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Abstract 

The tribological performance of internal joint prostheses is a fundamental influence on 

their longevity. The aim of this study is to characterise the tribological performance 

of the Porous Coated Anatomic total hip replacement by the analysis of 119 explanted 

prostheses. Investigations of the friction, wear, surface topography and wear debris 

were made and related to the joint's clinical performance. 

The friction of the joints at explant was similar to that of new prostheses. The median 

total wear volume (419mm3) was found to agree with previous wear studies 

suggesting the existence of a threshold wear volume which promotes osteolysis. 

Clinical wear factor for the whole cohort matched that of alternative joint designs. 

The femoral head finish was shown to degrade but not in proportion to implant 

duration. The roughness of the UHMWPE liner was shown to fall but no relationship 

with any head roughness, or temporal, parameter could be distinguished. 

Simulator studies confirmed that the wear factor of a joint is likely to change over its 

lifespan. Wear models published previously describing the influence of femoral head 

roughness on wear could not predict the performance of explanted prostheses. An 

alternative relationship was observed indicating that head roughness is not as 

powerful a predictor of wear as previously held. 

A novel technique for the characterisation of the size distribution of ex vivo and in 

vitro wear debris was developed. A Low-Angle Laser Light Scattering Particle 

Analyser was used to size particles continuously over a range from 0.5 to 1000u,m. 

This technique offers considerable improvement over existing microscope-based 

methods in terms of the detail of the information and does so with less experimental 

effort. It was shown to be highly accurate and repeatable in preliminary 

investigations. Case studies of five tissue samples revealed the potential of this 

method. 
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1. Introduction 

Arthritis of the hip, be it rheumatoid or osteoarthritis, is a profoundly debilitating 

condition. Those who suffer from this disease experience considerable pain both 

during motion and at rest. This toothache-like pain often leads to disrupted sleep 

patterns and immobility. Concurrent with the pain is a loss of mobility of the joint, 

creating difficulty with activities such as the clipping of toenails. Unfortunately the 

damage to the joint which causes the pain is irreversible and conservative treatment 

with analgesics, steroids, synovectomy and so on, can only serve to alleviate the 

symptoms. 

Joint replacement surgery is by no means a recent development, however the 

advances in the last 30 years have transformed total hip replacement (THR) into 

possibly the most common and successful orthopaedic surgical procedure. Part of the 

success of T H R has been in the refinement of the surgical procedures involved to the 

point were they become accessible to all orthopaedic surgeons. At present in excess 

of 50,000 primary T H R operations are conducted each year1. T H R replaces the 

damaged articulating joint surfaces with neuropathologically inert biomaterials. This 

is intended to relieve the patient from all joint pain. Whilst providing relief from pain 

and restoring the patient's quality of life, T H R also has secondary benefits. It has 

been observed by Ries et al2 that the cardiovascular fitness of recent T H R recipients 

increases. 

Unfortunately T H R is not an absolute solution to the difficulties associated with 

arthritis, nor is it permanent. For reasons reviewed extensively in Chapter 2 the 

prosthesis may become loose. I f this happens the joint will become painful and is 

considered a clinical failure. The only solution in this situation is to re-operate and 

replace the prosthesis. The increase in the numbers of revision procedures performed 

has important implications for the health care providers. Whilst the cost of the 

implants used varies little from primary to secondary procedure, the cost of the 

revision procedure is approximately 40% higher3. This is due to the longer operating 

time and hospital stay, the increased risk of complication, greater post-operative care 

demands and so on. 
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There is therefore a strong motivation in terms of economics and patient benefits for 

reducing revision rates. Wroblewski4 recently reported that 50% of all Charnley L F A 

THRs performed at Wrightington Hospital were revision procedures. I f the longevity 

of the primary operation could be optimised the number of costly revision procedures 

required could be minimised. The prostheses removed at revision surgery hold a vast 

amount of information on the processes of wear in the body. It is essential that this 

reservoir of knowledge is fully exploited. The belief that these are failed joints and 

therefore should be neglected is short-sighted, as is any assertion that joints which are 

no longer manufactured are not worth studying. It may be argued that the joints that 

perform inadequately, the failures both clinically and commercially, are precisely the 

joints to study in order to gain insight into their shortcomings. 

The joint on which this thesis focuses is the Porous Coated Anatomic T H R 

(Howmedica, Rutherford, New Jersey). This joint displays a number of developments 

over the more traditional Charnley prosthesis (both these joints are described in 

Section 2.3). It is the affect that the subtle variations in design have on the joint's 

performance which it is the aim of this study to elucidate. 

A comprehensive tribological study (from the Greek, tribein, to slide) was undertaken 

on the P C A prosthesis. This comprised investigations into the wear, friction and 

lubrication, surface topography and wear debris. The results obtained were analysed 

and compared to those of the Charnley L F A THR. The Charnley was chosen 

primarily because it represents an opposing approach to addressing the demands of 

THR. Also it has been adopted as the industry benchmark and as such has been 

extensively studied. 
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2. Literature Review 

2.1 Preamble 

Sir John Charnley wrote in the British Medical Journal5 that: 

"This type of surgery (arthroplasty) demands a training in mechanical techniques 

which, though elementary in practical engineering, are as yet unknown in the 

training of a surgeon." 

His call for a better understanding of "mechanical techniques" might be countered that 

in order for the optimisation of the T H R to continue it is important that the engineer 

should have an appreciation of cellular biology, anatomy and physiology. Only then 

shall we master the effect of the complex biological environment in which the T H R 

must perform and the consequences of its presence to the host. 

As such this literature review will first investigate the many modes of failure 

experienced clinically and the mechanisms by which they occur. Attention will then 

be focused on the two joints which are to be considered in this thesis. A brief 

overview of the Charnley low-friction arthroplasty will be followed by a more 

comprehensive study of the P C A hip replacement. 

At this point an introduction into the tribology of total hip replacement will be 

undertaken, followed by a review of the various measurement techniques used to 

assess the tribological performance of hip joints. 

2.2 Motivation for Study 

2.2.1 Clinical Failure of the Prosthesis 

To deduce which engineering parameters are important in increasing the longevity of 

THR's we must consider the modes of failure of the joints. The clinical failure of a 

THR may be defined as the point at which surgical intervention becomes necessary. 

The reasons for these failures are many and varied. I f we discount the few joints 

revised for sepsis or incorrect implantation, then pain, wear, loosening and bone loss 

are the principal indicators. These four factors are all interrelated, for example a 
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microscopically loose prosthesis will be painful and would be revised for persistent 

pain where loosening was the root cause. 

The greatest challenge facing contemporary T H R is bone resorption, or osteolysis. 

This is the process by which the bony support necessary for the fixation of the 

prosthesis is removed. The importance of this condition is twofold, not only 

compromising the fixation of the present prosthesis, but also that of any subsequent 

joints. 

Two distinct modes of bone loss exist - diffuse or linear, and focal or localised. The 

typical radiographic appearance of diffuse osteolysis is shown in Figure 2.1. A 

characteristic feature is the appearance of a slowly progressing radiolucent line around 

the prosthesis. This form of bone loss is usually associated with a loose prosthesis 

and therefore pain. Focal osteolytic lesions, as seen in Figure 2.2, may be present 

despite the patients being asymptomatic and having a well fixed prosthesis. 

The observation of bone loss is well documented with Charnley et al.6 attributing the 

massive focal bone loss he experienced to sepsis, despite an inability to culture any 

bacteria from the lesions. The frequency of small, slowly progressing, focal lytic 

lesions was noted by Jasty et al.1 in association with well fixed cemented THRs. This 

became of increasing concern in cemented femoral components as observed by 

Maloney et al} and Anthony et al.9. However, it has become apparent that the 

occurrence of focal osteolytic lesions is not limited to cemented THR. Santavirta et 

a/ . 1 0 ' 1 1 described the observation of rapidly progressing "aggressive granulomatous 

lesions" around cementless prostheses. Attention has since become focused upon 

cementless femoral components12. Focal osteolytic lesions are more common around 

cementless acetabular components than their cemented counterparts which seem more 

prone to linear osteolysis13. It is therefore clear that osteolysis is a complex condition 

with distinctive characteristics which can affect any type of prosthesis. 

The observation of osteolysis and the increasing threat that it poses to the longevity 

and continued development of THR have resulted in considerable research focused on 

the causes of bone resorption. There has been much debate over the stimulus for the 

resorption of bone and the responsible mechanism. Here the evidence, and the 

conflicting hypotheses, are investigated. 
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Figure 2.1: Schematic diagram of linear osteolysis. 

Focal 
Osteolysis 

Figure 2.2: Schematic diagram of focal osteolysis. 

2.2.2 Biologically Mediated Bone Loss 

Since osteolysis was first reported there has been a growing circumstantial link 
between bone loss and wear debris. The early hypothesis that osteolysis was caused 



as a reaction to PMMA debris, the infamous "cement disease" as it was christened by 

Jones and Hungerford 1 4 , has been replaced by a growing body of evidence linking all 

types of wear debris with osteolysis. 

All the materials used in total joint replacement have been thoroughly screened for 

biocompatibility and are inert in their bulk form. However the body's reaction to 

these materials in particulate form may be very different from that of the bulk. This 

phenomenon is not without precedent. The reaction of the lung to dust has been 

studied extensively. The alveolar macrophage is the principal mediator in the tissue 

response seen in the lung. It has been shown that the composition, morphology, size 

and number of particulates all influence the response of the macrophage. The release 

of cellular factors by the alveolar macrophage provokes fibrosis, vascular proliferation 

and cell necrosis. 

5 urn 

Figure 2.3: The process of phagocytosis. A macrophage engulfs a yeast cell. 

Histological studies of the periprosthetic tissue in THR has shown the presence of 

particulate wear debris in both well fixed and loose prostheses. The wear debris is 

observed to reside both in the extracellular fibrous stroma and intracellular^ in the 

cytoplasm of defensive cells. A summary of studies into the histological observations 

of clinically retrieved tissue is shown in Table 2.1. These defensive cells, or 

macrophages, are cells with the ability to ingest matter. The function of the 

macrophage in the body's cellular defence system is to ingest bacteria, dead cells and 

other foreign particles in order to digest, or dispose, of them. The process of 

ingestion, or phagocytosis, involves the macrophage extending pseudopodia to wrap 

around the foreign body and enclose it (Figure 2.3)1 5. Once the particle is ingested 

the macrophage will attempt to digest it using digestive enzymes, called lysosomes16. 

In the case of the wear debris the lysosomes produced have no effect on the particle 
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and it will reside in the cytoplasm indefinitely. However, the presence of the 

intracellular debris will not deter the macrophage from continuing to phagocytose 

additional particles. 

Author Tissue Technique Debris 
Observed 

Effects 
Observed 

Agins et al. 
1988 1 7 

Periprosthetic Optical 
microsc. & 

atomic absrop. 
spectroscopy 

PMMA, 
UHMWPE 

& Ti/6A1/4V 

Implant 
loosening 

Bos et al. 
1995 1 8 

acetabulae at 
post-mortem 

Optical 
microsc. 

PMMA, 
UHMWPE, 

metal & 
ceramic 

Thickness of 
membrane 

correlated with 
no .s of particles 

Jasty et al. 
1986 7 

Lytic zones Optical 
microsc. 

PMMA Bone lysis 

Santavirta 
etal. 1990 1 0 

Periprosthetic Optical 
microsc. 

UHMWPE Granulomatous 
lesions 

Schmalzried 
etal. 1992 1 9 

Interface lytic 
zones 

Optical & 
TEM 

UHMWPE, 
cytoplasmic 
birefringence 

Bone resorption, 
implant 

loosening 

Wang et al. 
1996 2 0 

periprosthetic 

metal/metal 
joint 

Optical 
microsc. 

intracellular 
metal and 
PMMA 

Response less 
severe than 

metal on 
UHMWPE 

Table 2.1: Clinical studies of tissue response to particulates. 

Most of the studies in Table 2.1 have utilised standard histological methods to assess 

the specimens. However, the resolution of the optical microscopes involved will not 

allow the identification of particles less than approximately 5^m in size. As will be 

seen in Chapter 2.5 .3 the modal size of polyethylene wear debris produced in THR is 

approximately 0.4nm. Therefore, we may speculate that many of the early 

investigations into the link between wear debris and osteolysis may have provided 

false negative, or at least no strong positive, correlation between UHMWPE debris 

and osteolysis. Schmalzried et al.19 noted a "cytoplasmic birefringence" and using 

transmission electron microscopy confirmed that this was due to the presence of 

intracellular UHMWPE particles of less than one micron in size. Clearly, there is 
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conclusive evidence that UHMWPE particles infiltrate the pseudocapsule and reside 

in the fibrous stroma until they are ingested by macrophages. 

I f we consider the size of the wear debris once more, we can determine that whilst the 

modal size was indeed 0.4n.m the presence of particles as large as lOOum was noted. 

The maximum size of polymer particle which a mononuclear macrophage can 

phagocytose is of the order of 10|im 2 1. Larger particles, and aggregates of smaller 

particles, were shown by Howie et al22 to be found within multinuclear giant cells 

(MNGC's), or surrounded by MNGC's. MNGC's are a type of macrophage which 

may be created by either macrophage mitosis in the absence of cytogenesis, or by the 

fusion of newly arrived monocytes with ageing macrophages23. The ratio of MNGC's 

to macrophages present in the periprosthetic tissue is directly related to the size 

distribution of the particles found in the tissue. Schmalzried et al.2* demonstrated that 

in THR the cellular reaction was dominated by monocytes, whereas in TKR the 

reaction was characterised by a much greater proportion of MNGC's. This was 

attributable to the wear debris of TKR being of a larger size due to the non­

conforming nature of the articulation. Schmalzried et a/.19 had previously observed a 

variability in the number of macrophages present depending on the type of osteolysis, 

the regions of linear bone loss had a ratio of macrophages to fibroblasts of 1:20, 

whilst in the lytic lesions he observed a ratio of 20:1. 

Notable by their absence from the histological studies of periprosthetic tissue were 

lymphocytes19. These are the cells employed by the immune system to respond to 

objects recognised as invaders. Santavirta et al. observed that the periprosthetic 

lesion abounded in macrophages, with fewer fibroblasts and very few lymphocytes11. 

This prompted work revealing that wear debris is immunologically inert, soliciting no 

reaction from cultured human lymphocytes25. Similarly Jasty et al26 using mice with 

varying degrees of immuno-incompetence showed a similar reaction to a 

subcutaneous injection of PMMA powder regardless of the degree of 

immunodeficiency. It is safe to conclude that the response observed in conjunction 

with wear debris is a severe foreign-body reaction and not an immunological 

response. 

We have established a link between the occurrence of osteolysis and the presence of 

wear debris, and we have seen that the size of the particle is important to the type of 
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cell recruited. Why then is the ingestion of particles, and the resultant foreign-body 

reaction, responsible for the resorption of the adjacent bone and what is the 

mechanism by which the bone resorption happens? 

2.2.3 Why does phagocytosis stimulate osteolysis? 

Firstly let us consider why the phagocytosis of particles by macrophages stimulates 

osteolysis. There are two proposed theories: that the inability of the cell to digest the 

particles and resultant increasing volume of particles causes the stimulation of 

osteoclastic activity, or that the recruitment of vast numbers of macrophages requires 

space which is made by the removal of bone. However before we can investigate this 

point we must take a brief aside in order to consider how it is possible to assess the 

macrophage's response to ingesting particles. 

2.2.4 Cell Viability and Signalling 

Cells, like any living organism, must absorb and secrete chemicals in order to remain 

healthy, or to communicate with neighbouring cells. It is this phenomenon which 

allows the appraisal of the cell's viability (or health) and the impact of phagocytosing 

particulates. The first factor of interest is lactose dehydrogenase (LDH), an 

intracellular enzyme which is leaked as a result of cellular damage27. Also capable of 

assessing cell viability is 3H-Thymidine (3H-TdR) uptake. This factor is used by cells 

to create DNA 2 8 . An important set of factors are known as interleukins, especially 

IL-1 and IL-6. These lymphokines have a number of roles in immunology, but they 

are important as mediators of bone resorption29. However, bone resorption is 

believed to be controlled principally by tumour necrosing factor, or TNFa 3 0. This 

cytokine is secreted mainly by macrophages and is also an important component of 

the complex regulatory system governing immune response and inflammation15. 

Finally, prostaglandin E 2 (PGE2) has been shown by Vaes31 to stimulate osteoclastic 

bone resorption. 
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2.2.5 Cellular damage or mis-communication? 

Returning to the question of why the phagocytosis of debris stimulates osteolysis, 

there is now a substantial body of information on the effect of particle ingestion. A 

summary of some of this is shown in Table 2.2. The work of Murray et al21 indicates 

that UHMWPE and PMMA are inert at low doses displaying little cellular response. 

However, the levels of LDH secreted become significant at higher particle 

concentrations. They concluded that the increase in LDH was not attributable to cell 

damage but instead was a consequence of leakage as a result of membrane 

perturbations during phagocytosis. Further, it is shown that different species of 

particle provoke a different intensity of response. Very high concentrations of latex 

are required to illicit a cellular reaction, moderate amounts of PMMA and UHMWPE 

but only small amounts of zymosan, which is considered to have a inflammatory 

effect. Shanbhag et al2% however attributed a decrease in the uptake of 3H-TdR at 

high particle doses to cellular damage. Also of note in the study of Shanbhag et al29 

was the effect of particle size. Lower levels of IL-1 were observed for titanium 

dioxide particles of 0.15nm and 0.45um than that of 1.76nm particles at the same 

dose. Green el al.32 also observed a dependence on particle size asserting that cell 

viability was not effected by the presence of UHMWPE particles. The most 

biologically active particles lay within a size range of 0.3-10nm and at particle doses 

of lOOnrnVmacrophage and l(Vm3/macrophage, causing release of EL-l, TL-6 and 

TNFa. The work of Gelb et a/.33 also points to a relation between particle size and 

intensity of reaction but they introduce a further variable, the morphology of the 

particle. They found that irregularly shaped PMMA particles elicited more response 

than spherical particles. They suggest that these differences may be related to the 

surface area of exposed particles. As a final confounding factor the work of Tabata et 

al.M has shown that particles with hydrophobic surfaces were more readily 

phagocytosed than those with hydrophilic surfaces. 

Metallic wear debris is capable of affecting the macrophages in two ways. The 

reaction to metal particles is similar to that for other particles17. However, Haynes et 

al35 showed that titanium-aluminium-vanadium particles cause the release of PGE2, 

IL -1 , IL-6 and TNFa, whilst cobalt-chromium alloy particles, of the same size and at 

the same concentration, illicit a toxic response with decreased PGE2 and IL-6. 
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Maloney et al. showed that the response to metallic debris was dependant on metal 

and cell type. The response of fibroblasts and chondrocytes was observed to vary 

depending on the metal species and concentration at which they were administered. 

Cobalt was found to be the most toxic metal regardless of cell type as indicated by a 

fall in 3H-TdR 3 6 ' 3 7 . The cytotoxicity of cobalt may be due to the release of metallic 

ions. Cobalt, and chromium, ions were shown by Wang et al.20 to be toxic at lower 

concentrations than titanium ions, stimulating human osteoclasts to release IL-1 , IL-6 

and TNFot. The effects of metal corrosion with low levels of ion release on the 

patient are not known. Peters et a/.38 revealed no significant elevation in serum or 

urine ion levels in subjects with an extensively porous coated prosthesis unless the 

joint was loose. This concurs with the work of Dorr et al.39 

Author Tissue Material Cellular Response 
Species Size Range 

(urn) 
Load 

Bendall periprosthetic CoCr & Ti 0.5-50 unknown Raised I L - l a & 
etal. 1996 4 0 TNFa secretion 

Green mucine PE dust 0.1 -100 various Raised IL-6, IL-1(3 
etal. 1997 3 2 peritoneal 

macrophages 
& human 
monocytes 

& TNFa secretion 

Haynes rat peritoneal CoCr & Ti - various Ti raised IL-6, I L -
etal. 1993 3 5 macrophages 1, P G E 2 & TNFa 

CoCr lowered IL-6 
& P G E 2 , no effect 
on IL-1 & TNFa 

Howie rats UHMWPE 1-200 unknown Bone loss from 
etal. 1993 2 2 cement interface 

Murray mucine HDPE ~1 for HDPE various -
etal. 1990 2 7 peritoneal 

macrophages 
PMMA+2 

more 
< 50 for PMMA 

Santavirta et periprosthetic UHMWPE -30 5mg/ml Immunologically 
al. 1993 2 5 & human 

lymphocyte 
culture 

inert 

Shanbhag et mucine Titania 0.15, 0.45, 1.76 various Increased P G E 2 & 
al. 1994 2 8 macrophage Polystyrene 0.11,0.49, 1.61 LDH secretion 

Wang human Latex 0.1, 1 & 10 - -
etal. 1997 4 1 osteoclasts Ti 

PMMA 
1-3 

<50 

Table 2.2: Laboratory studies into cellular response to particulate materials. 

So we may conclude that different species of particles possess a varying degree of 

cellular response. In addition to this each species seems to possess a size of particle 
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which is most biologically reactive. Unfortunately, in the case of UHMWPE, the size 

that seems most reactive coincides with the size of the wear debris generated by the 

prosthesis. There also seems to be a volume of intracellular debris which elicits the 

greatest response. This threshold volume for the stimulation of macrophages is not 

without precedent. I f we again consider the comparison to the reaction of the 

alveolar macrophage to dust, it was shown by Morrow et al.42 that a load of 

60(i.m3/macrophage will produce an overload where clearance of the particles from the 

lung will cease. Finally, the morphology of the particles may be of influence, the 

rougher the particle the greater will be the cellular response. 

2.2.6 How does phagocytosis stimulate osteolysis? 

There are two proposed mechanisms claimed to be responsible for bone resorption. 

The obvious link between the production of PGE2 and TNFa, both known as 

osteoclastic activation factors, would suggest that we need look no further. 

However, in the case of normal healthy bone, the complex cellular communication and 

feedback mechanisms would ensure that no bone resorption would occur without 

being accompanied by an increase in bone deposition. Therefore, for a net decrease in 

the volume of bone surrounding the prosthesis the osteoclastic stimulation has to be 

coincident with an osteoblastic inhibition. Hence the macrophage must produce 

factors both to stimulate osteoclasts and inhibit osteoblasts. 

The second mechanism for bone resorption is the direct removal of bone by the 

macrophage. Schmalzried et al.19 observed that "in sufficient numbers, particles 

stimulate macrophages to resorb bone directly". Similarly, Amstutz et al.43 state that 

in their experience they consider this to be a possible mechanism of osteolysis. 

Evidence to support this observation comes from Athanasou et al.44. By using SEM 

they where able to show shallow depressions in the surface of bone where 

macrophages had been resting. They concluded that "macrophages are capable of a 

type of low-grade bone resorption". This observation was interpreted by Pandey et 

al.45 as the macrophage's differentiating to become an osteoclastic cell, he showed 

that the particle laden cells were positive for the calcitonin. An alternative to this 

hypothesis is that osteoclasts themselves phagocytose particles and become more 

12 



active bone resorbers as a result . It is difficult to distinguish osteoclasts from 

macrophages morphologically and histochemically and this possibly contributes to the 

confusion. Also, the phagocytosis of foreign matter is usually not a task which the 

specialist osteoclast would perform. This probably led Willert et al.*6 to state that 

osteoclasts did not contain wear debris, a view, until recently, widely accepted and 

affirmed in a recent N I H consensus statement47. 

The hypotheses of direct macrophage resorption and of osteocytic stimulation by 

macrophages both have their proponents and body of evidence, but the debate is 

essentially academic as both result in the outcome - bone loss and prosthetic 

loosening. Indeed there seems no reason why both of these mechanisms cannot 

contribute to osteolysis. 

In summary, macrophages ingest particulate wear debris of all kinds. This initiates a 

foreign-body reaction resulting in the macrophagic secretion of factors which mediate 

bone resorption. These factors act on the relevant osteocytes creating a resorption of 

bone. A contribution to resorption is also made by direct osteoclastic activity by 

differentiated macrophages and particle bearing osteoclasts. Why then may it take 

months or years to develop osteolysis and then once initiated why is the progression 

of the granulomatous lesion often very rapid? 

2.2.7 Progression, Hydraulic and Lymphatic Transfer 

The rate of progression of bone loss is said to be slow with linear osteolysis and rapid 

with focal osteolysis. However, due to the different area of the expanding fronts, the 

volume of expansion of the fibrous layer may be the same for both cases. 

Let us consider a hypothetical joint with a femoral head diameter of 22mm, using a 

UHMWPE acetabular component. A reasonable penetration rate of 0.20mm/year 

would produce approximately 30mm3 of wear debris per year. I f we assume that all 

the wear particles are of lu jn 3 in volume this results in a release of 3x l0 1 0 particles in 

one year. The work of Green et al.32 has given us a range of 10-100|mi3/macrophage 

for maximum reactivity, let us assume a load of 50u,m3/macrophage for this case (or 

50 particles/macrophage). Therefore our wear debris load would necessitate the 

recruitment of 6xl0 9 macrophages. I f each macrophage is assumed to be a cube of 
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l(Vm in length, then the particulate load would require a space of 6cm3/year. This is 

purely the volume of densely packed macrophages required to store the yearly 

accumulation of particles with no account being taken of fibrous stroma or vessels. 

I f this load of particles were to be stored in the tissue of the pseudocapsule it would 

quickly overload the storage potential of this region. However, the observation that 

osteolysis is not commonly observed until many years post-operatively indicates that 

there must be transport of debris away from the joint space. Three modes of 

transport have been suggested: diffusion through the tissue, transfer through the 

lymphatic system and hydraulic transportation by pressurised synovial fluid. 

It has been shown that wear particles can exist in the fibrous stroma of the 

periprosthetic tissue at sites distant from its source, for example the distal end of the 

femoral component or superior aspect of the acetabular component. The presence of 

particles in the fibrous membrane at sites distant to the pseudocapsule but 

unconnected by any conduit for transfer by the intracapsular fluid, shows that the 

particles must possess the ability to diffuse through the fibrous stroma. This 

mechanism, whilst being slow, may allow the debris to travel freely greatly increasing 

the particle storage capacity of the region. The potential for migration of the particles 

is likely to be dependent on their size. The work of Noble et al.Ai using the intra­

articular injection of radioactive particles of varying size showed that smaller particles 

leaked from the synovial cavity faster than large particles. This is also expected to be 

the case for the rate of migration through the fibrous stroma. 

The lymph system is the body's mechanism for removing the waste from cells and 

transporting it back to the circulatory system from where it can be expelled from the 

body. It also plays a role in the immune response with structures such as the spleen 

and tonsils producing lymphocytes. The role of the lymph system in the transport of 

debris away from the joint space has recently been the subject of renewed interest. 

Concern has been expressed that the deposition of wear debris in soft tissues remote 

from the prosthesis may possess the potential for long-term complications. The 

possibility of the accumulation of sizeable concentrations of metallic debris may cause 

neoplasia since the materials used in prostheses have been shown to be carcinogens in 

other situations, for example industrial exposure from inhalation49. In 1992 an 

editorial by Goodfellow50 gave the figure of malignant tumours observed adjacent to 
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implants as 24. Whilst this number is very small in comparison with the number of 

THRs undertaken, this complication may become more prevalent as the expected life 

of the implants increases. Gillespie et al.51 quantified the increased risk of tumour of 

the lymphatic or heamopoietic system rising from 0.2% to 0.6% after THR. However 

they qualify this result by saying the increased risk could be due to factors other than 

the presence of the implant such as drug therapy. 

Early reports on the transport of wear debris to the peri-vascular lymph spaces 

observed accumulations of macrophages containing particles found around the 

vessels46. The work of Langkamer et al52 detailed studies of tissue from two 

patients, one obtained at post-mortem, both of which had had THRs. Greying of the 

lymph tissue in a manner similar to that widely reported in the synovium was 

observed. The greyness of the tissue fell in intensity the further from the prostheses at 

which the samples were taken. Metallic particulates were observed as distantly as the 

spleen. An extension to this work presented by Case et al.49 also showed the presence 

of significant quantities of metal debris in the spleen and the liver. Further it was 

stated that the amount of material disseminated seemed higher i f the prosthesis had 

been loose. The most heavily affected lymph nodes showed evidence of fibrosis and 

necrosis. The effect of polymer particles should not be overlooked whilst focusing on 

their metallic counterparts, Benz et a/.53 comment on the similarities between the 

histopathological response to polyethylene wear debris seen at the lymph nodes and 

that seen in the periprosthetic tissue. 

The conveyance of wear debris, to areas remote from the joint space, by the synovial 

fluid may be regarded as the most important transport mechanism. The synovial fluid 

may become pressurised during gait by implant micromotion and will be forced out 

into any communicating spaces. The work of Maloney et al% and Anthony et al9 

shows that these communicating spaces may be extensive due to fissures in the mantle 

of cement. Similarly cementless THR may have abundant routes for distribution 

through screw holes in the acetabular component or through discontinuity of the 

porous coating around a femoral component. Schmalzried et al19 suggests that the 

joint fluid penetrates widely, even along the interface between prosthesis and bone, 

giving the name "effective joint space" to the areas accessible to the joint fluid. The 

wear debris may then be deposited preferentially in some areas of the effective joint 
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space creating lesions in these areas, whilst the lower concentrations of wear debris in 

the other areas results in linear osteolysis. 

It is possible for the pressurised fluid to create communicating bursae in the 

surrounding soft tissue not contacting the bone54. A similar deposition of debris and 

foreign body reaction would ensue forming a granulomatous body. 

The variable time to create osteolysis and the sudden occurrence of focal lesions may 

then be connected to changes in the flow regime within and around the effective joint 

space. I f we consider a joint that has been well-fixed for a number of years, the 

migration of debris away from the joint space along the prosthesis bone interface will 

produce a slow thickening of the fibrous membrane and low grade osteolysis possibly 

dominated by differentiated macrophages and particle laden osteoclasts. The 

corresponding transport of debris away from the immediate area will retard the onset 

of gross loosening. I f the flow pattern of the joint fluid changes it could result in the 

large quantities of debris being deposited in one area. This high concentration will 

overcome the transport mechanisms and the macrophage load will increase to the 

threshold stimulating the release of bone resorption mediators and chain of events 

leading to a focal osteolytic lesion. 

A summary diagram showing the three modes of debris transport can be seen in 

Figure 2.4. The prevalence of each mechanism will dictate when the prosthesis may 

be expected to fail and by what mechanism. It is likely that all three will make a 

contribution to the transport of debris in every joint. The proportion of the transport 

made up by each may well vary over the life of the joint. Transport to the lymphatic 

system will not directly compromise the joint but may create secondary complications. 
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Figure 2.4: Summary diagram showing the various transport modes away from the joint site for 

2.2.8 Mechanically Mediated Bone Loss 

There can be no doubt that wear particles are responsible for a foreign body reaction 

in tissue to which they are exposed. However, concern has been expressed about the 

hypothesis that this is solely responsible for bone resorption55'56. The work of 

Aspenberg et al.51 showed no bone resorption in a rat model when exposed to 

particles alone. This conflicts with the work of Howie et a/.58. However, when 

micromotion was simulated in Aspenberg et a/.'s model bone loss was observed 

regardless of the presence of particles. Aspenberg et al.'s model could be criticised in 

that there was no control of the dosing of the particles and that the movement was not 

typical of that found in vivo. However the message that osteolysis may rely on more 

than just the presence of particles cannot be disputed. 

The hypothesis independently proposed by Aspenberg et al.56 and Wroblewski55 is 

one of hydraulic osteonecrosis. The elevated bursal fluid pressures during gait act to 

kill the osteocytes in exposed bone. The dead bone is then resorbed by osteoclasts as 

for any case of osteonecrosis. The presence of wear debris in these areas is then 

debris particulates. 
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coincidental and not causal. This would account for the widely observed foreign body 

granulomatous lesions in areas of osteolysis and consequently the lack of new bone 

formation. Neither Aspenberg or Wroblewski dispute that wear debris can cause 

osteolysis in vitro or in vivo. However, they suggest that the mechanical hypothesis 

of loosening best fits clinical observations. 

This is essentially a chicken and egg debate over whether loosening causes osteolysis 

or vice versa. The conflicting hypotheses are both backed by substantial clinical and 

experimental evidence. A definitive answer as to which is correct may never be 

achievable. 

It is quite conceivable that osteolysis may be stimulated by either mechanism 

depending on the circumstance. I f a prosthesis shows early migration and endosteal 

cavitation leading to premature failure then this must be a good candidate for 

mechanically mediated osteolysis. Alternatively i f a joint appears well fixed and 

experiences bone loss coincident with radiographic evidence of wear then debris 

stimulated osteolysis must be likely. 

2.2.9 Mechanical Loosening 

The THR as we know it today was conceived to minimise the frictional torque to 

which the prosthesis bone boundary was subjected (see Chapter 2.3.1). Charnley 

theorised that the frictional torque was important in the failure of early hip prostheses. 

This is especially relevant to the acetabular socket as the geometry of the fixation 

provided for the stem will ensure that it is less susceptible to this form of failure. Yet 

there is now evidence to suggest that the magnitude of the shear forces exerted on the 

bone-acetabulum interface is not sufficient to cause loosening without an underlying 

loss of fixation. 

The work of Anderson et al.59 gave a figure of lOONm for the torque necessary to 

remove a well-fixed socket from its anchoring. This is greater than one order of 

magnitude larger than that found in the studies of Hall et al. for explanted joints 6 0 ' 6 1. 

Similarly Mai et al.62 whilst not measuring frictional torque directly did show that 

larger articulating diameters were negatively correlated with the occurrence of 

loosening. Clearly friction alone is not sufficient to initiate loosening, but it may be 
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that the shear forces exerted on the implant-bone interface will contribute to the 

failure of a prosthesis in which the fixation has already been compromised. 

Wroblewski4 asserts that i f a prosthesis is secured by a fibrous membrane as opposed 

to direct bone-implant apposition, then it becomes likely that a joint with higher 

friction will cause loosening. 

There is however one circumstance in which the shear forces imposed may become 

sufficient to produce loosening. The impingement of the neck of the femoral 

component against the rim of the socket will produce high magnitudes of torque. 

Fortunately this will in general only occur at the extremes of motion and as such 

relatively infrequently. However, impingement will become more prevalent i f the 

components have been malpositioned, or i f a substantial penetration of the femoral 

head into the socket has taken place63. 

2.2.10 Motivation 

Failure of the fixation of the prosthesis, be it evidenced as osteolysis, loosening or 

migration, will account for the majority of clinical failures and revision procedures. It 

is essential that a complete understanding of the behaviour of a joint in vivo is 

established to complement the knowledge attained through in vitro studies. 

The overwhelming message from literature studies is that the wear of the prosthesis is 

seen as a fundamental parameter governing failure. As such the majority of this 

investigation will focus on the measurement of wear and characterisation of the wear 

debris. The influence of all quantifiable parameters which may affect the wear will 

also be considered. 

We have seen that clinical failure can be attributed to many different things with large 

bodies of evidence supporting each hypothesis. Additional complicating factors such 

as component design and patient parameters adds uncertainty. Explant studies 

provide a valuable source of information on the prosthesis and its interaction with the 

host patient. Laboratory based wear tests will never be able to simulate fully the 

complexity of the demands placed upon a joint during its lifetime. 
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Retrieval studies have been criticised due to the concern that only poorly functioning 

prostheses are being evaluated. Whilst this is the case, it is also true to say that these 

are the important joints as these are the ones that must be remedied. 

2.3 Overview of the Joints to be compared 

2.3.1 The Charnley Low Friction Arthroplasty 

The development of the total hip replacement as we recognise it today may be 

attributed almost entirely to one man - Sir John Charnley. Whilst he was not the first 

to carry out total arthroplasty of the hip, he introduced many of the features which are 

seen commonly among the various designs of joints currently available. In order to 

appreciate the development of the Charnley hip joint it is convenient to consider its 

evolution. 

The initial motivation for Charnley to consider the development of a novel hip 

replacement was the observations he made of the Judet prosthesis. The Judet 

prosthesis comprised an acrylic femoral head which articulated against the bone of the 

acetabulum. A common complaint was the occurrence of a squeaking noise when the 

joint articulated. Charnley observed that the cessation of the squeaking coincided 

with the loosening of the joint and concluded that the friction between the bone and 

acrylic caused the noise and created the loosening. His conclusion was that the 

development of a low friction joint replacement was necessary. 

Charnley's initial design was in effect a surface replacement prosthesis. Two 

polytetrafluorethylene (PTFE) components were secured using a press-fit. This 

design was discarded as it was shown to limit the blood supply to the femoral head 

causing bone loss. A more radical solution was now adopted using a Thomson stem 

articulating against a PTFE socket. It was at this point where the use of dental acrylic 

cement was introduced. The components were secured in place using a 

polymethylmethacrylate (PMMA) grout that acted as a physical interlock between the 

prosthesis and the bone. The results of this procedure were said to be "gratifying" 1 6 4 

but a further series of modifications were undertaken in order to reduce the frictional 

torque exerted on the cement bone interface. The size of the femoral head was 
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reduced from the 42mm of the Thomson stem to 28mm, then 25mm and finally 

22.25mm. It was decided not to go any smaller as the risk of dislocation became 

great65. 

Charnley's appreciation of the biomechanics of the hip and his innate appreciation of 

engineering led him to introduce a modification to the loading regime of his artificial 

hip. The centre of rotation of the femoral head was moved 9mm medially to give the 

joint a more valgus position66. This had the effect of decreasing the moment arm, 

reducing the joint reaction force (see Figure 2.5). The reduction in the joint reaction 

force will produce a corresponding fall in the frictional torque experienced by the 

joint. A further modification to the biomechanics of the hip replacement was 

proposed by Tom English67. This acted to replace the greater trochanter in its original 

position thereby restoring its moment arm and again reducing the resultant joint 

reaction force (Figure 2.5). 

Unfortunately these early designs which used PTFE for the acetabular socket suffered 

from excessive wear. The wear particles of PTFE produced a severe granulomatous 

reaction, causing the prosthesis to become loose often within two years. Clearly a 

change in the material used for the socket was necessary. A number of alternatives 

were investigated including glass fibre reinforced PTFE. However the final choice 

arrived at by Charnley and his co-workers was ultra-high molecular weight 

polyethylene (UFJMWPE). Extensive testing of this new material was undertaken to 

ensure that the experiences of PTFE were not repeated. UHMWPE was first 

implanted at the end of 1962 and is now the universal polymer choice in joint 

replacement technology. 

Subtle changes in the stem and socket continued, and still continue to this day, but 

essentially the Low Friction Arthroplasty devised by Charnley has remained the same. 

Manufacture of the prosthesis was originally undertaken by Thackray, Leeds which 

has since been bought by Depuy International Ltd., Leeds. Charnley's Low Friction 

arthroplasty has become the industry's gold standard and many of its once novel 

features are now commonplace. 
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Clinical Performance 

Mr. B. M. Wroblewski of Wrightington Hospital, has a wealth of experience with 

Low Friction arthroplasty and has in recent years published a number of studies 

dealing with large numbers of joints which have long implantation periods. 

In a study of 193 joints with an average implant duration of 20.75 years 85% were 

found to be pain free, with a further 11% only experiencing slight discomfort (as 

defined by the criteria of D'Aubigne & Postel68). Also 60% of the joints were said to 

have normal function and 63% had a normal range of motion69. This study also 

showed an exponential relationship between the depth of the socket wear and the 

presence of migration: 9% of sockets with less than 1mm wear migrated, 22% of 

sockets with less than 3 mm wear migrated and 100% of sockets with greater than 5 

mm wear migrated. In a study of a larger group of 1342 joints with an implant 

duration of only 10.33 years Wroblewski etal.10 showed that the incidence of revision 

due to socket loosening was more than twice that due to stem loosening, being 5.7% 

and 2.5% respectively. In contrast, dislocation accounted for only 0.2% of revisions. 

The ultimate measure of a joint's success is the survivorship rate. This is defined as 

the percentage of surviving hips with revision as the definition of a failure. The 

survivorship rate of the two components of the joint have been presented separately 

giving an insight into how the modifications introduced over the evolution of the joint 

have influenced its success. If we first consider the socket, a flange was introduced to 

the rim of the cup in order to retain, and hence pressurise, the cement prior to its 

setting. This was designed to increase the cement interdigitation with the bone7J. 

Wroblewski et al12 showed that the flange had increased the survivorship rate of the 

socket from approximately 90% at 20 years without the flange to 97% at 17 years. 

The introduction of a bone block at the distal end of the stem was intended to stop the 

spread of cement down the medullary canal and again facilitate effective 

pressurisation. In a study of 258 joints Wroblewski et a/. 7 3 gave survivorship rates for 

the stem of 94.4% at 15 years without the bone block but of 99.2% at 10 years when 

a bone block was present. These two simple improvements in the cementing 

technique along with the advances made in the mixing and delivery systems employed 

have made cemented fixation highly successful. 
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For vertical equilibrium: 

Forces acting upwards = Forces acting downwards 
Rj = W + I V 

The body weight of the patient, W, is effectively a constant. Therefore in order to reduce the joint 
reaction force, R j , the magnitude of the force imposed by the gluteus medius muscle, Rgn,, must be 
reduced. 

I f we consider moments about A: 

W.a = R^.b 

Charnley achieved this by reducing the moment arm of the body weight, a, by 9mm. The further 
modification proposed by English was to restore the gluteus medius muscle to its original position 
effectively increasing the moment arm, b. This is shown below. 

R 

\V 

a-9 b+9 

R 

Figure 2.5: Modifications to the forces imposed upon the LFA hip joint. 
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2.3.2 The Porous Coated Anatomical Total Hip Replacement 

The Porous Coated Anatomical (PCA) total hip replacement was introduced to the 

market by Howmedica (Rutherford, New Jersey) in 1983. The rapid adoption of this 

technology is illustrated by the fact that in excess of 160,000 joints were implanted 

world-wide by 199274. 

Design Philosophy 

The design of the PCA hip system was very different from that of traditional joints, 

such as the Charnley type. These differences were intended to improve joint life, 

reduce stock levels and hence cost, and provide more flexibility for the surgeon. 

The most notable change came in the mode of fixation employed by the PCA. This 

was a hip joint which was designed in response to the hypothesis that the 

polymethylmethacrylate bone-cement was responsible for the loss of bone stock 

around the prosthesis14 (see Chapter 2.2.2). Hence, the PCA was one of the first 

generation of joints to be used without cement. Fixation was instead provided by the 

ingrowth of bone into a porous layer on the surface of the components. The porous 

layer was created by sintering a double layer of beads, approximately 300u,m in 

diameter, to the surface of the metallic components. This creates an average pore size 

of 425 u,m and porosity of 35%74. The porous coating extends over the entire back of 

the acetabular component and circumferentially on the proximal third of the femoral 

component, Figures 2.6a & 2.6b. 

It takes a finite time for the bone to grow into the pores, so the design utilises an 

interference fit for primary stability until the ingrowth is complete. This is achieved in 

the acetabular component by reaming the acetabulum to a smaller diameter than that 

of the joint. In addition, the acetabular component has two pegs that are intended to 

counter any rotation. In the case of the femoral component the posterior bow of the 

design creates a three point locking mechanism which is aided by the metaphyseal 

filling shape, Figure 2.6. 

The next most radical design feature is the extensive use of modularity. The femoral 

component is a two piece unit in which the head fits to the stem via a Morse taper. 

The head is available in three diameters (26, 28 and 32mm) and in three neck lengths 
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