity. The scores indicate the level of activity the patient can 

function comfortably. A score of 0 is the inability to function at any level, while a score 

of 10 is at a professional athletic level.

The overall hip resurfacing survival was 98.4%. Figure 155 represents a Kaplan-Meier 

curve of the total cohort of patients with the inclusion of the originally 5 femoral neck 

fractures. The average follow-up interval is 25.6 months, while the longest survivor was 

evaluated 48 months post-operatively.

9.12. Results.

Kaplan Meier for All BHR operations
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Figure 155: Cumulative survival rate for all hip resurfacing components.
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The survival of 92.5% was seen in patients over 65 years and 100% survival in patients 

under 65. The average follow-up interval is 25.6 months, while the longest survivor was 

evaluated 48 months post-operatively. The cumulative survival for the patient cohort is 

shown in figure 156.

Kaplain Meier for Age Groups Under and Over 65
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Figure 156: Cumulative survival rate for BHR implants in patients aged 65 and 

over.

The standard scoring system for the SF-36 questionnaires has a total of 100 points. High 

scores indicate good physical function, little bodily pain and the patient’s good general 

health. SF-36 scores were split up into gender and age groups to assess the difference in 

gender or age on SF-36 questionnaires. These groups were separated into males under 65 

years, males 65 years and over, females under 65 years and females 65 years and over.

The total cohort scored poorly for physical function and bodily pain pre-operatively, with 

an average of 30. Over the 36-month interval, physical function and bodily pain scores 

show a steep improvement in the first six months postoperatively, then a plateau. The
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general health scores in the first six months after surgery showed a sharp improvement 

then have remained steady after the first six months post surgery.

Table 13 and 14 shows the results of the total cohort. The tables have divided into two 

groups, mature and young females and mature and young males. The average SF-36 

scores have been presented.

Table 13: Female SF-36 scores, blue indicating the mature female scores, green 

showing young female scores.

Time
Interval

Physical
function

Physical
function

General
health

General
health

Body
Pain

Body
Pain

Emotio
nal

Emotio
nal

Mature
female

Young
female

Mature
female

Young
female

Mature
female

Young
female

Mature
female

Young
female

Pre op 39.7 28 83.9 73.7 32.6 29.5 67 66
6 m 80.4 72.7 84.4 79.8 78.8 71.8 83.3 95.6
12 m 75.3 70.1 75.6 77.6 72 70.7 89 91.6
24 m 72.4 62.1 81.1 68.4 70.7 68.1 71 90
36 m 81.4 84 75.4 80.5 74.7 80.3 73.3 100

Table 14: Male SF-36 scores, red indicating the mature male scores, black showing 

young male scores.

Time 
| Interval

Physical
function

Physical
function

General
health

General
health

Body
Pain

Body
Pain

Emotio
nal

Emotio
nal

1 Mature
male

Young
male

Mature
male

Young
male

Mature
male

Young
male

Mature
male

Young
male

Pre op 23.5 37.1 74.9 77.2 35.8 38.2 55.5 60.8
6 m 72 81 79.2 85.2 76.2 76 82 88.7
12 m 71.4 86 78.3 81.8 71.5 78.7 81.6 91.3
24 m 73.2 87 79.7 82 70.5 79.6 71.7 88.7
36 m 62 89.5 76.5 79.2 66.5 79.8 72.2 91.6

All groups had improvement in physical function, body pain, and emotional state in the 

first 6 months after surgery. The largest improvement in body pain was achieved in the 

male groups, with the biggest improvement in mature males scoring 23.5 preoperatively
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and 72 at 6 months post operatively (table 14). The scores remain steady in all groups 

from 6 months postoperatively to 36 months postoperatively.

General health scores are very similar across all four groups. The scores do not change 

significantly across the time intervals (table 13 and 14). However the young females 

scored the poorest at the preoperative visit and highest at the end of 36 months.

Body pain indicates very low scores across all four groups preoperatively (table 13 and 

16). Young females show the highest amount of pain prior to surgery. All groups show a 

significant improvement in pain in the first 6 months after surgery with females scoring 

highest in improvement. Body pain remains steady over the 36 month period in all 

groups.

The emotional score is similar to the general health scores (table 13 and 14). Interesting 

the mature males has the highest improvement in the first six months. The young females 

have a significant improvement but they are slow to improve taking the full 36 months to 

show a score of 100.

Figures 157-160 show the WOMAC scores for mature and young males and mature and 

young females. The scores represent the change in physical function, pain and stiffness 

over the time intervals.

Physical function scores in all groups show a dramatic improvement from the 

preoperative score to 6 months post operative score. The highest improvement being in 

the young males (figure 158). The mature females (figure 159) show an improvement 

then show increase in score (decrease in function) physical function at the 36 month 

follow up. There is no significant clinical explanation other than an increase in age may 

have some bearing on the decrease in physical function.

Pain shows a significant improvement across all groups. Pain shows the highest 

difference in improvement compared to the other scoring modalities also showing
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consistency for all time intervals. The young males score the highest in improvement 

(figure 158). The males show (figure 158, 157) a better result than the females (figure 

159, 160).

Stiffness has the least amount of improvement within all of the groups. Mature females 

(figure 159) appear to have an improvement 6 months post operatively, but the stiffness 

variable appears to increase with time. This may be due to a decrease in activity or 

increasing age. Young males show the highest improvement for this variable (figure 158).

Womac Scores For Males 65 Years and over

60

Preop

□ M - BHR - Over 65yrs - Average of 
Physical Function

■ M - BFIR - Over 65yrs - Average of Pa\n

□ M - BHR - Over 65yrs - Average of 
Stiffness

0.5 year 1 year 2 year 3 year

Figure 157: WOMAC scores for males 65 years and over.
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Womac Scores for Males Under 65 Years

□ M - BHR - Under 65yr - Average of Physical 
Function

■ M - BHR - Under 65yr - Average of Pain

□ M - BHR - Under 65yr - Average of Stiffness

fJditld' Hi
Preop 0.5 year 1 year 2 year 3 year

Figure 158: WOMAC scores for males under 65 years.

Womac Scores for Females 65 Years and over

60

□ F - BHR - Over 65yrs - Average of 
Physical Function

■ F - BHR - Over 65yrs - Average of Pain

□ F - BHR - Over 65yrs - Average of 
Stiffness

FYeop 0.5 year 1 year 2 year 3 year

Figure 159: WOMAC scores for females 65 years and over.
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Womac Scores For Females Under 65 Years

60

Preop

□ F - BHR - Under 65yr - Average of 
Physical Function

■ F - BHR - Under 65yr - Average of 
Rain

□ F - BHR - Under 65yr - Average of 
Stiffness

0.5 year 1 year 2 year 3 year

Figure 160: WOMAC scores for females under 65 years.

Activity has been measured using Tegner activity scores. This survey was given to the 

patients preoperatively and at 12 month after surgery to analysis the change in their 

activity after hip resurfacing surgery. The scores were analysed in percentages. Figure 

161 shows the distribution of scores. Preoperatively 72% of the total patient group was 

functioning at a score of three or below. This score indicates that the cohort were unable 

to perform any weight bearing activity (running, cycling or walking on uneven surfaces) 

without discomfort or stiffness. At 12 months post operatively there is a shift (figure 161) 

in activity level to 87% of patients being able to function at a score of 3 or above. These 

scores indicate that 87% of patients were able to perform weight bearing activities 

(running, cycling or walking on uneven surfaces) without discomfort or stiffness.
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Figure 161: Tegner activity scores.

9.13 Complications

The complications shown in Table 15 indicate the patient cohort in two groups. Patients 

less than 65 years have a 100% survival rate to date. One complication, a dislocation 

resulting from the patient falling out of bed four hours after surgery, required a closed 

reduction but no revision.
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Table 17: Complications in patients less than 65 years and 65 years or greater.

Less than 65 years 65 years and older

Males Female Males Female
Femoral neck

fracture

0 0 4 1

Transient nerve palsy 0 0 0 2
DVT 5 0 2 0
Superficial infection 2 0 1 0
Cup Displacement 3 1 0 0
Dislocation 0 1 0 0

The complications recorded for the 65 years and over age group included five femoral 

neck fractures, or 1.18% requiring revision. The fracture group consisted of four males 

and one female. Analysis of the fracture group revealed that three of the five patients had 

co-morbidities. Two of the males had a history of high alcohol intake with high liver 

function and the one female was taking prescribed Dilantin and was found to be 

osteoporotic. This patient would not have been included in the study, had BMD scanning 

and patient selection criteria have been included at that time.

Using ANOVA the distribution of femoral neck fracture in men 65 years and over and 

not in the other groups was not statistically significant.

The fractures can be related to the first 50 cases in this series. Comorbidities appeared to 

have had a negative impact on the outcome in this patient group. The introduction of 

bone mineral density testing and a detailed examination of known comorbidities in the 

pre-operative assessment for potential hip resurfacing patients, has led to a decrease in 

the femoral neck fracture risk.

Four-cup revisions were associated with cup loosening within the first six months after 

surgery. There were three males and one female in this group, Two males had a body
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mass index above normal, of 48.21 and 31.56 respectively. The other male returned to 

impact activity before directed and had a cup displacement out within the first six months 

after surgery. The female in this group also had a body mass index above normal, of 

33.18. Two transient nerve palsies improved spontaneously and three superficial 

infections required hospitalisation but did not require revision. Six patients experienced a 

DVT. Five of these patients were 65 years or younger and one patient was over 65 years. 

Five of these patients required hospitalisation. Two of these patients did not comply with 

the thromboembolic prophylaxis.

Thromboembolic prophylaxis for this series included early mobilisation, TED stockings 

for two weeks, ankle and foot exercises, 300 mg of aspirin daily for six weeks, and 

ultrasound venography 10-14 days after surgery. The six DVT complications for this 

series did not show any signs or symptoms before diagnosis by ultrasound.

8.13 Discussion.

Hip resurfacing is a valuable option for patients with Osteoarthritis. It provides the active 

patient the ability to return to high impact activity after surgery. This concept alone is 

remarkable for the patient who has spent years in pain and have had a decrease in 

function. The issue for the orthopaedic community has been the risk of femoral neck 

fracture after surgery. This complication results in revision surgery which can put the 

patient at high risk of other life threatening complications. The Australian Joint Registry 

indicates the complication rates for hip resurfacing at 1.9% and 67% of these were 

femoral neck fracture (Graves, et al. 2004).

The results from this cohort show 100% survival over 4 years in patients less than 65 

years and an overall survival at 98.4% over 4 years. Four out of the five femoral neck 

fractures that appeared with in the first 50 cases were due to poor bone mass and 

unqualified patient selection criteria.
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The introduction of bone mineral density testing (chapter 8) prior to surgery has shown 

that if a patients bone mass falls within the WHO criteria the incidence of fracture 

postoperatively is nil for this patient group. This is the first time this analysis has been 

tested. Kishida et al. (2004) found that femoral neck fractures were an early complication 

for hip resurfacing procedures and were due to the stress concentration in the neck 

(Kishida, Sugano, Nishii, Miki, Yamaguchi and Yoshikawa, 2004). This would indicate 

that if the bone mass was reduced prior to surgery the risk of fracture is higher.

This is a comprehensive consecutive data base about patient selection and outcomes. All 

preoperative patient variables were assessed and a set of criteria developed. Bone mass 

alone will not rule out fracture completely. Bone mass relies on many different variables 

to provide good health. This includes age, gender, BMI, comordities and activity which 

have been extensively examined with in this cohort.

Comorbid conditions are very important considerations for hip resurfacing procedures. 

Many medications and diseases will affect the health of the bone mass. A detailed history 

will highlight the patients at risk and then further assessment can provide help deciding 

on procedure (BHR or THR) is most appropriate for the patient.

Success to patients is the ability to return to impact loading activity. It has been well 

established that high levels of activity after total hip replacement increase the rate of wear 

with the consequence of early revision. A successful hip resurfacing implant allows the 

patient to return to normal activity (Daniel, Pynsent and Me Minn, 2004). While Kishida 

et al. (2004) state that the hip resurfacing device transfers load to the proximal femur in a 

more physiological manner than long stem devices, which prevents stress shielding and 

allows the patient to perform more normal activity (Kishida, Sugano, Nishii, Miki, 

Yamaguchi and Yoshikawa, 2004).

SF-36, WOMAC and Tegner activity scores have shown a significant improvement in 

pain, function and general wellbeing after hip resurfacing.
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Limitations of the analysis arise in the choice of a consecutive series. Although, this is a 

large consecutive series a controlled randomised trial may prove to give a stronger result. 

The initial decision of a consecutive series was a clinical decision, the consultant 

Orthopaedic surgeon felt it was safer for all the patients to undergo the bone mineral 

density examinations after consenting and thence be involved with the outcome analysis. 

Future work will encompass a long term follow up for this patient group.

These results have been analysed over a 36 month period and have shown an improved 

technique when selecting a patient for hip resurfacing. Developing consensus on selection 

criteria is important for long term analysis of the components and patient outcomes. This 

information may help the surgeon to evaluate and predict those patients who will not do 

well after hip resurfacing also to advise the individual patient of the risks and benefits of 

the procedure. It is important to look beyond the prosthetic factors and view the patient as 

multilayered. One selection criterion alone will not predict the likelihood of failure.
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10.1 Conclusion

Hip resurfacing is a successful option for patients with debilitating hip disease. The 

success of hip resurfacing relies on the experienced surgeon and most importantly the 

health of the patient’s bone. It is vital to look at the patient in layers right from the health 

of the individual bone cells to the patient’s environmental factors.

This was a prospective consecutive longitudinal analysis, of bone density measurements 

in patients undergoing hip resurfacing surgery. There were 423 (393 patients) 

consecutive hip resurfacing procedures including unique patient selection criteria. There 

were 339 patients under 65 years of age. Within this group there were 264 males and 75 

females. In the group over 65 years of age and over there were 61 males and 23 females.

Within the first 50 cases there were 5 femoral neck fractures. This complication sparked 

the interest of reducing the risk of fractures for individuals contemplating hip resurfacing 

as a option. The Australian National Joint Registry (2004) states, in the years 2002- 

December 31s1 2003, 3703 hip resurfacing were performed. The revision rate was 1.9%, 

67% or 1.2% of these were due to femoral neck fracture (Graves, Davidson and Ingerson,

2004). Within this cohort, there was a total revision rate of 2.1%, 55% or 1.18% of these 

were due to femoral neck fracture.

The fracture group consisted of four males and one female. Analysis of the fracture 

group indicated that three out of five patients had comorbidities, two of the males were 

alcoholics (had received treatment at some stage previously) and the female was taking 

prescribed Dilantin, (for long term epilepsy). All fractures occurred in the first six months 

after surgery. The two alcoholic males and the female were given bone mineral density 

examinations after the revision surgery and were found to be osteoporotic.

Using BMD testing prior to surgery would have selected out these patients for the 

procedure, leaving only two femoral neck fractures. This would have resulted in a large
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difference in femoral neck fracture complications to the national average where BMD 

examinations are currently not routine for patient selection.

In this thesis BMD was introduced as a patient selection criterion. Using BMD 

examinations a selection tool prior to surgery has shown a positive result. Patients with in 

this cohort that were measured with BMD prior to surgery and fulfilled the WHO criteria 

showed no significant difference in femoral neck bone mineral from there preoperative 

score out to 12 months after surgery. There were no femoral neck fractures after 

implementing this technique. Patients that fell below the WHO criteria prior to surgery 

were encouraged to see an endocrinologist for further testing and offered a total hip 

replacement to treat their osteoarthritis.

Bone mineral density alone will not predict the risk of fracture. Patient selection criterion 

is also of high importance. To date there has been not consensus in the research on a 

formula looking at patient related factors, Wagner and Wagner 1996 state that the special 

requirements for hip resurfacing include, solid bone in the femoral neck and healthy 

kidneys to process any blood borne metal ions from debris (Wagner and Wagner, 1996, 

1191). While McMinn 2003, suggests patients with osteoarthritis and active young males 

are best suited for hip resurfacing surgery (Me Minn, 2003). Treacy 2005 concludes, the 

decision to offer the patient resurfacing hip was based upon age, quality of bone and the 

patient's expectations of their post-operative activity level. In general, the operation was 

offered to men under the age of 65 years and women under the age of 60 years, with 

normal bone stock judged by plain radiographs and an expectation that they would return 

to an active lifestyle (Treacy, McBryde and Pynsent, 2005).

The patient inclusion criteria for this cohort included moderate to severe symptomatic 

osteoarthritis in patients who had failed at least 6 months of conservative treatment, 

patients who were employed and/or outdoor, recreational activity undertaken three or 

more times a week, and living at home. No patient was institutionalized or in a cared 

facility. Age was not used as a selection criterion. All patients had osteoarthritis or 

avascular necrosis and there was no inflammatory disease. Patient outcome analysis using
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SF-36, WOMAC and Tegner activity surveys showed an improvement pain, mobility, 

activity and general vitality after surgery. Comorbidities, BMI, activity and social 

network combine with BMD testing can create a recipe to selecting the correct patient for 

hip resurfacing surgery.

The evaluation of this patient group was described as a consecutive series. This was not a 

randomized clinical trial which is noted as a concern by the author. McCulloch et al 

(2002) points out that in evaluating surgical procedures, randomized controlled trials are 

not always practical (Mcculloch, Taylor, Sasako, Lovett and Griffin, 2002). The 

alternatives include building comprehensive prospective databases about operations and 

outcomes. The process for this cohort was an evolutionary process which commenced 

with a problem to solve (femoral neck fracture). Applying bone mineral density and 

patient selection is a practical reproducible technique to decrease anxiety for the surgeon 

and reduce the risk of fracture for the potential hip resurfacing patient.

The overall hip resurfacing survival was 98.4% and a survival of 92.5% in patients over 

65 years and a 100% survival in the younger patient group after appropriate “patient 

selection” criteria were developed from this thesis work.

10.2 Future work

A noninvasive technique to measure structural information of bone relies on bone mineral 

density measurements used in this thesis. The problem with bone mineral density is that it 

is a two dimensional image projecting a result for a three dimensional structure. The 

result of a bone mineral density measure is the ability to determine the relative risk of a 

bone to fracture, but is unable to look at the other characteristic that may contribute to the 

bone fracturing.

Quantitative assessment of macrostructures such as geometry, and microstructural 

features such as relative trabecular volume, trabecular cross bracing and connectivity,

274



Chapter 10 Conclusion /Future work

may improve our ability to estimate bone strength and ultimately give a strong prediction 

the fracture risk for each patient attempting to undergo hip resurfacing surgery.

The current methods available for quantitatively assessing macrostructure include 

radiographs, computed tomography (CT) and volumetric quantitative computed 

tomography (vCT). The methods for assessing the microstructures include high- 

resolution computed tomography (hrCT), microcomputed tomography (pCT), high 

resolution magnetic resonance (hrMR) and micro magnetic resonance (pMR).

The aim is to look at the femoral head and neck region and to develop a grid to assess the 

areas of reduced bone mass using micro computed tomography (figure 162). The grid 

will give a picture of the history of the fracture or damage to the femoral head.

Figure 162: A: Femoral head divided into a grid. B: Micro CT of trabecular bone 

(Trebecular_illu.jpg, 2005).
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The samples for this analysis will come from patients that have fractured after hip 

resurfacing surgery. The clinical information plus the bone mineral density results will be 

used to compare the information gathered from the grid analysis retrieved from the micro 

CT scans.

It is hoped by developing a grid and looking at the femoral head and neck in small 

regions it will offer a complete story into why the fracture occurred. If the information 

proves useful the results from the micro CT can be adapted to a standard CT scan. This 

will enable the ability to assess the patient prior to surgery resulting in a more sensitive 

selection tool for assessing the risk of femoral neck fracture.
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Chapter 4

A: Table 2: Secondary OA related to systemic metabolic disease (www.aaos.org, 

October 2003).

SYSTEMIC METABOLIC DISEASES

• Avascular necrosis: Bone death in the femoral head; can be steroid-induced, alcohol- 

induced or idiopathic (cause unknown).

• Hemochromatosis: A chronic disease characterized by excess iron deposition.

• Wilson Disease (Hepatolenticular Degeneration): An uncommon genetic familial 

disease.

• Ochronosis: A hereditary deficiency of a liver enzyme.

•Gaucher Disease: An inherited metabolic disease characterized by the accumulation of 

glucocerebroside in the liver, spleen, and bone.

• Hemoglobinopathies: This group of diseases includes Sickle Cell Disease and 

Thalassemia.

• Ehlers-Danlos Syndrome and Other Joint Hypermobility: A group of heritable 

disorders of connective tissue.

B: Table 3: Secondary OA related to endocrine disease (www.aaos.org, October 

2003).

ENDOCRINE DISEASES (FAILURE OF HORMONE-SECRETING ORGANS
OR STRUCTURES TO FUNCTIONPROPERLY)
• Acromegaly: A growth hormone-secreting tumor of the pituitary in adults that leads to 

slowly progressive overgrowth of soft tissue, bone, and cartilage.

• Hypothyroidism: Identified with arthropathy only in severe stages (cold intolerance, 

weight gain, lethargy, constipation).

• Hyperparathyroidism: Increased levels of parathyroid hormone.
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C: Table 4: Secondary OA related to bone dysplasia (www.aaos.org, October 2003).

BONE DYSPLASIAS (ABNORMALITY OR ALTERATION IN THE BONE
TISSUE STRUCTURE)
• Multiple Epiphyseal Dysplasia: A familial disease associated with a variety of 

mutations in cartilage oligomeric matrix protein that produces fragmentation and 

irregularity of epiphyses of many bones.

• Spondyloepiphyseal Dysplasia: Familial syndromes evident at birth, that are 

characterized by short stature and retarded ossification of the vertebral bodies, pelvis, and 

extremities.

• Osteo-onychodystrophy (Nail-Patella Syndrome): A rare, autosomal dominant 

condition manifested by nail dysplasia, skeletal deformities, and hypoplasia or aplasia of 

the patellae.

• Progressive Hereditary Arthro-ophthalmopathy (Stickler Syndrome): A familial 

syndrome of myopia, often leading to retinal detachment, and potentially to other 

associated congenital anomalies.

• Epiphyses-related conditions: Characterized by on growth or expanded long bones 

developed from a secondary ossification center.

D: Table 5: Secondary OA related to crystal deposition (www.aaos.org, October 

2003).

CRYSTAL DEPOSITON DISEASES

• Calcium Pyrophosphate Deposition Disease: Deposition of crystals in the joints and 

bursa.

• Apatite Crystal Deposition Disease: Deposits in acute soft-tissue syndromes, such as 

calcification, tendinitis, bursitis, and periarthritis.

• Gouty arthroplasty: Bony erosions at the margin of the joint.
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E: Table 6: Secondary OA related to other systemic disease (www.aaos.org, October
2003).

OTHER SYSTEMIC DISEASES AND TRAUMA
• Neuropathic Arthropathy (Charcot Joints): Neuropathy resulting from various 

causes

• Paget’s Disease (Osteitis Deformans): A skeletal disorder of unknown cause 

characterized by enlarged bones.

• Osteopetrosis: A generalized skeletal osteosclerosis characterized by hard but fragile 

bones leading to easy fracture and obliteration of the marrow cavity.

• Obesity
• Frostbite.
• Major joint trauma
• Fracture through a joint or osteonecrosis
• Joint surgery (eg, meniscectomy)
• Chronic injury (occupational arthropathies).

Chapter 4:

F: Fable 8: Sources of patient education material (Grainger and Cicuttini, 2004).

2: Sources of patient education material
Books

■ Lorig K, Fries J. The arthritis heipbook — a tested self
management program for coping with arthritis and fibromyalgia.
5th ed. Cambridge: Perseus Books. 2000

Websites

■ Australian Arthritis Foundation <www.arthritisfoundation.com .au>

■ Australian Rheumatology Association 

<www. rheum atol og y. o rg .au >

■ Arthritis USA <www.arthritis.org>

■ American College of Rheumatology <www.rheumatology.org>

■ Arthritis UK <www.arthritiscare.org.uk>
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Chapter 5:

G: Table 9: Secondary forms of Osteoporosis (South-Paul, 2001).

Endocrine/metabolic causes Medications
■ Acromegaly ■ Cyclosporine

■ Anorexia nervosa ■ Excess thyroid hormone

■ Athletic amenorrhea ■ Glucocorticoids

■ Diabetes type 1 ■ GnRH agonists

■ Hemochromatosis ■ Methotrexate

■ Hyperadrenocorticism ■ Phenobarbital

■ Hyperparathyroidism ■ Phenothiazines

■ Hyperprolactinemia ■ Phenytoin (Dilantin)

■ Thyrotoxicosis ■ Heparin

Collagen/genetic disorders Nutritional
■ Ehlers-Danlos syndrome ■ Alcoholism

■ Glycogen storage diseases ■ Calcium deficiency

■ Homocystinuna ■ Chronic liver disease

■ Hypophosphatasia ■ Gastric operations

■ Marfan syndrome ■ Malabsorption syndromes

■ Osteogenesis ■ Vitamin D deficiency
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Appendix 2 Implant retrieval Analysis

Implant retrieval allows researchers might into the mode of failure of the hip resurfacing 

procedure and the ability to implement changes and improvements to the survival of 

future components. The systematic study of orthopaedic implants and their surrounding 

tissue after their service provides valuable information concerning the performance of the 

devices (Cook, 1991, Hirakawa, Jacobs, Urban and Saito, 2004). Manufacturers, 

scientists, and clinicians rely on the findings of such studies to understand mechanisms of 

failure (or success) and to develop strategies for improving the longevity durability and 

biocompatibility of implants used for reconstruction of the musculoskeletal system.

The current cutting techniques for orthopaedic implant retrieval analysis are best suited to 

samples with soft tissue or bone surrounding the implant and utilized in THR retrieval 

analysis. In hip resurfacing the component covers the bone and makes it difficult to 

visualise the bone and cement prior to cutting for retrieval analysis. Cutting becomes very 

different where bone tissue preservation becomes pertinent.

Wire electrical-discharge machining (WEDM) is a method of removing metals by the 

erosive action of electrical discharge through applied electrodes. This technique enables 

the implant to be removed without damaging the bone and cement mantle This technique 

has not been used for hip resurfacing components or in Orthopaedic surgery and was 

developed to look specifically the failed implants for this thesis work.

A. Introduction.

Implant failure results from many factors including material failure, bone stock loss, 

infection and trauma. Implant retrieval is an invaluable analysis method for determining 

the causes leading to the implant failure.

To date, implant retrieval studies have been performed by many investigators using 

widely differing techniques. These retrieval studies examine different ways of sample 

analysis, for example, hand microtomes and abrasive diamond wire cutting (Cook and 

Weinstein, 1981) and (Hosip-Flor and Lester, 1997).
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In current retrieval specimen-cutting techniques, as applied to the femoral component of 

total hip replacement implants, the bone is visible on the outside and can be easily 

analysed by visual inspection or imaging. The appropriate area or section can thus be 

chosen as the focus for further examination and analysis. Diamond wire-cutting can then 

be used to cut non-electrically conductive material into thin wafers for histological 

analysis in order to best expose the area identified by inspection or imaging as needing 

further investigation (Clark, Shih, Hardin, Lemaster and McSpadden, 2003).

In hip resurfacing the femoral head is contained within the component. When the implant 

fails it is the bone stock under the femoral component that generates interest. Bone 

morphology cannot be observed before cutting; the planning of the component cutting is 

therefore difficult and the orientation of cutting planes (Figure 163) must be chosen 

somewhat randomly. Although diamond-cutting has been used with some success for hip 

resurfacing retrieval (Larche, Ludot, Thiechart, Arlet, Pieraggi, Chiron, Moulinier, 

Cantagrel, Puget, Utheza and Mazieres, 1995; Howie, Cornish and Vernon-Roberts, 

1993; Campbell, Mirra and Amstutz, 2000), another problem with this technique is the 

destruction of the bone at the site where the wire cuts, which compounds the inability to 

plan the plane of cutting.

Figure 163: Femoral hip resurfacing Head cut with diamond saw.

Wire electrical-discharge machining (WEDM) is a method of cutting metals by the 

erosive action of an electrical discharge. The discharge results from a current that is 

applied by an electrode. There are two electrodes, the work electrode and a target
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electrode. The work electrode continuously travels under tension, reducing the tendency 

to produce inaccurate cuts. The electrodes are separated by dielectric fluid (deionised 

water). This fluid fills the gap between the work electrode and the metal implant and acts 

as an insulator until the specific gap and voltage are achieved. The fluid then ionizes and 

becomes an electrical conductor, allowing the current to flow through it to the metal 

implant (Reynaerts, Eeren and Van Russel, 1997). During this process, the material ahead 

of the work electrode is eroded, and there is no direct contact between the target and the 

work electrodes, eliminating mechanical stresses during machining (Ho, Newman, 

Rahimifard and Allen, 2004). The current cuts off when there is a loss of conductive 

material which, in the case of the resurfacing component, occurs when the metal has been 

removed and bone cement is exposed.

This technique allows the metal to be removed without the destruction of underlying 

material. Once the metal is removed, visual inspection, X-ray, magnetic resonance 

imaging (MRI) or computerized tomography (CT) can be used. The specimens can then 

be analyzed.

Twenty-one femoral heads collected from Germany, UK and Australia after hip 

resurfacing failure were analysed using WEDM to remove the metal components. The 

implants were then analysed using histology to look at the quality of the underlying bone 

cement bone interface and to assess the failure modes.

B. Methods

The periprosthetic femoral heads retrieved during the revision of 21 femoral Birmingham 

(Smith and Nephew) hip resurfacing arthroplasties were examined. All failures occurred 

due to femoral neck fracture.

The component is composed of cobalt, chromium and molybdenum cast alloy. The 

cemented femoral component forms a metal-on-metal articulation, with an 

hydroxyapatite-coated cementless acetabular component (Me Minn, 2003). Surgical
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implantations were carried out by surgeons from Germany, the United Kingdom and 

Australia, using the standard McMinn surgical technique.

The femoral head was retrieved, along with the femoral component. Specimens were 

fixed in 10% neutral buffered formalin for a minimum of 7 days. All femoral components 

were still firmly fixed to the bone, prior to assessment.

A Sodick A320D wire electrical-discharge machine (Figure 164) was used to remove the 

metal component from the femoral head. The Model A320D is a submerged high- 

performance brass wire-cutting machine. This process, controlled arching, makes use of 

electrical energy to generate a channel of plasma between the cathode and anode. The 

electrical energy becomes thermal energy at a temperature of usually between 8,GOO- 

12, 000°C but can be as high as 20,000°C, initializing substantial localized heating and 

melting of the component. The dielectric fluid (deionized water) controls the temperature 

at the electrodes and flushes the molten microscopic debris away (Ho, Newman, 

Rahimifard and Allen, 2004). A change in the current or thickness of the wire controls 

the speed and depth of the erosion in the target component. Increasing the current and 

wire thickness will result in a larger arc and coarser erosion (Casanueva, Azcondo and 

Bracho, 2004).

288



Appendix 2 Implant retrieval Analysis

Spark

Figure 164: A: Photograph of a Sodick A320D wire electrical-discharge machine 

(WEDM) used for this thesis work.

Due to the variation in sizes of the components, the time needed to remove the metal also 

varied. For the retrieval analysis in the study, a wire size of 0.24 mm diameter and an 

electrical current of 5 amps were used (figure 165).
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Figure 165: Cutting process with 0.24mm brace wire and 5amps of current.

The entire outer shell of the component was peeled off with no damage to the cement / 

bone/ component interface (figures 166, 167).

Figure 166: Remnant head in pieces.
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When the cutting process was completed, the whole head was exposed and ready to be 

examined (figures 168a, b).

Figure 168: A: A close up photograph of the remnant femoral head showing PMMA 

cement interface. B: Hip resurfacing femoral heads after removal of the metal 
component.

All heads underwent detailed CT scanning at 0.8 mm slices in two different planes. CT 

enabled the quantitative assessment of macrostructural characteristics, such as geometry 

and bone densitometry. CT was used to determine the points of interest, and allowed the 

ability to determine how to further cut the specimens for histological analysis (Figures 
169, 170).
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Figure 169: Detailed 3D CT scan of the retrieved femoral component.

Figure 170: A: Sagital and B: Coronal slices of fracture line in femoral heads.

Cross sections were created using a high powered, slow feed, cutoff saw with a diamond 

impregnated rotary blade. Multiple sections of approximately 2.5 mm were then fixed to 

Plexiglas, stained and thinned by standard petrographic grinding for light microscope 

evaluations. The bone - cement interface can be viewed in great detail (Hisop-Flur and 

Lester, 1997).
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C. Results.

Twenty-one heads were successfully cut with this technique. With experience it was 

possible to decrease the number of metal head fragments with a minimum of 4 and a 

maximum of 12, with and average of 8. The time taken for the cutting procedure also 

decreased as the technician developed experience. The average time taken to remove the 

component was 6.5 hours (table 16).

Table 16: Femoral component size and number of component remnants

Component Head size Head parts

1 38 9

2 42 4

3 46 13

4 54 8

5 46 12

6 54 7

7 38 9

8 38 9

9 46 10

10 58 8

11 46 8

12 46 8

13 54 7

14 50 9

15 46 9

16 50 9

17 46 9

18 46 9

19 54 7

20 54 7

21 54 7
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Figure 171 shows the number of component sizes. The range of component femoral head 

sizes for the Birmingham hip resurfacing device range from 38mm to 58mm with a 4mm 

increment. There are a total of 6 femoral head component sizes. This series saw a 

retrieved head from all sizes in the range the average being 48mm. 57% of these 

belonged to the smaller femoral head sizes.

Femoral head size
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Figure 171: Number of femoral head components.

The purpose of this histological analysis was to determine the ability to cut the femoral 

head away from the implant with the cement-bone interface intact, therefore there was 

not clinical information supplied with the 21 retrieved femoral components.

Histological findings were viewed at 40x, they revealed few osteoclasts or inflammatory 

cells. There was presence of nuclei within lucunae (figure 172).
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Figure 172: A and B Healthy femoral head specimen.

The histology also showed an exceptional cement- bone interface. Figure 173 shows the 

cement penetration into the bony surface. The bone in the middle of the slide remains 

viable.
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Figure 173: Bone-cement interface.

D. Discussion

Current cutting techniques for femoral resurfacing components are unable to visualize the 

bone prior to cutting. The metal over the bone allows only the distal end of the bone to be 

examined, and the specimen must, to some extent, be cut blindly in order to be analyzed. 

During cutting bone and cement- bone interfaces can be damaged. WEDM technique was 

used to overcome the problems related to the traditional THR cutting technique.

WEDM is a manufacturing technique that we have adapted to orthopaedic implant 

retrieval for the first time. It is suited to machining complex three-dimensional metal 

structures that are difficult to machine using other techniques. The significance, for 

orthopaedic implant retrieval, is that it enables the metal component to be removed 

without damaging the cement/bone/component on interface.

Using WEDM as a mode of implant removal, leaving the specimen whole, not only 

provides the framework for easier analysis, but also for a finer and more detailed
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analysis. This technique ensures that other current techniques for retrieval analysis, such 

as histology, can be easily carried out with minimal bone destruction as well. WEDM 

also provides the opportunity to introduce other modes of testing and analysis (for 

example, CT, MRI, X-ray, etc) before bone cutting is carried out.

Hip resurfacing is an increasingly used treatment for osteoarthritis. It is relatively new in 

wide application, and there is no extensive literature about the behavior of bone, cement, 

vascularity, different designs of components and surgical techniques. This work has 

opened a new way to analyse hip resurfacing retrievals and offers advantages over 

previously researched and applied techniques.

It should be noted that 57% of the femoral components were in the smaller sizes. Future 

analysis on bone volume and bone size and its relationship to component size may 

contribute to answering another question raised in the research into femoral neck fracture.

The results clearly demonstrate the fracture modes and the bone topography. Further 

analysis on the bone mineral density (BMD) needed to ascertain the relationships 

between the failure and the bone condition for an appropriate patient selection criterion.
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