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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 (419mm’) 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 1000um.
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 THR 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 THR operations are conducted each year'. THR 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, THR also has secondary benefits. It has
been observed by Ries ef al. that the cardiovascular fitness of recent THR recipients

increases.

Unfortunately THR 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. If 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% higher’. This is due to the longer operating
time and hospital stay, the increased risk of complication, greater post-operative care

demands and so on.




There is therefore a strong motivation in terms of economics and patient benefits for
reducing revision rates. Wroblewski® recently reported that 50% of all Charnley LFA
THRs performed at Wrightington Hospital were revision procedures. If 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 THR
(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 comprehenstve tribological study (from the Greek, tribein, to slide) was undertaken
on the PCA 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 LFA 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.




2. Literature Review

2.1  Preamble

Sir John Charnley wrote in the British Medical Journal’ 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 THR 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 THR

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 PCA 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. If 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




microscopically loose prosthesis will be painful and would be revised for persistent

pain where loosening was the root cause.

The greatest challenge facing contemporary THR 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.® 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 e al.” in association with well fixed cemented THRs. This
became of increasing concern in cemented femoral components as observed by
Maloney et al® and Anthony ef al’. However, it has become apparent that the
occurrence of focal osteolytic lesions is not limited to cemented THR. Santavirta et
al'*'" described the observation of rapidly progressing “aggressive granulomatous
lesions” around cementless prostheses. Attention has since become focused upon
cementless femoral components'2. Focal osteolytic lesions are more common around
cementless acetabular components than their cemented counterparts which seem more
prone to linear osteolysis™>. 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.






as a reaction to PMMA debris, the infamous “cement disease” as it was christened by
Jones and Hungerford ', 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.

Spm

“

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 intracellularly 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)"°. Once the particle is ingested
the macrophage will attempt to digest it using digestive enzymes, called lysosomes'.

In the case of the wear debris the lysosomes produced have no effect on the particle



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 Effects
Observed Observed
Agins et al. Periprosthetic Optical PMMA, Implant
1988 7 microsc. & UBMWPE loosening
atomic absrop. & Ti/6Al/4V
spectroscopy
Bos et al. acetabulae at Optical PMMA, Thickness of
1995 ' post-mortem microsc. UHMWPE, membrane
metal & correlated with
ceramic no.s of particles
Jasty et al. Lytic zones Optical PMMA Bone lysis
1986’ MiCrosc.

Santavirta Periprosthetic Optical UHMWPE  Granulomatous
etal. 1990 *° microsc. lesions
Schmalzried  Interface lytic Optical & UHMWPE, Bone resorption,
etal 1992 zones TEM cytoplasmic implant

birefringence loosening
Wang et al. periprosthetic Optical intracellular ~ Response less
1996 %° metal/metal microsc. metal and severe than
joint PMMA 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 5um in size. As will be
seen in Chapter 2.5.3 the modal size of polyethylene wear debris produced in THR is
approximately 0.4pm. 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.'® 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




conclusive evidence that UHMWPE particles infiltrate the pseudocapsule and reside

in the fibrous stroma until they are ingested by macrophages.

If we consider the size of the wear debris once more, we can determine that whilst the
modal size was indeed 0.4um the presence of particles as large as 100pm was noted.
The maximum size of polymer particle which a mononuclear macrophage can
phagocytose is of the order of 10um?®'. Larger particles, and aggregates of smaller
particles, were shown by Howie et al.”

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

to be found within multinuclear giant cells

may be created by either macrophage mitosis in the absence of cytogenesis, or by the
fusion of newly arrived monocytes with ageing macrophages”. 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 ez al.** 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 al.'® 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
lymphocytes'®. These are the cells employed by the immune system to respond to
objects recognised as invaders.  Santavirta ef al. observed that the periprosthetic
lesion abounded in macrophages, with fewer fibroblasts and very few lymphocytes''.
This prompted work revealing that wear debris is immunologically inert, soliciting no
reaction from cultured human lymphocytes®. Similarly Jasty et al.*® 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




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 damage®. Also capable of
assessing cell viability is *H-Thymidine *H-TdR) uptake. This factor is used by cells
to create DNA®™  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 resorption’”. However, bone resorption is
believed to be controlled principally by tumour necrosing factor, or TNFo®. This
cytokine is secreted mainly by macrophages and is also an important component of
the complex regulatory system governing immune response and inflammation'’.

Finally, prostaglandin E, (PGE,) has been shown by Vaes’' to stimulate osteoclastic

bone resorption.




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 al.”’ 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 ef al.zs. however attributed a decrease in the uptake of *H-TdR at
high particle doses to cellular damage. Also of note in the study of Shanbhag et al.*
was the effect of particle size. Lower levels of I1.-1 were observed for titanium
dioxide particles of 0.15um and 0.45um than that of 1.76um particles at the same
dose. Green et al. ** 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 0.3-10pm and at particle doses
of 100pm’/macrophage and 10um’/macrophage, causing release of IL-1, IL-6 and
TNFo. The work of Gelb ef al.** 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 ef
al® 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 particles'’. However, Haynes ef
al® showed that titanium-aluminium-vanadium particles cause the release of PGE,,
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 PGE, 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 *"H-TdR***”. The cytotoxicity of cobalt may be due to the release of metallic

l. 20

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

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

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

138

patient are not known. Peters et al.”" 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. *.

Author Tissue Material Cellular Response
Species Size Range Load
(pm)
Bendall periprosthetic ~ CoCr & Ti 0.5-50 unknown Raised IL-1a &
et al. 1996 TNFa. secretion
Green mucine PE dust 0.1-100 various  Raised IL-6, IL-1f
et al. 1997 2 peritoneal & TNFo. secretion
macrophages
& human
monocytes
Haynes rat peritoneal CoCr & Ti - various Ti raised IL-6, IL.-
etal. 1993 * macrophages 1, PGE, & TNFa
CoCr lowered IL-6
& PGE,, no effect
on IL-1 & TNFo
Howie rats UHMWPE 1-200 unknown Bone loss from
etal. 1993 % cement interface
Murray mucine HDPE ~ 1 for HDPE various -
etal 1990 ¥ peritoneal PMMA +2 <50 for PMMA
macrophages more
Santavirtaet  periprosthetic =~ UHMWPE ~30 5mg/ml Immunologically
al. 1993 * & human inert
lymphocyte
culture
Shanbhag er mucine Titania 0.15,0.45,1.76  various Increased PGEy &
al. 1994 % macrophage  Polystyrene  0.11, 0.49, 1.61 LDH secretion
Wang human Latex 0.1,1&10 - -
etal. 1997 * osteoclasts Ti 1-3
PMMA < 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. If we again consider the comparison to the reaction of the
alveolar macrophage to dust, it was shown by Morrow et al*’ that a load of
60um’/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 PGE, 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.'® observed that “in sufficient numbers, particles

1* state that

stimulate macrophages to resorb bone directly”. Similarly, Amstutz ef a
in their experience they consider this to be a poésible mechanism of osteolysis.
Evidence to support this observation comes from Athanasou et al.**. 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 ¥ 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
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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 ef al.* to state that
osteoclasts did not contain wear debris, a view, until recently, widely accepted and

affirmed in a recent NIH consensus statement®’.

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 30mm’ of wear debris per year. If we assume that all
the wear particles are of 1um’ in volume this results in a release of 3x10' particles in
one year. The work of Green et al.** has given us a range of 10-100um*/macrophage
for maximum reactivity, let us assume a load of 50pm*/macrophage for this case (or
50 particles/macrophage). Therefore our wear debris load would necessitate the

recruitment of 6x10° macrophages. If each macrophage is assumed to be a cube of
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10pm in length, then the particulate load would require a space of 6cm®/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.

If 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.*® 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 inhalation®”. In 1992 an

editorial by Goodfellow™ 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*' 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
vessels*®. The work of Langkamer et al.*’ 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.¥’

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 if 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 al.>> 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 al’
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 al.” 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

15




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 bone™. 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. If 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. If 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
debris particulates.

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 resorption®’®. The work of

Aspenberg et al®’

showed no bone resorption in a rat model when exposed to
particles alone. This conflicts with the work of Howie et al.’®. However, when
micromotion was simulated in Aspenberg ef al’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 ef al.*® and Wroblewski® 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
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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. If a prosthesis shows early migration and endosteal
cavitation leading to premature failure then this must be a good candidate for
mechanically mediated osteolysis. Alternatively if 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 ef al.” gave a figure of 100Nm 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**¢".
Similarly Mai ef al.%* 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.
Wroblewski® asserts that if 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 if the
components have been malpositioned, or if a substantial penetration of the femoral

head into the socket has taken place®.

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”'®

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

great®.

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 position®. 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 English®”. 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 (UHMWPE). 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 & Postel®®). Also 60% of the joints were said to
have normal function and 63% had a normal range of motion®. 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 3mm 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 et al.” 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 bone’'.
Wroblewski et al.”” 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 al.” 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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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 1992,

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 prosthesis'* (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 300pum in
diameter, to the surface of the metallic components. This creates an average pore size
of 425um and porosity of 35%’*. 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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(standard, +5 and +10mm). To facilitate these large offsets of the head, a skirt is
incorporated into its base. In addition, the 32mm head is available in a fourth neck
length of -3mm. The femoral stem is available in three lengths (primary, mid and
long) and in nine widths for the primary and eleven for the mid or long versions. The
femoral stem is made from cobalt-chromium-molybdenum alloy (CoCrMo) and the

femoral head may be either CoCrMo or ceramic (32mm alumina or 28mm zirconia).

The acetabular component is also a two piece unit with an ultra-high molecular weight
polyethylene (UHMWPE) liner within a CoCrMo alloy backing. They come in two
profiles, low and deep, and in outer diameters from 40mm to 67mm, in 3mm
increments. The metal backing is of the form of a truncated sphere with two anti-
rotation lugs located at its rim. Early examples of this system used an acetabular
design in which the unit was supplied with the liner permanently located in the metal
backing (one-piece). The liner was secured in place by a peg at the pole of the cup,
with a tab on the rim to stop rotation about the pole (Figure 2.7a). The later snaplock
system was introduced in which liners and backings were supplied separately. The
liner is available in two versions, neutral and 10° hooded, and locates in a locking

mechanism at the rim of the cup which has ten discrete positions (see Figure 2.6a &
2.7b).
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2.3.3 Clinical Performance

The PCA hip system is well instrumented and is said to be a relatively simple

procedure to perform’>”®

. When considering the outcome of the operation it quickly
becomes apparent that the early results show a very different picture to that of longer-
term studies.

It has been widely reported that the PCA system provides a good functional outcome

71,78,79

with impressive hip function scores However, this is often concurrent with

persistent thigh pain reported to effect 8-39.4% of hips at two years post-

operatively>®.

The survivorship of the prosthesis is similar to that of other joints in the short term.
However, beyond 6 years the revision rates increase dramatically, see Table 2.3.

Owen et al ®

assert that the predominant reason for the late failure of the joint is
osteolysis of the acetabular component. Twenty-six of the thirty-two failures in their
study were at the acetabular side. This view is reinforced by the work of Kim et al.*’
who in their study of 116 joints observed that osteolysis affected 33% of joints at 7
years. Similarly Astion et al.*® reported a pronounced increase in the incidence of
osteolysis of the acetabular component after five years rising from 2% to become 38%

at seven years.

Author Cohort Size Follow-up Duration  Survivorship Rate
(Years) (%)
Astion et al. % 199 49 94
Berry et al. ¥ 49 6 81
Krismer et al. ® 60 8 88
Maric et al. ® 63 2.4 92
Owen et al. * 241 6 91
7 73
8 57

Table 2.3:  Survivorship studies for PCA hip replacements.

The failure of this design of hip has also been associated with the dissociation of the
liner from its metal backing. Case studies have been presented by Brien e al.** and

Ries et al™, reporting 4 and 3 cases respectively, where the peg of the one-piece type
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socket has fractured and the liner has been displaced. In some cases this led to the
articulation of the femoral head directly on the metal backing of the acetabular

component, resulting in metallosis of the capsule.

The use of modularity has also been cited as the source of complications. Barrack ef
al® in a study involving a wide variety of joint types, reported twenty complications
including six femoral head detachments, seven liner displacements and most
alarmingly four cases of operative error in which an incompatible pairing of
components had been used, for example a 26mm femoral head with a 22mm

acetabular liner,

The efficacy of the fixation method was assessed by Heekin et al.”® according to the
criteria of Engh ef al**. Fixation of the femoral component at five years was found to
be by bony ingrowth in 94% of cases, stable fibrous membrane in 1% and unstable
fibrous membrane in 4%. Indeed the early migration of components has also been

7394 Settlement in

found to correlate to the late failure of the femoral component
excess of 3mm was noted by Kim e al.**** in twenty-two of a series of 116 hips.
This was due to the femoral components being too small and correlated strongly with
the development of a fibrous membrane and pain, or loosening. At seven years of the
twenty-two hips with migration, twelve had a stable fibrous membrane, nine were
loose and only one had any evidence of bone ingrowth. However the poor initial fit of
the joints in Kim ef al.’s study group was due to the variations in the quality of the

patient’s metaphyseal bone - 57% of patients suffered from avascular necrosis of the

femoral head or femoral neck fracture

Migration is of principal concern in relation to the acetabular component and is
compounded by the common occurrence of malpositioning of the acetabular

component in the pelvis. Learmonth ef al.*®

comment on the misconception that the
anti-rotation lugs should be placed superiorly which subsequently leads to the
insertion of the acetabular component in an open (too vertical) position. This is
illustrated in Devane et al.’s’’ radiographic study of PCA joints were it was shown
that the mean angle of the cup relative to the horizontal was 50.9°. The initial fit of
the acetabular cup is important and good preparation of the bone with accurate

reaming to an appropriate size helps to ensure the apposition of the porous surface to
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the bone™. Only then will sufficient stability occur to facilitate the ingrowth of bone

and hence the long term fixation of the component.

It would seem that when implanted correctly the femoral component of the PCA
system is successful and can perform well in the long term. However, if the initial
interference fit is not good, the collarless nature of the design allows rapid subsidence.
The acetabular component however, is more susceptible to the occurrence of

osteolysis and in extreme circumstances may fail catastrophically.

Dislocation

Dislocation of the prosthesis is a well-understood mechanism. It was found with the
early Charnley designs that when in the seated position the neck of the femoral
component was prone to impingement with the anterior wall of the acetabular
component. This problem was reduced by the reduction in diameter of the femoral

neck and the introduction of an acetabular component with a long-posterior wall.

In the case of the PCA system, the likelihood of impingement is increased by the
modular nature of the femoral component. The presence of a skirt on the heads
incorporating an offset increases the effective diameter of the neck. However, the
large diameter of the head counteracts this effect. This results in a more complex
situation where a skirted 26mm (+10mm offset) diameter head is more likely to

impinge than a standard 32mm head.

Also of influence is the presence and orientation of the 10° hood on the UHMWPE
liner which is available in the snaplock type design. If the hood is located anteriorly to
the coronal plane then impingement is enhanced and if positioned posteriorly then the

possibility of impingement is reduced.

Pain

The occurrence of persistent thigh pain will often necessitate the replacement of the
joint. Campbell et al®' found that the persistent thigh pain suffered by many PCA
THR recipients correlated with implant migration. Investigations into the cause of
pain are inconclusive. The most plausible theory is that the pain is caused by the

microscopic movement of the prosthesis relative to the bone. The presence of
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sensory nerves in the interface membrane of aseptically loose hip prostheses was
established recently by Ahmed et al®®. The micromotion will stimulate these
nociceptors and it is suggested that this may contribute to the release of neurones
capable of stimulating immune cells to release bone resorption mediating cytokines

(see Chapter 2.2.5).

Stress-Shielding

Bone is a living medium and as such is responsive to changes in its environment.
Wolff '”° found that bone responds to function. An increase in the stresses imposed,
within limits, will cause deposition of bone, and vice versa. Hence the introduction of
a very stiff femoral component will off-load the surrounding bone and result in the
atrophy of the proximal metaphyseal bone. Minuesa et al.'® and Turan et al'’
showed that the bone mineral density decreases in Gruen zones 1 and 7'®. Resorptive
bone remodelling of the medial neck cortex was found in 65% of the subjects
followed by Gruen et al.'™ at 5.4 years. Indeed bone remodelling changes have been

observed in 23% of subjects as early as two years post-operatively'®’.

Additionally, at the point were the prosthesis ends, the stresses are raised and there is
a corresponding increase in the bone thickness of the distal cortex. This effect was

observed in 80% of the patients followed by Gruen et al.'**.

These changes in bone density will affect both the Charnley and the PCA prostheses.
The PCA femoral component is of a considerably greater diameter than that of the
Charnley and as such will off-load the bone to a greater extent. It may be expected
that the PCA should suffer from bone loss associated with stress shielding. However,
the changes in bone stock will often take a long time to manifest themselves. It is
doubtful whether this mode of failure is an important one for the PCA hip system as

the duration of implantation seldom exceeds 10 years.

Sepsis

The occurrence of infection around the prosthesis often leads to failure as it is difficult
to eradicate the bacteria without direct access to the area. The fibrous membrane

surrounding the prosthesis is vascularly deficient and as such any systemic antibiotics
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Equation (2.1) is the most elementary of tribological relationships, but it does
provide the interesting observation that frictional force is independent of the apparent

contact area between the two surfaces'%.
F T = MRy (2- 1)

This phenomenon requires a little more explanation. Intuitively, it may be expected
that if a load were spread over a larger area, then it would be easier to move.
However, the ‘apparent’ area of contact is not in fact the ‘true’ contact area. The
macroscopic apparent area of contact in our example would simply be the length
multiplied by the breadth of the block. In contrast, the true area of contact is that
between the microscopic asperities. Even at low loads when the two surfaces come
together the pressures at the tips of the asperities can be very high. This will cause
plastic deformation of the softer material. The area of contact will grow and new
asperities will be recruited until the load is supported elastically. Increasing the load
would squash the asperities to a greater extent and hence increase the true contact

arca.

In summary, if the rectangular block above were laid on its smaller side, the apparent
area of contact would change, but the true area would not. Alternatively, if another
block was laid on top of the first, the apparent contact area with the surface would

not change, but the true contact area would increase.

When in contact, a certain amount of force will be required to create a relative
motion between the two surfaces. Each individual asperity interaction will
contribute to the total frictional force experienced. The observation that frictional
force remains constant is attributable to the large number of interactions. At any

time the statistical distribution of the contact processes is almost constant'?’.

Simple physics tells us that to move a force through a displacement will require
work. The two key processes responsible for the dissipation of the frictional energy
are adhesion and deformation. These two mechanisms are complex and interactive

so we shall distil them to their simplest forms.

If the asperities of the loaded surfaces are considered, then at the junction between
the two asperities, because of the high pressures involved, the materials may adhere
to one another. To create motion these adhesions would have to be broken. This

will occur either at the original junction between the two materials, or in the bulk
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material of the softer of the two materials. The release of the adhesions will result in

the dissipation of energy.

Similarly the deformation of any portion of the surface, be it elastic or plastic, will
also absorb frictional effort. These processes will ultimately lead to an increase in
the temperature of the articulating surfaces. Studies attempting to quantifying the

increase in temperature both in vitro'® and in vivo'®

have been published. They
show approximately a 2°C increase in temperature for a number of sampling sites
around a THR simulating in vivo articulation. However due to the location of the
measurement this is the temperature of the joint environment and not that of the
surfaces where the heat energy is generated. It is quite possible that the temperature

at the asperity interaction points is considerably greater.

2.4.2 Lubrication

An important parameter in the moderation of both friction and wear is the lubrication
of the interface. Until now only the interaction of the two surfaces has been
considered under dry conditions. However in the case of joint replacement, the
prosthesis will always operate with a lubricating medium. A fluid acts as a lubricant
by transferring some, or all, of the load through the joint by becoming pressurised.
In situations where all the force across a joint is transmitted by the pressurised fluid,
with no asperity contact, this is known as fluid-film lubrication. Alternatively, when
only a portion of the load is supported in this manner, while the remainder of the load

is carried by asperity contact, this situation is called mixed lubrication.

A Stribeck plot is often used to establish the mode of lubrication in which a bearing
is operating'?®, an idealised representation of which can be seen in Figure 2.9.
Friction factor is a modification of the coefficient of friction proposed by Unsworth
et al."?® and defined as:

T
f== 2.2)

where T is the average frictional torque, r is the radius of the femoral head and L is
the load across the bearing. The Sommerfeld parameter, z, is calculated using the

formula
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z= % (2.3)

where 7 is the viscosity of the fluid and u is the entraining velocity. A descending
trend in the Stribeck curve is indicative of a mixed lubrication regime. An increase
in the viscosity of the lubricant will allow it to become more effective at separating
the bearing surfaces. A gently rising trend in the Stribeck curve would suggest fluid
film lubrication. Increasing the viscosity of the lubricant when in fluid film
lubrication increases the energy absorbed shearing the liquid, raising the force

required.

If this diagram is considered in more depth it provides yet more contradiction.
Earlier in this section it was suggested that for a given combination of bearing

materials a coefficient of friction could be defined such that,

Fp =Ry (2.1)
4 Mixed " Fluid Film
Lubrication Lubrication

Friction
Factor

v

Sommerfeld Number

Figure 2.9:  An idealised Stribeck plot.

However the Stribeck plot shows that when working in a lubricated environment this
no longer holds true. The friction factor between a set of materials can vary as any

one of a number of parameters is altered, for instance the lubricant viscosity.

If the effect of varying the load is considered, for a given set of material and
tribological parameters, the Stribeck plot is displaced towards the origin by
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increasing the load. That increasing load reduces the friction factor seems surprising.
This is due to the action of the lubricant. As the bearing takes the increased load the
asperities will be compressed as they are elastic, however the lubricant will be
effectively incompressible and will become rapidly pressurised. The proportion of
the load which is borne by the lubricant will increase, theoretically is capable of

establishing the fluid film lubrication regime.

When considering the environment in which joint replacements operate, we must
examine the rheological properties of synovial fluid. To summarise the work of

Cooke et al.'”’

, normal synovial fluid has a very high viscosity at low shear rates,
reducing exponentially as shear rates increase. In contrast synovial fluid from a
diseased patient has moderate viscosities at low shear rates and low viscosity at high
shear rates. In simpler terms, diseased synovial fluid is thinner than healthy fluid,
especially when the joint is moving slowly. However, at realistic shear rates the

viscosity of all types of synovial fluid is low (i.e. 0.005 Pa s).

An alternative mode of lubrication involves the introduction of a third medium
between the two articulating surfaces. This third material is adherent to the surfaces
and is itself sheared in preference to the softer of the two bearing materials. A very
weak form of boundary lubrication, as this is known, is thought to be present in
artificial joints. Proteins from the synovial fluid attach to the surfaces and when the
asperities contact in the mixed lubrication regime boundary lubrication may also
occur.

The presence of protein boundary lubrication is likely to be the mechanism by which

the wear rate of Lancaster et al.'"’

is so much lower than that reported by Dowson et
al.''® quoted in the previous section on wear. A small contribution will also be made

by the marginal increase in the viscosity of the bovine serum lubricant.

24.3 Wear

The same processes of interaction between the two surfaces which cause friction and
the generation of heat will result in the wear of the bearing surfaces. Wear can be

divided into two sub-categories: cohesive and interfacial''®.
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If we consider cohesive wear these are the mechanisms which are governed in the
main by the cohesive strength of the polymer and may affect the polymer to some
depth.

Deformation processes may be divided into two subsets: asperity interaction and
macroscopic ploughing. The asperity interaction processes absorb energy through
the displacement and deformation of the asperities. When two asperities impinge,
the asperities must be compressed, or displaced, in order to pass one another. The

repeated deformation of the surfaces due to abrasion can also lead to fatigue wear''".

The interaction of a single hard asperity drawn across an elastomer was investigated
by Shallamach''?. Sharp needles caused tearing parallel to the direction of motion,
while rounded indentors caused cracks and lips perpendicular to the direction of
motion'"®. The observation of ripples across the surface of in vitro test components
and explanted UHMWPE liners by Wang et al.''* was attributed to the accumulation
of strain caused by repeated deformation of the asperities. The ripples of Wang ef al.
bear a resemblance to the waves of Shallamach in terms of topography and whilst the
elastic modulus of the UHMWPE is greater than that of the rubber used by

Shallamach the mode of their formation is likely to be similar.

Macroscopic ploughing involves the harder asperity ploughing a groove into the
softer material. This often results in the release of wear particles. This is termed

abrasive wear''..

The second category of wear is interfacial wear. This includes wear as a result of
energy dissipation processes in the regions immediately adjacent to the surface.
Adhesion is the most important of these in the case of polymers. Clearly the
adhesion of the two bearing materials may result in the immediate detachment of
material from the softer component. In addition, the breaking of the original
boundary will impose a cycle of stresses on the asperity over a number of
articulations which may fatigue the asperity. Ultimately the asperity will fail and be
removed. These two mechanisms of wear are known simply as adhesive wear and

fatigue wear, respectively'”.

If we consider how the wear of the bearing surfaces are affected by their material and
topographical properties. In the same way that friction is not dependent on the

apparent contact area the amount of wear experienced is also unrelated to apparent
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contact area. Friction and wear are both proportional to load across the interface and
this implies a relation to the true contact area. If the interaction between the two
surfaces is assumed to be that of ideally plastic-elastic materials, to a first
approximation, wear is proportional to the load, L and the sliding distance, S and

inversely proportional to the hardness H'"°.

4V « s 2.9

H

That wear is proportional to sliding distance holds true for a wide range of

conditions. However, if load is increased beyond the bulk yield stress of the material
the wear will increase greatly.

The roughness of the hard counterface against which the softer bearing surface

articulates will also influence the rate of wear. A simple model to predict the affect

of counterface roughness on the rate of wear of the UHMWPE was derived by

1.116.

Dowson et a Their laboratory based studies suggest that the wear factor, £

(mm*/Nm), could be modelled using the equation
b
k=a(R,) (2.5)

where R, is the arithmetic mean deviation (um) from the mean plane of the surface
and a and b are dimensionless parameters. Dowson et al. in their study on stainless
steel reciprocating against polyethylene in water found a to be 4x10” and b to be 1.2,

By contrast Lancaster et al.'"’

using bovine serum as a lubricant found a to be
7.69x10° and b to be 0.37. This variation is attributable to variations in the
lubricating mechanism present and is dealt with in Section 2.4.4, Wang et al.''®
developed a theoretical wear model associated with the microasperity contact
between the bearings surfaces. The model predicts the volumetric rate of wear per

walking cycle, AV/N (mm*/cycle), as

AV 5,15 |
—oc LPR T ——
N a o_uljgu (2‘6)

where L is the load (N), o, is the ultimate tensile strength (MPa) and &, is elongation
of the material at failure in a tensile test (mm). This indicates that the roughness of
the metallic counterface has a powerful influence over the rate of wear. The

119

empirical studies of Weightman and Light '~ sliding stainless steel and alumina

38




against UHMWPE showed a non-linear relationship between wear rate and surface
roughness. Wang et al. re-analysed their data and showed that wear rate was
proportional to R,'*. Also the work of Rose and Cimino'” indicates a similar
relationship. Wang et al. concluded that these experimental correlations, in addition
to their own, strongly supported their proposed model. The inclusion in Wang et
al’s model of material parameters allows the theoretical comparison of different

material combinations as well as topographical variations.

The above models have been shown to perform well for unidirectional motion but
concern has been expressed that this is not capable of extrapolation to the
physiological situation'>"'?, Indeed when a rotational motion is applied to a simple

123 This has also been shown

unidirectional test the wear rates increases substantially
to be the case for more advanced hip wear simulator testing''*'2*!24  The impact of

this phenomenon will be assessed in the Discussion section.

2.4.4 Three Body Wear

An additional wear mechanism is known as three body wear. This involves the
presence of a particle between the articulating surfaces which causes further
abrasion. This third body must be harder than at least one of the surfaces to cause
wear. The third-body will sometimes become embedded in the softer bearing

material and will act as a plough as it is dragged over the counterface.

This mode of wear is particularly relevant to artificial joints as there are many
sources of third bodies and no possibility of removing them as may happen in other
engineering situations. Third bodies come from three sources: bone, cement or
metal. These may be released due to abrasion between the implant and the bone or

as a result of the surgical procedure.
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2.5 Assessment of Tribological Parameters

2.5.1 The Measurement of Wear

There are two sources of data in the investigation of the amount of material removed
through wear of the articulating components. One is the examination of clinical
radiographs and the other is the study of components retrieved at revision, or those
obtained at post-mortem. The different sources of data, and different methods for

deducing the wear volume, contribute to a lack of clarity concerning wear.

The Source of Data

The source of the data, on which the calculations of wear are made, has great
influence on the interpretation of the results. The most frequently employed method
is the use of radiographs. This allows the measurement of wear in clinically well
functioning prostheses. The conventional view, in the coronal plane, may be taken
with the patient upright, or prone, leading to uncertainty as to whether the femoral

head was in contact with the worn surface.

The study of components retrieved at revision surgery is a well documented
alternative to radiographs. This source of data allows the direct measurement of wear
volume and also enables the investigation of the surface topography of the
components. The drawback to this data source is the possibility that the dataset is
skewed. Studying a group of failed prostheses raises the possibility that the wear

found in these joints is only typical of failed joints not joints in general.

A solution to the problem of studying failed prostheses is to obtain components
retrieved at post-mortem. This allows the direct measurement of wear for clinically
successful, well-functioning prostheses. These joints are invaluable as they facilitate
the exhaustive study of tribology, fixation and histology. However, there are few

joints available at post-mortem restricting the size of the dataset attainable.

Methods of Deducing Wear
The study of wear may be regarded in two stages namely assessing the penetration

and calculating the wear. The majority of methods commonly used combine these
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two stages, though the common exceptions are co-ordinate measuring machines

(CMM), gravimetric methods and fluid displacement techniques.

There are various ways to measure the penetration of the femoral head into the
acetabular component. The penetration may be regarded as a combination of changes
due to wear and those due to creep. This will be addressed later in this chapter.

Early investigations such as those by Charnley and co-workers'?*'?

used sequential
radiographs of the hip to assess the penetration. This was achieved by measuring the
displacement of the head relative to a semicircular wire marker in the coronal plane of
the acetabular component. Charnley’s early work was criticised by Clarke et al.' in
two regards. Firstly that the magnification of the radiographs was not accounted for,
and second, if the marker did not lie in coronal plane then the penetrations deduced
would be in doubt. The problem of magnification was recognised and compensation
made, however concerns surrounding the radiographic measurement of penetration
still exist despite its acceptance as a performance measure and a diagnostic tool used
clinically. The principal doubt remains that the wear direction may not lie in the
coronal plane. Therefore traditional radiographic assessment would underestimate the
actual wear. This phenomenon was observed in the studies of Wroblewski et al."*"'**
and Hall et al.®**™*. A review of these and other causes of bias and imprecision in the
uni-radiographic assessment of wear was presented by Hall'®>. These issues were
addressed by Devane et al.” by the development of an alternative radiographic
method of measuring wear which utilised two radiographs. These were the
conventional coronal plane image and another in the sagittal plane, to create a 3-
dimensional image of the true penetration. Devane ef al.”’ showed that for a group of

141 PCA joints the 3-dimensional penetration was measured at 0.264mm/year which

was almost twice that found in similar studies using coronal plane radiographs alone.

The alternative method for establishing the penetration is used when the components
are accessible, after revision or removal at post-mortem. This method was first
described by Atkinson et al."*® and in a modified form by Wroblewski ez al."' and has
become known by the generic title of shadowgraphing. A cast is made of the
acetabular component, the profile of this cast is projected onto a screen and measured
to ascertain the centre of curvature of the original surface and the worn area (this

method is explained fully in Chapter 3.2.3). The distance between the two centres
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gives the penetration depth. The angle of penetration can also be deduced relative to
the plane of the open face of the socket. Hall et al."* directly measured the wear
using a CMM and assessed the accuracy of both radiographic and shadowgraph
methods. The penetration depths found using CMM and shadowgraph were found to
be similar, but the radiographic method significantly underestimated penetration.

Work by Cunningham et al.'*’

on the repeatability and reproducibility of measurement
using the shadowgraph method revealed that the penetration could be ascertained to a

precision of less than 4% and less than 20% for the wear angle.

Once the penetration depth and angle has been found, whether they be in the coronal
plane or the plane of wear, they have to be converted into volumes. The formula used

by Charnley and co-workers'**'?

assumed that the wear volume was of a cylindrical
shape. However, the later work of Kabo et al."** and Hall e al."*® showed that this is
not the case and such an assumption would result in an overestimation of the wear.
Table 2.4 shows how the estimated volume of wear can vary and illustrates the
caution that is necessary when interpreting results from different authors.
Derbyshire™®® commented on the errors in estimation of wear volume which can be
introduced through neglecting the initial radial clearance with which the THR is

manufactured. The geometry of the PCA joint means that this will result in a small

overestimation of wear volume.

In Table 2.5 we see the combined effects of varying methodologies and data sources
illustrated. If we examine the penetration rates reported for Charnley type prostheses
we can observe a twofold difference between the mean rate reported by different

authors (Pedersen ef al. 0.1 1mm/yr & Wroblewski e al. 0.21mm/yr).

There are alternative ways to assess the wear volume as mentioned above. These
methods do not require the use of formulae as they give a measure of the true wear
volume directly. The use of CMM requires a good quality reference surface from
which the shape of the socket can be deduced. A matrix of points is obtained from
which the volume change can be calculated assuming the original geometry is known.
This is a complex and time consuming method but has the ability to give highly

accurate results’!.
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Formula Example (mm°)

Cylindrical'?® V= w2l 760.3
Devane”’ 0 f) 2= 896.3
V =r?10472-0666 (180-4)35; +mil

-0.0116(8-90)
Hashimoto'* 74 :L;l(”+2ﬂ+s'm2ﬂ) 583.8

] 616.1

132
Kabo V=m?l-r [lcos “‘“ﬂ ’ L
tan® B
P ( I’tanﬂ
Y

Table 2.4:  Wear Equations - The above equations use the following abbreviations: V for the total
wear volume, » for radius of the femoral head, / for the penetration depth and £ for the
penetration angle. The example calculation uses the equations shown to derive the
volume wear caused by a 22mm diameter head with a penetration of 2mm at an angle
of 40°.

p_.

In gravimetric techniques the weight of an explanted socket is measured, and
deducted from the socket’s original weight, giving a measure of weight loss and
hence, by calculation, volume loss. This relies on the accurate estimation of the
socket’s weight when implanted. This method is prone to error due to the absorption
of water by the polyethylene during its time in vivo'*? and the possibility of peripheral

surgical damage when removing the prostheses.

A variation on the gravimetric technique is that of measuring the weight of fluid which
can be contained in the socket. Again the volume of liquid held by a new component
would be taken from that of the explant and the remaining mass would be converted

into a volume™’.

This is in effect very similar to the fluid displacement method of
Jasty et al.**’ where a femoral head of the appropriate size was placed into the
explanted socket, abutted to the worn region, and the volume of oil required to fill the

remaining volume was measured.

All the methods of deducing wear volume should at best be regarded as estimations of
the volume of polyethylene lost. This is because, without the prospective
measurement of the sockets prior to implantation, we cannot be sure of the original

weight, or exact dimensions, of the components.
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The problem of distinguishing the overall change in socket profile into the wear and
creep: components: is negated by the use of igravimetric methods. HoWever,. the
methods that calculate volumetric wear from a measure of penetration incorporate
error due to. inclusion of deformation as a result of creep. Creep is the plastic
deformation of the polymeric component, also known as “cold-flow”. The
contribution of creep to the overall penetration has been studied previously'**'** In
general the contribution of creep is small and. primarily restricted to the early life of

the prosthesis. Hall et al."* proposed that for 22mm diameter femoral heads the

creep component was 96 .(SE. 36)mm’® which occurred within the first year of

implantation:.  This work is supported by simulator studies which give creep
components of approximately 30mm’ occurring within one million. cycles'™. If we
consider the PCA system the larger head sizes used ‘will tend to reduce the occutrence

of creep as the stresses imposed on the bulk of the material may be less.
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2.5.2 Wear Debris Isolation and Characterisation

The morphology of the wear debris produced has important implications to the
biological response solicited from the host (see Chapter 2.2.3). It is therefore
important that the size distribution, shape and numbers of particles produced during
the articulation of a joint are characterised. This also provides insight into the wear
mechanisms which are present. In the laboratory situation it is possible to retain the
lubricant used for testing and extract the wear debris at any juncture. However, in
the clinical situation the debris will reside in the tissue surrounding the joint and it
will only be accessible during revision surgery, or at post-mortem. Further, in this
case we have to be able to isolate the debris from the tissue in which it will reside

without affecting the data obtained.

Early attempts to characterise the wear debris produced during the articulation of
total joint prostheses utilised standard histological techniques to observe the debris in
situ’®. The size of particles that this technique could distinguish was limited by the
resolution of the optical microscopes used and is reflected by the assertion of
Schmalzried et al.'® that most UHMWPE particles were less than 1um in size as
evidenced by a general cytoplsmic birefringence. The early work by Lee er al.'>
using tissue digestion to isolate the wear particles also used optical microscopy and

therefore suffered from exactly the same limitation.

The work of Lee et al. also serves as a good example of the problems which isolation
techniques must address. They compare the size range of metallic debris observed in
the tissue with that of particles isolated from the tissue. The mean size of the
particles was found to be, 0.3um and 0.8um, respectively. This is explained by the
assertion that the larger particles must be removed by the process of tissue sectioning
prior to debris extraction in situ. However, a more likely scenario is that the small

metal particles are lost at some point during their digestion routine.

The methodology now adopted, almost universally, is tissue digestion followed by
ultra-centrifugation, the filtering of the supernatant fluid and examination of the
debris using SEM. A wide range of chemicals are used for the digestion of the tissue
(Table 2.6) but all result in the liquefaction of the tissue and breakdown of all the

long-chain molecules. It is important that the agent used for the digestion of the
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tissue does not affect the particles. Margevicius et al."*® looked at the morphology of
titanium and polyethylene particles before and after their isolation procedure and

concluded that the particles were identical.

The successful isolation of wear debris has initiated a substantial amount of work into
the size distribution of wear debris found in vivo. However, in reviewing the
literature currently available one must exercise caution as the published studies may be
subject to criticism in many regards. For example the study of Yamac et al."”’
employs a very small dataset within which there are variations in joint type. There is a
- general trend towards not specifying the origin of the periprosthetic tissue, beit lytic

or fibrous, femoral or acetabular’”'*.

This is an important parameter as the
migration of debris through the tissue is likely to be related to the size of the
particles’. The studies of Tipper ef al.'® and Hirakawa er al.'®! represent well
designed experiments yet even in these there are discrepancies. Hirakawa uses
sequential filtering with pore sizes of 10um and then 0.4pum, whilst Tipper uses 10um
and then 0.1um. It should therefore come as little surprise that the modal size of
debris reported by Hirakawa is 0.8um and that of Tipper is within the range 0.1-
0.5um. Hirakawa’s choice of pore size has resulted in the loss of the majority of the
wear particles in the filtrate.

It seems likely then that the modal size of the UHMWZPE debris is within the range

reported by Tipper et al.'®

. However, as the techniques involved are refined and the
minimum size of particles retrievable reduces it may be that this figure has to be
refined. The size of the metal or PMMA wear particles has been investigated by few
authors, many of the retrieval procedures documented are in fact designed only to
yield polyethylene particles. It is interesting to note that the studies of Kobayashi et
al"® and Yamac et al."’, regarding UHMWPE and metallic particles respectively,
yield very similar dimensions for the debris. The work of Soh ef al.'®? on wear debris
retrieved from metal-on-metal hip joints gave a much smaller modal size lying within
the range 0.15-0.25um. This suggests that the comparable results of Yamac ef al.
and Kobayashi et al. are quite possibly an artefact of the similar retrieval protocols. A

] 163

modification of the method of Kobayashi et al. was used by Iwaki ef a to study

the size of PMMA particles and again this gives similar results.
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Conversely, it is of interest that certain parameters in the study of wear debris become
less important to the quality of the results. In the study of wear volume, the femoral
head diameter has a great influence on the wear rate. However in the study of wear

debris Campbell et al.'*®

, showed that the femoral head diameter had little effect on
the morphology of the wear particles this would only be the case where the different

femoral heads were of the same roughness.

The fact that various prosthetic designs all yield similar size distributions of particles
has prompted interest in the mass distribution of these particles. Whilst there are few
of the larger 10um sized particles their far greater volume may result in their
contributing more substantially to the mass of the debris than their numbers may

160,164 »n debris retrieved from tissue

suggest. Work carried out at Leeds University
taken from a group of 18 Charnley prostheses has shown a considerable variation in
the mass distribution. A wide variation was reported with a range of 3% to 82% of
the mass of material being greater than 10um in size. The authors attempt to ascribe
this variation to head roughness, oxidative degeneration and “patient factors”.
However the effect of the multiple sampling errors must contribute heavily to the
variation observed. The omission of any of the larger particles as a result of the many

sampling stages would act to heavily skew the result.

As the science of debris isolation has advanced, methods of counting particles either
electronically or by graphical techniques have evolved. This has enabled authors to
produce figures for the load of particles found in the periprosthetic tissue, expressed

136,157,158-161,165  ywhilst this is of interest in terms of

as particles per gram (Table 2.6)
the cellular reaction (Chapter 2.2.3), these figures must be viewed as approximations.
In the words of Kobayashi et al.'*® “The number of particles on the filter face was
counted by multiplying the average number of particles seen per unit area of the SEM
photographs by the area of the filter face. The number of particles extracted could
then be related to the wet weight of the tissue which originally contained them since
all the dilutions and the extraction ratio (previously calculated) of the particles were
known.”. This process compounds a number of errors which will reduce the accuracy
of the extrapolation.

If the values of UHMWPE particle density derived are compared between studies we

l 165

observe a degree of variance (Table 2.6). The studies of Maloney et al.”™ and Tipper
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160

et al.™, which make no distinction between tissue taken from osteolytic regions or

not, produce similar ranges (0.23-6.1 & 0.15-13.0 billion particles per gram of wet

1156167 showed that the concentrations

tissue respectively). However, Kobayashi ef a
of particles in the areas of osteolysis were significantly greater than those in areas
without osteolysis. A mean of 34.0x10° particles per gram for the osteolytic and
4.32x10’ for the non-osteolytic regions were found. This agrees with the histological
studies that the concentration of particles is a factor in the generation of osteolysis.
However whilst these figures may be indicative of a trend, they should not be
interpreted as absolute values for the stimulation of osteolysis. It is interesting to note

7

that the concentration of metallic wear debris within the tissue'’’ is an order of

magnitude less than that of UHMWPE debris as would be anticipated.

In addition to work on the size distribution and particle density, interest is being
focused on the shape of the debris as this again may have bearing on the osteolytic
potential of the particles. The qualitative description of the various fibrils, beads and
platelet-type wear particles is undertaken by most authors. However the quantitative
description of the shape is in its infancy. The introduction of computer based
graphical analysis packages has enabled the use of many descriptors of shape such as

157,166,168 The use of

aspect ratio, equivalent circle diameter (ECD) and roundness
these parameters is gaining popularity possibly in part due to the ease with which
these values can be produced. Their value as ways of distinguishing debris produced
from different wear mechanisms is yet to be shown. Kobayashi et al.'” failed to show
any difference in the ECD, aspect ratio or roundness when comparing THR and TKR

124

wear debris. This contradicts the more qualitative study of Schmalzried ez al.” where

TKR debris was shown to be larger than that of THR.

The technique of debris isolation has also been employed to compare the wear debris

1% isolated

produced in vitro with that found in the periprosthetic tissue. Hailey ef a
wear debris produced by UHMWPE pins sliding against steel plates using water and
bovine serum as lubricant, and compared it to that from a group of Charnley THRs.
They observed a number of similarities between the in vitro debris produced by a
smooth plate and the in vivo wear debris, but not for the laboratory tests using
rougher counterfaces. Similarly, McKellop ef al.'” showed that the wear debris

produced by a joint simulator was comparable with that produced in vivo.
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There are many parameters used to describe the surface texture of components. A
full description of the measurement technique and parameters used in this study can

be found in Chapter 3.2.5 and Appendix 3.

26 Summary

John Charnley called for surgeons to have an understanding of elementary
engineering. Similarly it has been shown that for the continued optimisation of joint
replacement technologies it is increasingly necessary for bioengineers to be equipped

with a fundamental knowledge of subjects outwith traditional engineering.

The influence of numbers, size and shape of wear particles has been illustrated. In
order to modify the wear characteristics of the present generation of THRs to release
less damaging debris we need to have a complete understanding of the wear
mechanisms occurring. Only when this is achieved may it be possible to choose the

correct strategy to relieve the problem of osteolysis.

The poor survivorship rates of the PCA compared with the Charnley will be
considered in light of the information provided by the investigation of the wear
parameters of the PCA. The complete characterisation of the tribology of the PCA
joint will provide insight into the possible ways to address the challenges in improving

the longevity of the THR.
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3. Experimental Procedure

3.1 Materials

One hundred and nineteen joints were retrieved at revision by consultant surgeon Mr.
I. M. Pinder, Freeman Hospital, Newcastle-Upon-Tyne. However, due to the
modular nature of the PCA system the numbers of each component received varied
(see Table 3.1). The earliest recorded revision date was in July 1990, with the most

recent being in August 1998.

Femoral Acetabular
Stem Head Metal backing Liner
17 6 of 26mm & 57 one-piece 57 one-piece
(3 HA coated) 2 of 28mm & 50 snaplock 59 snaplock
73 of 32mm &

Table 3.1:  Summary of received components.

All of the snaplock joints were of the hooded variety. Unfortunately not all the joints
received were identified leading to the inclusion of twenty-four joints of unknown

origin.

The ninety-five joints of known origin were obtained from eighty individuals, forty-
two of whom were men. Fifty-three of these ninety-five joints were from the nght
side. The median age at primary surgery was 45.98 years (range 15.8 - 75.5). The
mean mass of the patients was 70.0kg (SD 14.2). The mean implant life was 6.29
years (SD 3.47). The diagnoses at primary and revision operations are given in Table

3.2. A full listing of all patient information can be found in Appendix 1.

Prima Revision
Diagnosis Numbers Diagnosis Numbers

Rheumatoid Arthritis 31 Migration 39
Osteoarthritis 36 Pain 15
CDH 11 Lysis 21

Avas. Necrosis 2 Wear 13
Ankyl. Spondy. 4 Dislocation 3
Other 8 Sepsis 2

Table 3.2:  Summary of diagnoses.
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3.2 Methods

3.2.1 Initial Examination

Clearly a number of the explanted joints involved in this study were removed prior to
the date of commencement. These joints were processed in exactly the same manner

as those received during the study.

The joints removed at surgery during the course of the study where promptly
collected and transported to the Centre for Biomedical Engineering, University of
Durham were they were soaked for at least 8 hours in Gigasept solution (Schulke &
Mayr). This is a formaldehyde based fixative and sterilising fluid. The components
were then cleaned and any excess bone or tissue was removed. The joints were

catalogued and stored individually.

A preliminary study of the joints was undertaken to assess the gross wear features of
the components. The presence of specific features such as delamination, dissociation,
fracture, rotation and ridges were noted. Definitions of these terms can be seen in
Table 3.3.

Feature Definition Recorded
Ridges Ridge between the worn and unworn regions of the Number present
liners articulating surface.
Delamination Flaking wear of the UHMWPE liner. Internal - within cup
External - on rim
Dissociation The release of the UHMWPE liner from its metal yes/no
backing in vivo (One-piece only).
Rotation One-piece only, spinning of the liner within its metal  yes/no
backing around the polar peg. Evidenced by gouging
of rim by tab of metal backing.
Fracture Snaplock only, gross cracking of the liner through its  yes/no '
thickness.
Ingression The infiltration of metal beads from the porous yes/no
coating into the articulating space.
Impingement Wear of the rim due to contact of the neck of the yes/no
femoral component at extremes of motion.
Oxidation Physical changes to the UHMWZPE evidenced by the  yes/no

discolouration of the liner

Table 3.3:  Definitions of gross wear features.
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The occurrence of polishing of the stem of the femoral component due to
micromotion was quantified using a scoring system. The stem was assessed using the

zones of Gruen et al.'”

(Figure 3.1). The severity of the polishing was scored
according to the percentage of the surface area of the relevant zone which was
involved. If no polishing could be observed a score of 0 was recorded, 1-25% scored

1, 26-50% scored 2 and 51-100% scored 3.

The angle of the wear vector was calculated from the angle of the metal backing, the
angle of penetration relative to the open face of the liner and the knowledge of the
liner type involved. The angle of the metal backing, @, was ascertained using the

method of Heekin ef al.”

(Figure 3.2). The measurement of the penetration angle, £,
is covered in Section 3.2.3. Once these two angles had been established the angle of
the wear vector relative to the saggital plane and in the coronal plane was calculated
using equations 3.1a and 3.1b. Two versions are necessary due to the presence of the

10° hood in the snaplock type socket.
wear angle = 90 —(a + f5) (3.1a)
wear angle = 90— (a + #+10) (3.1b)

The calculation of these parameters necessitated the assumptions that the wear vector

lay in the coronal plane and that the hood was always positioned superiorly.
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Again care had to be taken to ensure that it was mounted at the correct height. A
mounting jig held the socket in the correct position, relative to the femoral head, until
the plaster had set. The head was abutted to the worn part of the acetabular cup
which was orientated at approximately 33° to mimic the correct joint reaction force
direction. Any possibility of contamination of the joint with plaster dust during

testing was reduced by painting all exposed plaster surfaces with an acrylic varnish.

The loading cycle used was obtained by English & Kilvington'” from patients with a
primary hip replacement (Figure 3.4). The maximum and minimum loads imposed on
the components during testing were 2000N and 100N respectively. The frequency of
oscillation was 0.83Hz and each test run consisted of 40 cycles with the angular
displacement, frictional torque and load being sampled 128 times per cycle. The data

sampled for the last cycle was that used in the calculation of the friction factor.

N
forwards \
2000 (~ o .
/ backwards ™
Load
(1)
100 —
50 100

Position in Cycle

Figure 3.4: Load curve characteristics.

It was necessary to perform two experimental runs prior to the calculation of the
friction factors. Any error in the positioning of the joint about the axis of rotation
would produce an error in the torque. This was compensated for by running a
forward test in which the load was applied during the forward swing of the cycle and
also performing a backward test in which load was applied during the backwards
swing of the cycle. The torques produced during the two test runs are seen in Figure
3.5. The true frictional torque could then be calculated using the equation;

% - 7]
2

T=

(3.2)
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A
2000 Backward torque, 7
Frictional
torque 0
(Nmm)
Forward torque, 7f
-2000 >

50 100
Position in Cycle

Figure 3.5: Torques produced during two experimental runs.

Testing

Twenty-two explanted joints and two new joints (supplied by Howmedica) were
friction tested. Prior to testing, the joints were ultrasonically washed in a detergent
solution (Neutracon, Merck). Five different viscosities of lubricant were used in the
friction tests: 0.001, 0.003, 0.010, 0.030 and 0.100 Pa s, approximately. The
viscosities of 0.003 to 0.100 Pa s were made from aqueous solutions of
carboxymethyl cellulose which has been shown to have similar rheological properties
to synovial fluid'”’. The 0.001 Pa s lubricant was de-ionised water and to ensure
repeatability, the friction was tested twice at this viscosity. The viscosities were

measured using a Ferranti-Shirley cone-on-plate viscometer at a shear rate of 3000 5™

The order of testing using different viscosities of lubricant was randomised. All six
tests on each joint were conducted consecutively. The joints were thoroughly washed
with de-ionised water and wiped with acetone between the tests to ensure no cross

contamination of the lubricants could occur.

3.2.3 Wear Measurement

The shadowgraph method was the chosen technique for measuring the depth of
femoral head penetration into the UHMWPE liner. It was selected because it was
inexpensive, and has been shown to perform as well as direct measurement using 3D

. . . 3
co-ordinate measuring instruments'>’,
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The penetration was assessed in ninety-seven acetabular components, forty-eight
being of the one-piece type. Nineteen joints had to be excluded due to gross wear, or
fracture, of the liner. The preparation of the liners involved the removal of any burs
and other protrusions from the rim of the cup so as to facilitate the removal of the
cast. The cups were positioned using a spirit level so that the open face was
horizontal. They were secured in position using a compliant adhesive. A two-part
silicone rubber casting agent (Ambersil RV 2039) was then poured into the cup to the
level of the open face. This moulding agent has a shrinkage of less than 0.1 percent.
The moulds were left for at least 24 hours to set. The compliant mould was then

carefully removed.

Shadowgraph tracings at a magnification of ten times were produced using a Societe
Genevoise D’Instruments de Physique AP-6 (National Gear Metrology Laboratory,
University of Newcastle-Upon-Tyne). The profile of the mould when orientated in
the wear plane was traced. The initial position of the femoral head, x, was located by
the use of a stencil fitted against the unworn region of the profile. The centre of the
femoral head when in its final position, y, was found by placing the stencil against the
worn region (Figure 3.6). In some cases there seemed to be two distinct directions of
wear as evidenced by the presence of more than one ridge in the liner (Appendix 2).
In these cases the orientation which produced the largest displacement was chosen.
The penetration depth and angle were calculated from these two points. The

experimental error of these two measurement was + 0.05mm and  0.5° respectively.

Wear Vector
/1

Ca

N\
Worn Surface

Figure 3.6:  Schematic representation of liner cross-section in the wear plane.

The Kabo formula (see Section 2.5.1) was selected to calculate the wear volume. The
criticisms of this formula given by Derbyshire™* were not considered to be significant

for the PCA joint due to its purely hemispherical design. In cases where the
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penetration was too small to be reliably measured, a penetration depth of 0.05mm and
angle of 90° were assigned to the liners. In the calculation of the mean total wear
volume, all the available joints were considered including those without patient notes

(85 at 32mm, 5 at 28mm and 5 at 26mm).

3.2.4 Calculation of Wear Parameters

The calculation of all the wear parameters was conducted using Stata 4.0 statistical
analysis software (Stata Corp., Texas). Due to the presence of unidentified joints
within the study group a maximum of seventy-six joints could be analysed. Only nine
of these were of head diameters other than 32mm. Hence, for the calculation of the
wear parameters only the 32mm joint size provided a large enough cohort to perform

reliable statistics.

In the case of two joints, the periods of implantation were too small for the joint to
have undergone many cycles of wear (<1 month), these joints were excluded.
Standard linear regression was used on the remaining sixty-nine 32mm joints to
calculate the mean rate of penetration and the mean volumetric wear rate. The model

used for this analysis had the form:
AP =mAT +c¢ (3.3)

where AP is the penetration depth, A7 is the implant period and m and c are
constants. Given that experimental evidence indicates that the creep component is

constant after a relatively short period of time'*>'*>'!

, then the gradient, m, of the
function is equal to the penetration rate, AP/AT. The regression constant, ¢, may
incorporate changes in the internal bore volume or the penetration depth due to creep.

- Mean volumetric wear rate was calculated in a similar manner.

Clinical wear factor, k.jnica, is a development of the fundamental wear equation which
states that the wear volume is proportional to the load and the sliding distance (see
Chapter 2.4.2). To be applicable to the clinical situation the load is the joint reaction
force which is a function of the patient weight. The sliding distance becomes a

combination of the number of wear cycles and femoral head radius. The clinical wear
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factor is the constant of proportionality and may be deduced from the simplification of

the wear equation produced by Dowson and Wallbridge'™;

AV =k

clinical

(2376 NWr)+C (3.4)

where N is an estimate of the number of cycles to which the joint has been subjected
during its life, 7 is the radius of the femoral head and W is the patient weight. The
number of cycles is calculated using the following empirical formula derived by

Wallbridge and Dowson'”” relating age to activity,
N =054, - Ap)[6.58— 0.032(4, +AP)] x 10° (3.5)

where 4, is the patient age at primary surgery and A, age at revision surgery. This
formula was based on data gained from normal subjects and therefore it may vary
from the level of activity achieved by patients. However, Wallbridge and Dowson'”’
warn against the assumption that patients are less active than normal subjects. Recent
work published by Schmalzried et al.'” presents data for a large study of patients who
had undergone lower limb joint replacement. In the age range 40-80 years the
relationship given by Schmalzried ef al. estimates a significantly larger number of
cycles than that of equation 3.5. It was decided that the relationship proposed by
Wallbridge and Dowson should be used in order to remain comparable to previous
work involving the calculation of a clinical wear factor. The mean clinical wear factor
was calculated, again using regression analysis, in the manner described by Hall ez
al'**. Clinical wear factors of individual sockets were calculated using equation 3 .4

with the assumption that the creep, C, was negligible.

3.2.5 Assessment of Surface Topography

A combination of differential interference contrast (DIC) microscopy (Axiotech,
Ziess) and scanning electron (SEM) microscopy (Joel JSM IC848) was used for the
qualitative assessment of the surface topography of the components. DIC was
conducted at magnifications of x50, x100 and x200 in order to assess the wear
features over large areas. The SEM employed a range of magnifications up to

x10,000 to ascertain the nature of the nanometre scale surface features.
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Prior to their assessment the components were washed ultrasonically in a Neutracon
solution and wiped with acetone. The UHMWPE samples for use in the microscope

were left overnight in a dessicator and then sputter-coated with gold.

The quantitative measurements of the surface texture of the prostheses were
conducted using a NewView 100 optical interferometric profilometer (Zygo Corp.,
Connecticut).  This instrument has a sub-nanometre vertical resolution. The
horizontal resolution is dependent on the optical magnification chosen. The number
of data points remains constant whatever the area under examination, therefore the

greater the magnification the smaller the horizontal resolution.

Two different measurement protocols were used, one for the femoral head surfaces
and another for the acetabular liners. In the case of the femoral heads the surfaces
remain smooth and little form error was anticipated therefore a x40 objective was
used giving a true magnification of x400. This resulted in a measurement area of
180pum by 135um and a horizontal resolution of 0.56pum per pixel. The liners display
a much more macroscopically textured surface due to their machining and granular
structure. Therefore, a x10 objective (true magn. x100) was chosen, giving 730um by

550um of coverage and a horizontal resolution of 2.28um per pixel.

The measurement protocols and description of the parameters used can be seen in
Appendix 3. In summary, the heads were measured in nine positions, six in the worn
area and three peripherally. In the case of the liners this was increased to ten and
four, respectively, as the number of modes of wear observed was increased. The
surface texture parameters were chosen prior to testing rather than afterwards. This

eliminated the possibility of inappropriate parameters being considered.

The surface topography of fifty-five femoral heads and sixty-seven acetabular liners
was assessed. In addition, two pairs of unimplanted heads and liners were measured.
All components were cleaned ultrasonically in a solution of Neutracon detergent and
subsequently wiped with acetone to ensure that no surface contaminants remained.

The liners were cut into quarters to facilitate their positioning under the profilometer.
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3.2.6 The Relationship of Surface Topography with Wear

Two simple models to predict the influence of counterface roughness on the rate of

wear of the UHMWPE were presented in Section 2.4.2. That of Dowson et al.''®

k=4x10"(R )" (2:3)

and that of Wang et al.''®

AV L5 15
T"CL R,™—5— (2.4)

These models predict that the femoral head roughness will have a strong influence on
the wear of the UHMWPE counterface. This being the case it is of considerable
importance to establish the effect that femoral head degradation has on the rate of
wear of the UHMWPE sockets. There have been a number of reports concerning the

179-183

roughening of the femoral head in vivo and it has been shown that this

phenomenon is of concern whatever the fixation technique employed by the joint or
which metal is used to make the head'®. It was noted by Wroblewski et a/.'** in a
study of four retrieved joints that their low rates of head penetration coincided with

the maintenance of the surface finish of the head.

Few authors have attempted to reproduce the relationships shown in laboratory tests
using data from ex vivo components. Hall et al.'*> demonstrated that the model
proposed by Wang et al. was as good as that proposed by Dowson et al. in describing
the relationship between R, and & for a series of ex vivo components. However, in
either case the association was weaker than that found in vitro, a result also observed

by Atkinson et al."™¢.

The models of Dowson et al.''®

1. shown above were considered in

and Wang et a
order to ascertain if they are applicable to the clinical situation. The area roughness as

opposed to profile roughness values were used (S, not R,).

3.2.7 Investigation of Crystallinity

It is recognised that the material properties of the polyethylene used for the acetabular
liners may vary during the life of the prosthesis (Chapter 2.4.2). In order to assess the
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degree of change that the liners experience, a series of investigations into their

crystallinity was undertaken.

A preliminary study was conducted using a range of unimplanted ‘raw’ UHMWPE
samples. Specifically, the effect of irradiation was examined by comparing three
samples of UHMWPE from different production batches. Once the preliminary study
had been completed a study of in vivo degradation could be undertaken. Joints which
had been explanted for a long time were excluded from this study in order not to bias
the results. Six joints were selected, of which only one was of unknown origin. The
duration of implantation of all five identified joints was in the range 6 to 9 years. All
were stored frozen prior to their assessment. Differential scanning calorimetry was
the method chosen to quantify the crystallinity. This was undertaken at the LR.C.
Polymer Chemistry Unit, University of Durham using a Perkin Elmer DSC7

instrument.

Samples weighing approximately 3 grams were removed from the liners from a
number of specific sites. These sites were the rim, the worn region and the unworn
region. A number of samples were taken across the profile of the liner beneath the
worn and unworn regions in order to ascertain if the depth within the bulk of the

material had any influence.

3.3 Wear Debris Study

In Section 2.5.2 the importance of the debris retrieval protocol on the quality of the
information obtained was examined. The influence of experimental errors due to the
source of tissue samples and the compounding of error at each stage of the retrieval
protocol cannot be understated. Initial investigations into the efficacy of two methods

of debris retrieval are detailed below.

3.3.1 The Tipper Method

The first method which was assessed was that of Tipper et al.'®®. A listing of this
protocol can be seen in Appendix Sa. This is a refinement of the method published by

Hailey ef al.'®.
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3.3.2 The Campbell Method

The second method to be considered was that of Campbell ez al.'*>'*

. A listing of
this protocol can be seen in Appendix 5b. This is in essence similar to the method of
Tipper et al. using a strong base to hydrolyse the protein, with chloroform/methanol
solution used for extraction of low density lipids, followed by centrifugation and
filtration. However, the two methods vary greatly in the detail of how this is

achieved.

A substantial difference in terms of the centrifugation stage of these protocols can be
observed. The two techniques are so disparate the first impression may be that one is
in error. The terminal velocity of the particles can be calculated from Stoke’s Law
(eqn. 3.6)';

_ 2
, (”+n)"€ (3.6)

where u; is the terminal velocity of the particle with a diameter, d, and density, p;, in a
fluid of density, pr and viscosity, 7. Let us examine the sedimentation potential in
terms of maximum displacement of the slowest moving, smallest, particles for the two
protocols. Assume the diameter of the smallest wear particle to be 0.1um and the
density of UHMWPE as 930kgm™. For Tipper ef al.’s protocol the fluid density is
approximately 1.24kgl" and viscosity can be assumed to be that of water 1.0x10°Pa
s. The terminal velocity of the particle can be calculated to be -3.4x10°ms”, the
negative indicating that the particle will travel upwards. For a centrifuge duration of
15 minutes the maximum displacement will be 3.06mm upwards. A similar
calculation for the Campbell et al. protocol shows that the particles are capable of
terminal velocities of approximately -37x10®ms™ in the 10% w/w sucrose solution
and -43.6x10°ms™ in the 5% w/w sucrose solution. This means that the particles can
move completely through a depth of 0.216m of each solution. Clearly the method of
Campbell et al. is more than capable of moving the entire particle population to the
surface of the liquid. However the method of Tipper ef al. will not achieve this
situation. A sizeable proportion of the particles may be expected to still reside within
the bulk of the liquid. If only the top portion of the liquid were removed then this
may result in a bias towards the larger particle sizes. The protocol of Tipper et al.

requires the retention of the supernatant fluid after this first centrifugation step which
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3.3.3 Errors Associated with Drying and Weighing of Retrieved Debris
Once the debris has been isolated by digestion and filtration it is necessary to ascertain

the mass of material retrieved. A brief investigation into the errors involved with this

stage of the protocol was conducted.

Accurate measurements of the membrane weight before and after the extraction of
debris are needed. The polycarbonate membrane used for the filtration has a highly
hydrophilic nature, as does the UHMWPE to a lesser degree. Therefore it is
necessary to completely dry the membrane prior to weighing. This is achieved in
Tipper et al.’s protocol by heating the membranes under infrared lamps for 4 to 6

hours.

The effect of moisture absorption after drying was investigated and the results can be
seen in Figure 3.9. The filter membrane rapidly absorbed moisture up to a period of 5
minutes becoming constant at a rate of approximately 2jug/min. after 20 minutes. To
achieve a reasonable level of accuracy and repeatability measurements would require a
period of rest after drying of approximately 10 minutes in a temperature and humidity

controlled environment.
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Figure 3.9:  Mass increase with time after drying for 2 hours under an infrared lamp. Note the x-
axis scale is non-linear.
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The accumulation of static charge in the membrane must also be considered. The
removal of moisture from the membrane will increase its potential for gathering
charge. The adoption of de-ionising fans by the Leeds group attests to this fact.

Sufficient equipment was not available to allow an assessment of this phenomenon.

The drying and weighing of the membrane introduces a number of handling steps
where there may be contamination of the membrane with dust and so on.

This drying and weighing stage of the procedure has the potential to introduce

considerable error into the assessment of debris mass. In Tipper et al.’s'®

paper they
measured a range of debris masses from 27ug to many hundreds of micrograms.

Clearly the effect of any weighing errors on this minimum figure may be significant.

3.3.4 Errors Associated with the SEM Analysis of Particle Size
The universal method of ascertaining the range of particle sizes retrieved is by SEM of
the filter membrane. This can provide the high magnifications necessary to resolve the

particles and gives information on the morphology of the particles.

Unfortunately this method may be criticised due to the opportunity for the
introduction of sampling errors from a number of sources. The majority of workers
take a small series of micrographs across the membrane and extrapolate the data

obtained for the whole membrane!>%!%5-188

. It is unlikely that these sample areas will
have the same distribution of particles as the whole. There may well be gradient of
particle sizes across the membrane due to meniscus and surface tension effects during

the filtration.

The assessment of the particles within each micrograph is also prone to observer
error. There is the possibility that the observer may be biased towards a certain size
of particle. This may be overcome by the use of graphical analysis packages.
However graphical analysis packages rely on being able resolve individual particles. If
the SEM images were similar to those shown in Figures 3.7 and 3.8 with large
numbers of particles conglomerated together the use of this technique would become

inappropriate.

70




The most fundamental concern about the use of 2-dimensional SEM analysis to infer a
3-dimensional size population is the risk of unrepresentative sampling of the particles.
Only a small number of particles were assessed by most workers even with the
assistance of graphical analysis packages see Table 3.4. The likelihood of a 2000
particle sample accurately representing a particle population of 2000 million particles

is small.

Author Graphical Analysis Used No. of Particles Assessed
Besong et al. ' Image-pro Plus, Datacell Ltd. 2000

Campbell et al. '** yes 100
Kobayashi et al. ' Quantimet 570, Lieca Ltd. 100

Leeetal ¥ Model 3000, Image Tech Corp. 250

Maloney et al. ' no 100

Shanbhag et al. '"* no not specified

Table 3.4:  Summary of number of polyethylene particles analysed in various studies.

3.3.5 Laser Diffraction Particle Analyser

The use of automated particle counters has been investigated by some workers”%'®,

These papers detail the use of Coulter counters to ascertain the size distribution of the
particles. These devices were designed to measure the size distribution of red blood
cells suspended in a dilute electrolyte. The change in electrical capacitance of blood
was measured as the cells passed through an orifice. The inherent disadvantage of
these devices is the use of the aperture orifice which is designed to ensure that
particles/cells pass the electrodes one at a time. The size of the orifice will dictate the
range of particles that the device can measure. If a 19um orifice was used for
example, this would allow the detection of particles within the size range 0.4 to

13um'®.

The limitations of Coulter counters described in the above studies has diverted
attention away from the usefulness of alternative devices such as Low Angle Laser

Light Scattering (LALLS) particle analysers. This method relies on the fact that
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diffraction angle of laser light is inversely proportional to particle size it passes.
Modern machines use Mei theory which completely solves the equations for the
interaction of light and matter. The particles can be recirculated through the laser

beam in suspension allowing the assessment of millions of particles'®.

The use of LALLS particle analysers is widespread especially in the food,
pharmaceutical and paint industries. It has a long track record and has been shown to

be highly accurate.

The advantages that LALLS particle analysers offer for the assessment of wear debris
particulates are twofold. Firstly, the sizing can be done in suspension making filtering
unnecessary. Secondly, the numbers of particles assessed is increased by a factor of
10° greatly reducing the possibility of introducing sampling errors. The measurement
of laser light scatter is conducted over a given time period as the solution is
recirculated. The volume of the suspension used is small and therefore it is likely that
each particle may be measured multiple times. This instrument cannot then be used to

give an absolute number of particles within the suspension.

A review of literature relating to wear debris studies was conducted in Section 2.5.2.
It was related that the absolute size of the particles was an important parameter in
terms of the resultant macrophage reaction. Similarly the importance of the mass
distribution and its relationship to the wear of the socket was also elucidated. The
data obtained from the particle analyser may be presented either in terms of a number
distribution or a volume distribution. Clearly the volume distribution is directly
related to the mass distribution. The ability of the particle analyser to report these

two results simultaneously further adds to its versatility.

To assess the application of this instrument to the quantification of wear debris a
number of trial experiments were performed. Two sources of representative debris
were chosen, PMMA powder and ex vitro wear debris produced on the Mk. 1
Durham Hip Wear Simulator. The simulator debris was obtained in the bovine serum
lubricating medium. The PMMA powder was also suspended in bovine serum. The
two samples were digested using the method of Tipper ef al. together with a sample
of bovine serum without particles to act as a background. A background sample was
necessary so that the refractive effect of the solution could be compensated for by the

particle analyser. The results of the trial runs are contained in Appendix Sc. The
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particle analyser was shown to be capable of giving highly accurate and repeatable

results even at the very low particle concentrations which this application requires.

After establishing that LALLS as a technique was suitable for this application ex vivo
tissue samples were considered. However a number of shortcomings were identified
with respect to the use of the Tipper et al. protocol for quantifying debris retrieved
from tissue samples. It was noted that the resultant solution bearing the debris after
digestion varied in intensity of colour. This variation is attributed to the variation in
the constituents of each tissue sample. This causes difficulties in removing
background scattering information. Further the particles were held within a
considerable volume of solution resulting in the assessment of fewer particles during

the measurement period.

It was decided to adopt the method of Campbell ef al. as this yields the debris in a
form readily usable by the particle analyser. The debris is held within a solution of
colourless isopropanol and is highly concentrated in comparison with the product of
the Tipper et al. method. Further as detailed in Sections 3.3.1 and 3.3.2 the
protocol of Campbell ef al. seems to yield a purer sample with less experimental

effort.

3.3.6 Methodology Adopted for Tissue Retrieval Study

A preliminary study was conducted using a modified version of Campbell et al.’s
original protocol (detailed in Appendix 5b) was used to retrieve the UHMWPE debris
particles from five tissue samples. The tissue samples were harvested by Mr. I. M.
Pinder at revision surgery from three patients (three from one patient and one each

from two).

The resulting debris solutions were analysed by Malvern Instruments, Malvern,
England using a Mastersizer S LALLS particle analyser using a small volume
dispersal unit. This instrument is capable of sizing particles within the range 0.5 to

1000pm.
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4. Results

4.1 Preliminary Descriptive Examination

The acetabular liners were assessed for the presence of a number of specific wear
features. These were impingement, delamination - both internal and external to the
socket, a ridge at the boundary of the worn region, discolouration due to oxidation,
ingression of metal beads, dissociation, rotation of the one-piece liners and liner
fracture. Table 3.3 contains descriptions of these wear phenomena and Appendix 2

contains a full listing of the occurrence of these features.

Evidence of impingement of the neck of the femoral component was observed in
thirty-five of the one hundred and sixteen sockets. Twenty-one of these were of the
one-piece design. This equates to 36.8% of the one-piece cohort experiencing
impingement as opposed to only 23.7% of the snaplock group. The influence of the
skirted femoral head could not be deduced as there were few heads in the study that

were of the offset design.

Delamination within the liner’s inner surface occurred in twenty-three cases. An
example of this form of wear can be seen in Figure 4.1. The one-piece liners were
more prone to this form of wear accounting for twenty-one of the twenty-three cases,
or 36.8% of the one-piece cohort. External delamination on the rim of the liner was
observed in twenty-seven liners. The relationship between the liner type and this
phenomenon was again strong (twenty-three were one-piece, 40.3% of cohort). A
degree of association was found between the two locations of delamination with

fifteen joints having both forms of this phenomenon.

The presence of a ridge bordering the worn region was noted in forty-one liners. Six
of these liners had more than one ridge present (two ridges in five and three ridges in
one) with five of them displaying evidence of impingement. The association of the
presence of an established ridge region and the amount of penetration recorded was
tested. The mean penetration for the liners with and without ridges was 2.49mm and
0.76mm respectively which was shown to be statistically different (t-test, t=-8.08,
p<0.0001).
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Oxidation was evidenced by the discolouration of the UHMWPE. A yellowing, or
slight greenish cast, to the liner was observed in forty-four cases (Figure 4.2). Thirty-
two of these were of the one-piece design. The mean service life of the joints
displaying oxidation was 8.2 years compared with those with no signs of oxidation of
5.2 years. These were shown to be statistically different using a t-test (t=-4.28,
p<0.0001).

There were seven joints where ingression of metal beads had taken place. No

relationship could be found between the cause of revision and the presence of beads.

Dissociation of the UHMWPE liner from its metal-backing was observed in three
joints all of which were the one-piece design. The effect of the liner detaching from
its backing was dramatic, the action of the head tended to displace the liner. Once the
liner had slipped the head began articulating directly onto the metal backing. This
resulted in the wear of both components as evidenced by the polishing of the metal-
backing. The liner, now out of position, was subjected to frequent impingement with
the neck of the femoral component causing large quantities of wear. These features

can all be seen in Figure 4.3.

The occurrence of rotation in the sockets of the one-piece design was high. Twenty
of the sockets of this type (35.1%) showed evidence of rotation. The influence of the
duration of implantation and the estimated number of cycles imposed on the joint was
investigated. Neither of these parameters was shown to have a relationship with the
occurrence of rotation using Student’s t-test (see Table 4.1). The propensity of the
alternative forms of rim damage, delamination and oxidation, in combination to
rotation was also examined. Nine of the twenty liners with rotation had delamination
on the rim. Fourteen liners had combined evidence of rotation of the liner and
oxidation of the polyethylene. Only one of the liners with multiple wear ridges

suffered from rotation.
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No Rotation Rotation t, (p value)

Observations (n) 20 37 -
Implant Duration (yrs) 8.05 (2.22) 9.38 (3.66) -1.47 (0.1494)
mean (SD)

Est. No. Cycles (x10%) 13.1(3.7) 142 (5.5) -0.77 (0.4464)
mean (SD)

Table 4.1:  Summary statistics for rotation investigation.

The fracture of the liner occurred in sixteen liners all but one of which were the
snaplock design (see Figure 4.4). Nine of the fractured snaplock liners were from
joints with 32mm heads with 46/49mm backings. A further five came from joints with
26mm heads and a backing of 40/43mm outer diameter. The remaining snaplock joint
had a 32mm head with a 52/55mm backing. Fourteen of these liners had a
polyethylene thickness adjacent to the snaplock mechanism of less than 2mm at

implantation.

The occurrence of fracture was heavily associated with gender, all but two of these
joints came from female patients. Also the sample contained an atypical cross-section
of diagnoses for primary surgery (6 for CDH and two each for avascular necrosis, RA
and OA). Similarly this group had an unusually high incidence of oxidation compared
with the general snaplock population (37.5% compared to 20.3%). Wear potential

may be expressed in terms of the parameter NWr,
NWr =2.376(N x9.81{patient mass }x {socket radius }) 4.1)

where N is the number of cycles to which the joint has been subject as calculated by
equation 3.5. The wear potential of this group of patients was not different from that

of the remainder of the cohort (t-test, t=-0.63, p=0.5290).

Polishing of the stem was observed in all but two of the seventeen components. The
highest score of 10 out of a possible 24 was achieved by two stems. The mean scores
and their distribution over the components are shown in Figure 4.5. No association

between reasons for primary or revision surgery and the presence of stem polishing
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could be ascertained. However, it was noted that this group contained a
disproportionate number of males with only three of the components being from
female patients. Further the group had a high mean mass of 77.0 (SD10.6)kg which
was shown to approach significance (t-test, t=-1.95, p=0.054) when tested against the

remainder of the cohort.

A summary of the angles found for the thirty-five joints investigated are seen in Table
4.2. All the joints were of 32mm femoral head diameter. The wear angle for the
snaplock joints was calculated with the assumption that the 10° hood was positioned
superiorly. The wear angle of the two socket designs was not found to be statistically
different (t-test, t=0.77, p=0.4511). Therefore the two socket types were combined
to generate an overall wear vector angle of 17.1 (SD 14.7)°. The association between
penetration depth and wear angle was investigated (Figure 4.6). The absence of any

observations with large medially directed penetrations was noted.

Angle of metal backing, @  Angle of penetration, S Wear Angle

One-piece 52.1(10.0) 193 (11.6) 18.9 (10.7)

Snaplock 51.8 (11.6) 34.0 (18.6) 14.6 (19.1)

Table 4.2:  Table of acetabular angles (mean and standard deviations in parentheses) for the two
component types.
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Distribution of stem polishing. Mean score, percentage of components showing
polishing in that zone in parentheses.
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Variation of penetration direction with depth. Medial penetrations are recorded with
negative angles and lateral with positive.
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4.2 Friction Results

The results of the friction tests are presented as Stribeck plots. A typical one of these
is seen in Figure 4.7. All the joints tested displayed a downwards trend in friction
factor as the viscosity of the lubricant increased. At each individual viscosity of
lubricant tested, the median and mean friction factor values obtained from the
explanted joints were statistically compared with those from the unused joints using
the Wilcoxon rank-sum test and the t-test, respectively (values shown in Table 4.3).

No statistically significant difference could be found between these two cohorts of
data.
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Figure 4.7: A typical Stribeck plot for an explanted joint.

Friction Factor at viscosities below:

n 1Pas 3Pas 10Pas 30Pas 100 Pa s
New 2 0.041 0.025 0.025 0.022 0.016
Explanted 22 0.024 0.032 0.029 0.024 0.014

Table 4.3:  Median friction factor values at each viscosity tested.
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w= L 4.2)
{resolution of shadowgraph}® + k {service life}*
where k is a constant. The value of & was determined by an iterative process
performed within Stata. The resolution of the shadowgraph machine in terms of
penetration was 0.05mm. The weighted regression gave a penetration rate of 0.22
(SE 0.02)mm/year with a coefficient of determination, R’, of 0.528. The “hat”
statistics were calculated for the weighted regression. These give a measure of the
leverage of an observation on the resulting regression line. It can be seen that the
outlier in Figures 4.9 and 4.10 does not exert an undue influence on the gradient of
the regression line. It should be noted that the intercept of the regression line is

approximately zero (Figure 4.11).
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Figure 4.9;:  Plot of residuals of linear regression against implant period.
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Plot of residuals of weighted linear regression. The diameter of the circle denotes the
value of the hat statistic, a measure of influence. Hat has the range (0.0149-0.4089).
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Fit of regression line for penetration rate, including 95% confidence intervals. Note
that the intercept is approximately zero.
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The mean volumetric wear rate was calculated in the same manner as the mean
penetration rate. The resolution of the shadowgraph machine in this situation was
40.2mm’ as calculated from the error in penetration using the cylindrical wear formula
(see Chapter 2.4.3). A mean volumetric wear rate of 88 (SE 10)mm’/year was
deduced (R’=0.486) (see Figure 4.12). Again an intercept of approximately zero was

observed.

In order to maintain a constant variance the mean clinical wear factor was calculated,
as previously, using weighted linear regression. In this case however, the model of
the weighting changed slightly with “service life” in the denominator of Equation 4.2

being replaced with NWr as defined in Equation 4.1.

The mean clinical wear factor for all sockets of a 32mm diameter was calculated to be
2.00 (SE 0.28)x10® mm*/Nm (R°=0.443) (see Figure 4.13). Once more the intercept

of the regression line is approximately zero.
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Figure 4.12: Fit of regression line for volumetric wear rate, including 95% confidence intervals.
Again note that the intercept is approximately zero.

86



2000 -

1500 ] o
™
<
=
E
[¢B]
g 1000
o
>
(@
©
L
=
500
O —
T T T T
0 2.0e+08 4.0e+08 5.0e+08
NWr

Figure 4.13: Fit of regression line for clinical wear factor, including 95% confidence intervals.

The effect of the different socket types on the clinical wear factor was also
investigated. A new model was developed for use with multiple regression analysis.
This model took the form shown in Equation 4.3. This model utilises a dummy slope
variable by incorporating the categorical parameter “snap” (snap=0 for one-piece

sockets, and snap=1 for snaplock sockets).

AV = C + b (NWr)+ b,(snap)
(4.3)

This regression was performed with the iterative weighting procedure described
previously. The results of this can be seen in Figure 4.14 and Equation 4.4. The

residuals of the regression are shown in Figure 4.15.

AV =489 +2.39x107°(NWr) - 140 x 10~ (snap) (4.9

The adjusted co-efficient of determination, R,’, for this regression was 0.567. This is

preferred in more complex models. A summary of the values obtained can be seen in
Table 4.5.
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Type ‘Observations Implant Period 'Wear Volume ‘Clinical Wear Factor

(n), mean,SD(yrs) mean,SE(mm’)  mean, SE(mm’/Nm),
One-piece 36 8.49 (0.47) 800 (90) 2.39 (0.44)x10°
Snaplock 28 4.81 (0.48) 267 (45) 0.99 (0.25)x10°

Table 4.5:  Summary table of data for 32rim sockets:by. type.

The: influence of liner thickness on the wear performance of the sockets was
investigated using non-parametric trend analysis. The liners were ranked in terms of
their minimum thickness, for the snaplock liners this occurred beneath the snaplock.
mechanism. The rankings are defined in Appendix 4a. Figure 4.16 shows the lack of
any association between the liner rank and the clinical wear factor. Analysis of the

two liner types independently again revealed no telationship.
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Figure 4.16: Variation of clinical wear factor with liner thickness rank for both liner types.

89



4.4 Surface Topography Investigations

4.4.1 CQualitative - DIC Microscopy & SEM
Heads

It was possible to identify the worn region of the femoral head with the naked eye. A
diffuse matting could be observed covering about one quarter of the head, centred
around a position of approximately 30° to the pole. DIC microscopy showed that the
scratching was multidirectional with no one direction having a greater degree of
scratching. Occasionally the base of the head was badly damaged, this was due to the

instrument used to remove it from its taper during surgery.
SEM proved poor at providing good quality images of the metallic surface.
Sockets

The surface of the UHMWPE acetabular liners exhibited a more complex picture.
Three typical sets of surface features were observed which could be loosely grouped
with respect to their location; articular regional features, ridge features and unworn

regional features (see Figure 4.17).

Figure 4.17: Cross-section of liner in wear plane showing typical wear feature locations.

1. Worn Region - Prior to microscopic assessment of the UHMWPE liners it was
noted that the worn region exhibited a highly polished nature. The microscopy
provided valuable information on the nature of the UHMWPE surface. The grain
structure of the UHMWPE was easily distinguishable using the DIC microscope
(Figure 4.18), however the SEM seemed less capable in this regard (Figure 4.19).
SEM proved to be valuable for surface features where the rate of change of the

slope was great. The width of the grains ranged from under 50um to
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Figure 4.19; SEM micrograph of worn region. Note good resolution of scratching but poor image of
~grain:boundary detail (Magn. x170).
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Figure 4:20: SEMimage:ofithe c:@@](ingfatéthq grain bouridaries (Magn: x2000):
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Sockets

The topographical features of sixty-seven explanted liners were assessed. Fifteen of
these had been previously friction tested. Statistical testing showed that the
roughness values for the joints friction tested were significantly different from those
that had not been tested. The damage to the liner caused by the friction testing
necessitated that these joints were excluded from the study into surface topography.

In addition two unused liners were assessed.

Again the assessment of the explanted liner’s topographical features could be
subdivided into the three regions observed in the qualitative study. For the purpose of
the statistical analysis of the changes in surface topography of the worn region, (1),
and unworn region, (3) were considered. These are shown in Table 4.8. A separate

study of the ridge region was performed.

Again statistical analysis showed that there were no differences between the liner
types in terms of their surface roughness parameters. Hence both types of liner are

included in Table 4.8.

Topographical Median, IQ Range Equality of Medians
Parameter (Micrometres) Worn-unworn
Roughness Worn Unworn z p

Speak 2.22,3.25 19.45, 11.44 15.30, 0.0001
Sa 0.041, 0.047 0.212, 0.247 1437, 0.0001

Sq 0.07, 0.08 0.39, 0.50 1491, 0.0001

Ssk 1.01, 1.41 -1.38,3.58 -9.70, 0.0001
Stu 32.5,27.6 79.2 89.8 10.72, 0.0001

Waviness

W pear 0.44, 0.69 3.16,2.92 14.41, 0.0001
Wa 0.081, 0.101 0.76, 0.76 15.10, 0.0001
W, 0.104, 0.206 0.971, 0.947 15.18, 0.0001
Wa -0.132, 0.694 -0.236, 0.928 -2.44, 0.0146
Wi 3.79, 2.20 3.52,2.90 -3.06, 0.0022
Table 4.8:  Surface roughness and waviness values for the worn liners. All values, bar skewness,

kurtosis and the statistical parameters z & p-value are in micrometres.
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The previously reported quantitative studies of the liners has illustrated the complete
difference in the topography of the worn and unworn regions of the liners. This is

reflected by the substantial differences in all the topographical parameters presented.

Let us focus attention on the worn region. The skewness and kurtosis of the waviness
for this area shows that the distribution of height is approximately symmetrical,
approximating to a Gaussian distribution about the mean plane. The peaks of the
waviness are small and will be equal in magnitude to the troughs. The degree of
roughness which is superimposed upon the waviness is low with a root mean square
deviation of only 70nm. Again as in the qualitative DIC images the granular nature of

the UHMWPE was clearly distinguishable using profilometry (Figure 4.28).

In Figure 4.28 a depression of the order of 100um wide and lum deep is seen.
Depressions similar to this were frequently observed in the worn region. Their
presence was restricted to the more polished of the liners and usually away from the

peripheries of the worn region.

In region 2, adjacent to the ridge, DIC microscopy revealed curious dominant
asperities. These were quantified using the profilometer. Typically the dominant
asperities were approximately Sum high and 100um in width (see Figure 4.29). These
dominant asperities usually displayed no regular spacing or orientation, however in a
few cases the dominant asperities could be seen to be projections of the nearly

completely worn machining marks (see Figure 4.30).
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Head Liner - contact region

S, S, S /A W, W
S. -0.0712  -0.0650 02041  0.1182  0.1061  0.1338
(0.6053)  (0.6374)  (0.1350)  (0.3899) (0.4407)  (0.3302)
S, -0.0801  -0.0844 02441  0.0843 00814  0.1012
(0.5610)  (0.5209)  (0.0725) (0.5407) (0.5545)  (0.4621)
S 0.0190  -0.0111  0.0761 00172  0.0095  0.1343

(0.8904)  (0.9360)  (0.5809)  (0.9008) (0.9450)  (0.2381)
Sia 00137  -0.0047 00202  -0.0186 -0.0201  -0.0698
(0.9211)  (0.9728)  (0.8838) (0.8927) (0.8842) (0.6124)

Sk 0.0358  -0.0527 02997  0.0505  0.0383  0.1040
(0.8152)  (0.7308)  (0.0455) (0.7416) (0.8025)  (0.4968)
Si 0.0724 0.0717 0.1580  0.1331  0.1084  0.1406

(0.6364)  (0.6398)  (0.3000)  (0.3834) (0.4783)  (0.3570)

Table 4.9:  Relationship between head and liner topographies for explanted components.
Spearman’s rank correlation coefficient is shown with the associated p-value in
parentheses.

4.4.3 Investigating the Relationship Between Head Roughness and Wear

Linear regression was used to yield the values of the constants a and b in equation
(2.3) proposed by Dowson ef al.'®. The relationship can be seen in Figure 4.32. The
values of the constants a and b were found to be 4.1 (SE 4.2)x10® and -0.30 (SE
0.31) respectively with a R’ of 0.027.

The effect of using the alternative roughness parameters S,, Sy« and S; in Dowson’s
relationship was investigated but produced equally weak associations. No significant

association could be found for Wang et al.’s''®

and L'°R,"” for this dataset (Spearman’s p=0.0440, p=0.7988, Figure 4.33).

theoretical relationship between AV/N
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Figure 4.32: Variation of clinical wear factor with respect to arithmetic mean roughness; S,.
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4.5 Crystallinity Investigations

The preliminary investigation showed higher values of crystallinity for the irradiated
samples (see Table 4.10). Unfortunately the numbers of samples tested were
insufficient to make statistical analysis of variance possible. The values found for the
study of ex vivo samples are presented in Table 4.11. Once again numbers were too

low to facilitate meaningful statistics.

Polyethylene Crystallinity, %
Non Irradiated Irradiated
0642 51.1 543
1020 52.8 56.9
1150 50.3 51.0

Table 4.10: Median crystallinity values for raw polyethylene.

Region Crystallinity, %
Median Range
Rim 615 55.7-1755
Worn - surface 59.3 56.4 - 60.6
Womn - bulk 57.6 55.1-58.1
Unworn - surface 62.5 58.1-67.6
Unworn - bulk 58.5 58.3-62.2

Table 4.11:  Crystallinity values for explanted liners.

4.6 Debris Retrieval Study

A typical plot of size distribution by number and volume can be seen in Figure 4.34
and 4.35, respectively. Table 4.12 shows the minimum size of particle reported was
0.49um, this represents the limit of detection of this instrument not the smallest
particle size present. The notation D(n,0.5) represents the number median diameter.
The notation D(4,3) is the equivalent volume mean diameter, also known as the De

Broucker mean'*.
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Figure 4.35: Size distribution of particles by volume.
Sample Retrieval Site Particle Size (um)
Smallest D(n,0.5) D(4,3) Largest
A Greater Trochanter 0.49 4.53 37.9 140.58
A Neck of Femur 0.49 0.74 10.12 41.43
A Acetabulum 0.49 0.76 17.09 22228
B - 0.49 0.71 249.69 878.67
C - 0.49 0.72 64.54 409.45
Table 4.12: Summary of particle sizes given by LALLS analyser.
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5.0 Discussion

The layout adopted throughout the Discussion section of this thesis attempts to reflect
that of the results section. Each successive finding, as presented in the results section,

will be addressed in turn under the same sub-heading.

Additionally, a certain number of interesting points can be deduced purely from an
initial overview of the patient profiles and component distribution given in Section
3.1. Consider the median age of the patieﬁts at primary operation in comparison to
that of the typical patient involved in a Charnley retrieval study. The recipients of
PCA THRs have a mean age of 45.98 years and as such are considerably younger than
those of Charnley joints at 56 years'*>. Indeed the general perception within the
medical profession is that cementless designs are more suitable than cemented joints

for younger patients.

As a result of this, the range of indications for primary surgery also differ between the
PCA joint and the Charnley. The distribution of indications for primary implants in
the present study are; 33% for osteoarthritis, 38% rheumatoid arthritis, 12% CDH,
4% ankylosing spondylitis and 13% for other conditions. A direct comparison of this

profile with that of the patients in Hall ez al.’s'*

study of Charnley joints where 74%
are for osteoarthritis, 8% CDH, 7% rheumatoid arthritis and 11% for other conditions

reveals that there is a substantial difference in patient profiles between the two studies.

The variation of age and diagnosis for primary cases between the two joint types may
affect the performance of the joint in a number of ways. For example, the possible
coexistence of osteoporosis with osteoarthritis effects bone density and hence
prosthesis fixation. Alternatively, reduced activity levels may be expected in patients
suffering from rheumatoid arthritis due to pain from joints other than the hips.
However, it is not feasible to assess the effects of such relationships fully due to their
inter-reliance. Instead we must ensure that the database on which we draw our

conclusions is sufficiently large to compensate for any bias introduced.

Considering the distribution of the components retrieved it becomes immediately
evident that the femoral component seems much more successful than the acetabular
component. The number of acetabular components (metal-backings) that need

revision exceeds that of the stem by a ratio of 6.3:1. This concurs with the study of
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Owen et al.* in which osteolysis of the acetabular side was identified as the dominant
reason for long-term failure. Indeed a lack of any evidence of bony ingrowth at the
time of revision was noted in this study testifying to the possibility of osteolysis

behind the acetabular component.

Why then should the acetabular component be more affected by lack, or loss, of bony
ingrowth. Firstly the quality of ingrowth into the metal-backing must be questioned.
Fractures of the acetabulum are characterised by non-union and the formation of
fibrous membranes'”. The response to the trauma of surgery must be similar. There
is doubt as to whether bony ingrowth to the acetabular component ever occurs,
fixation is likely to be through a stable fibrous membrane. However, Bloebaum e?
al.'** reported that for seven autopsy specimens a mean of 84% of the porous coating
had direct apposition of bone. Conversely, the porous coating of the femoral
component will lie adjacent to the cancellous bone of the intertrochanteric region.
This bone is characterised by its rapid and complete union of fractures even with the
simplest of treatment. The natural response of this bone is osseointegration'”® and as
such effective bone ingrowth can be expected provided the initial interference fixation

of the component is effective.

The loss of bone surrounding a joint through osteolysis affects the acetabular
component of the PCA system to a much greater degree than the femoral
component®. This phenomenon is likely to be due to the ease of migration of the
wear debris. During the course of walking, micromotion between the component and
bone causes the fluid in these regions to become pressurised. The resultant pumping
action forces the debris laden fluid to flow'®, leaving behind its load of wear debris. In
the case of the acetabular component the fluid may be forced between the fibrous
membrane and component at the rim, and also through the hole in the metal-backing
at the pole (see Figure 2.7a). However, the circumferential porous-coating of the
femur and the ingrowth of bone will act to limit the available routes for debris

migration into the femur.
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5.1  Preliminary Descriptive Study

The preliminary study of the components revealed a number of interesting findings.
The majority of these related to aspects of the design of the components rather than

their tribological performance.

The occurrence of evidence of impingement was found in 36.8% of one-piece and
23.7% of the snaplock design. This compares favourably with the Charnley joint in
which Wroblewski"' found impingement in 64% of the explanted joints he studied
whilst Isaac et al'** reported 48%. Impingement of the neck of the femoral
component against the rim of the acetabular socket is most likely to occur when the
joint is fully flexed in situations such as rising from a seat or getting out of a car.
Many parameters are capable of influencing whether a joint will be subjected to this
mode of wear. The high rate of impingement in Charnley joints is due, to a great
extent, to the small head to neck diameter ratio. The work of Hall e a/.'® showed
that the standard Charnley stem ratio (22:12.5mm) had a probability of impingement
of 50% but the later reduced neck diameter (22:10mm) Charnley stems only achieved
this probability of impingement when penetration reached 2mm. The head to neck
ratio for the PCA is considerably larger (32/28/26:12.5mm) and as such this joint has
a considerably lower incidence of this phenomenon. There were too few observations
to establish if the joints using 26mm or 28mm femoral heads were more prone to
impingement than those using 32mm heads. Wroblewski"' and Isaac et al.'* both
observed that as penetration increased the joint became more likely to impinge.
Similarly Hall et al.'” reported a strong association between these two parameters.
This is because with the head in its new position it will require a smaller ROM to
cause impingement. This mechanism will also affect the PCA but the total penetration
depths in the PCA are much lower than those of the Charnley prosthesis. Similarly it
has been shown that a high degree of encapsulation of the head by the socket will

increase the likelihood of impingement'*’, but this is not relevant to the PCA design.

This explains the Charnley joint’s predisposition to this wear mode, however these
mechanisms cannot explain the variation between the two different PCA liner
varieties. The answer may lie in the varying angles of the open face of the acetabular
cup. The metal-backing of the two designs both have a mean implantation angle of

approximately 52° to the horizontal. However the 10° hood of the snaplock liners
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will reduce this angle to a minimum of 42°. We can assume that the hood would
never be positioned anteriorly but it may have been placed posteriorly to combat
dislocation. If we consider the case where the neck of the femoral component is at
45° to the vertical and the joint is moving in flexion/extension only, then it can be seen

in Figure 5.1 that the more steeply angled acetabular component will impinge first.

— ROM

Figure 5.1:  Schematic diagram showing how acetabular angle may affect impingement.

Alternatively, or more probably additionally, the higher average total penetration
depth of the one-piece cohort as compared to the snaplock will increase the former’s
tendency to impinge. As in the Charnley, joint penetration of the head into the liner
will increase the chance of impingement. The difference in the occurrence of
impingement between the two types of PCA acetabular component may also be due to
variations in the range of motion (ROM) achievable by the patient groups. However
this is unlikely as there is no evidence in terms of age or diagnosis to suggest that

either patient group is more flexible.

Delamination of the UHMWPE was observed both within the articulating region of
the joint and on the rim of the liner. The observation that delamination, both internal
and external, occurred almost exclusively in the one-piece population indicates that
this phenomenon is likely to be attributable to a material parameter. The tribological
and loading regimes of the two joint types will be very similar therefore such a strong
disposition towards delamination in the one-piece cohort must be due to the quality of
the UHMWPE. The attention of the orthopaedic manufacturers has been focused on
UHMWPE quality by the problem of delamination in TKR. It has been shown that

sterilisation by irradiation causes extensive oxidation of the UHMWPE just below the
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surface'”®'” The presence of defects within the granular structure of the bulk
material also compromises its strength®*?*!. Substantial improvements in the quality
of the UHMWPE and sterilisation techniques have been made and it is likely that the
low occurrence of delamination in the snaplock type liner is due to these

improvements.

The presence of a ridge between the worn and unworn regions of the liner may be
regarded as an indicator of the level of penetration and the variation in the wear
vector during the life of the prosthesis. Clearly a moderate penetration must be
reached before a ridge region may become established, as testified to by the widely
varying mean penetrations for the liners with and without a ridge. Multiple ridges are
thought to be due to the migration of the acetabular component. The association of
multiple ndges and impingement suggests that the migration may be caused by
impingement. This concurs with the work of Yamaguchi et al.*®>. The socket may
migrate and become restrained in a new position where the wear will continue.
Alternatively there may be a change in the position of the wear vector through a
change in the location of the axis of rotation of the joint or in that of the joint reaction
force. It is uncertain whether this alternative mechanism would be capable of

producing three discrete wear directions such as have been observed in this study.

The effect of oxidation in terms of delamination has been discussed previously and it
was hypothesised that the UHMWPE quality of the one-piece liners was inferior to
that of the snaplock type. This is attested to by the observation of oxidation as
evidenced by discolouration of the liners. Thirty-two of the forty-four observed cases
came from one-piece sockets. The correlation between the implantation durations
and oxidation observed was deemed to be spurious. Oxidation is part of the ageing
process of UHMWPE and as such it should be related to implant duration. However
the rate at which oxidation takes place in vivo will be low in comparison to that
imposed by the irradiation and ageing prior to implantation'”’. Unfortunately it was
not possible to acquire the necessary information to study the influence of shelf-life on

the presence of oxidative discolouration.

Clearly being a cementless design there is no opportunity for PMMA ingression into
the articulating region. However the presence of imbedded metallic beads from the

porous coating was observed in the liners of seven joints. This very low frequency is
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contrary to the findings of Owen et al.®, all 26 of their retrieved PCA acetabular
components exhibited bead ingression. The findings of this study suggest that metal
bead ingression is not of primary concern. It was observed that when bead ingression
took place the beads were imbedded almost exclusively in the non-articulating region
of the liners and hence their potential to cause damage was limited. Further, the
majority of the components assessed in this study were failed primary prostheses. It
was observed on the post-revision radiographs that a substantial number of beads
could be released into the joint environment during revision surgery. It is possible
that the ingression of beads may become a more significant problem for the implant
inserted at revision surgery. However, consideration of radiographs up to 5 years
post-revision revealed that the beads had little potential for migration through the soft
tissue.

The phenomenon of liner dissociation from the metal-backing is one that has been

% and Ries et al”. In this study

observed previously in case studies by Brien et al
5.26% of the failures experienced in one-piece joints were due to dissociation. This
catastrophic failure causes the rapid production of vast amounts of both metallic and
UHMWPE wear debris (Figure 4.3). In the three examples included in this study the
duration of implantation could be ascertained for two, these were 11.4 and 11.7 years.
These are particularly long durations when considering this joint type. However, the
three case studies presented by Ries ef al. had durations of 2, 4 and 2 years and the
four cases studied by Brien e? al. had durations of 0.5, 2, 4 and 5 years. It seems that
this form of failure is not reserved to elderly implants. Yet one may hypothesise that
as the age of the implants of this type increases the embrittlement of the polyethylene
combined with the fatiguing cyclical load imposed on the peg will increase the
tendency towards of this type of failure. Additionally the quality of the UHMWPE of
the peg may be questionable due to the use of ultrasonic welding as the method of

attachment.

Another phenomenon which was observed solely in the one-piece group of liners is
the rotation of the liner within the metal-backing. This was seen in a large proportion
of the sockets (35.1%). An association between the occurrence of rotation and
oxidation was also noted. As mentioned previously the oxidation would act to

embrittle the UHMWPE and when combined with the cyclical nature of the forces
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would lead to the failure of the material immediately around the single anti-rotation

tab.

The fracture of the polyethylene next to the snaplock mechanism occurred in 29% of
the liners of this type. A groove in the liner (see Figure 2.7b) locates into a
circumferential ring in the metal-backing to secure the liner into position. This creates
a point of minimum polyethylene thickness which lies at approximately 40° to the
centre of rotation. Coincidentally the angle of the wear vector relative to the open
face of the cup has a mean value of 34°. This design has created a situation where the
direction of maximum penetration is towards the thinnest portion of the liner. The
fact that all the liners to fracture involved a combination of 26mm heads with
40/43mm backings or 32mm heads with 46/49mm backings leaves no doubt as to the
folly of creating a joint with a working polyethylene thickness of less than 2mm
(Appendix 4a). Indeed of the twenty-three liners of these size combinations involved
in this study sixty-one percent were observed to have evidence of liner fracture. To
compound the problem the notch in the liner also acts as a stress raiser which when
located into a convenient metallic indentor of the backing creates a scissor action that
will rapidly lead to fracture of the polyethylene. It is almost certain that this will be
through the yielding of the material rather than through a fatiguing action.

The association of liner fracture with gender was considered to be an artefact of the
trend for women to have smaller pelvises than men. Hence their smaller acetabulae
have necessitated the use of the small metal backing diameters. However the use of
32mm femoral heads was a parameter over which the surgeon had control. In
patients with acetabulae which are very small, less than say 46mm diameter, small
head sizes are indicated. However, if the patient is predisposed to dislocation a large
head may be required. The use of an acetabular component which does not utilise a
metal-backing may be prudent. The atypical primary diagnosis profile for the patient

group experiencing liner fracture is also considered to be a spurious relationship.

The unusually high incidence of oxidation for the fractured snaplock liners may
contribute to the fracture failure of these liners. The propensity for oxidative changes
to these sizes of liners could be attributable to either of two effects. The small sizes
would be infrequently employed and as a result their shelf-lives may be longer than the

more regularly used sizes. This would allow a greater time for the rapid oxidative

112



change in the presence of air. Alternatively the thin UHMWPE liners may be more
susceptible to damage by irradiation during sterilisation. The thickness of the liner
with ranks of 1 & 2 (Appendix 4a) lies in the range 2mm to 3mm depending on the
position. If oxidative damage due to irradiation reaches a peak at approximately 1mm
below the surface then the effects of irradiation from each side may compound to

form a single area of high degradation (see Figure 5.2).

2.5 mm S5 mm
<

<>

thickness thickness

Figure 5.2:  Irradiation damage of thin UHMWPE components. Consider two pieces of UHMWPE
one 2.5mm thick (X) and the other Smm thick (Y). During irradiation the source is
moved around the component, or vice versa'®’. The amount of oxidation caused will
be a function of the depth. It is possible that the degradation is compounded at the
centre of the thinner piece. This is shown as % crystallinity along the axis A-A.

Fifteen of the seventeen femoral stems received showed evidence of polishing. The
distribution of polishing around the stem was similar to that reported by Shardlow et
al*® for Charnley prostheses. Polishing is caused by the micromotion of the stem
against the fibrous membrane or bone. As such it is not surprising that such a high
proportion of the explanted stems exhibited polishing. All of the stems would have
been loose (as evidenced by migration or pain) to be recommended for revision and so
all will have been subject to polishing micromotion. The two which showed no
evidence of polishing were only implanted for short durations. Similarly the
agreement between the PCA and Charnley stems on the distribution of polishing is
attributable to the two joints performing under similar load conditions. The only
difference between the two joints would be that the Charnley would be polished

against cement.

The atypically heavy patient group that the revised stems come from is due to the

greater demands placed upon the fixation regime that these patients exert. The
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surgeon will be able to achieve a certain level of interference fit between the PCA
stem and the bone. This level of fit will be approximately constant regardless of the
patient’s size. It may be that the loading imposed by the heavier patients causes a
level of micromotion from implantation that will inhibit the ability of the bone to
create osseointegration. This will then make these joints more liable to fixation
failure. A similar observation is made for cemented stems when early migration can

be used as a predictor of fixation failure at a later date™.

The angle of insertion of the acetabular metal-backing was shown to be approximately
52° whichever type of liner was being used. In Table 5.1 the insertion angles of a
number of hip designs are compared. The angle of insertion suggested in the

manufacturers literature is 45° for the PCA and also 45° for the Charnley joint.

The actual values for the Charnley tend to lie more closely to the desired values than
those for the PCA. There is the perception in the clinical community that the anti-
rotation lugs on the PCA must be inserted superiorly. In order to do so it may be

necessary to implant the joint more open (vertical) to achieve sufficient anchorage.

Author Prosthesis Metal- Number Acetabular  Head
backed angle diameter

Devane et al. 1995 7 PCA y 141 50.9 32
Devane et al. 1997 ' Mallory-Head y 139 43.4 28
Hall ef al. 1998 **® Charnley n 84 46 22
Kabo ef al. 1993 '*2 various y/n 60 36.9 various
Kennedy ef al. Mallory-Head y 38 619 28
1998 2% 37 49.7 28
Knight ef al. 1998 ** PCA y 70 45 32/28
Learmonth ef al. 1996 *”  PCA y 24 42.9 32
Perez et al. 1998 ** Biomet St-cup y 27 41.7 28
Sychterz et al. 1996 '¥ various y/n 26 47.5 32
Wroblewski ef al. 1985 ' Charnley n 22 48 22

Table 5.1:  Summary of acetabular component insertion angles.

It is not just the PCA that suffers from this practice. The Mallory-Head prosthesis has
peripheral fins which the manufacturers specify should be oriented such that they are

all fully imbedded into the bone. A study by Kennedy ef al.*** showed that when the
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insertion directions were followed the insertion angle averaged 61.9°. In their study
they implanted a second group of joints at an average angle of 49.7°. This second
group seemed to perform well but their follow-up was too short (4 years) to draw

firm conclusions.

In order to discuss the angle of the wear vector found in this study we must first have
an appreciation of the motion and load found in a healthy natural hip joint. The
classic paper of Paul®” is widely cited when joint forces are discussed. In his study
Paul used gait analysis and force plate data to deduce the joint reaction force (JRF)
during the walking cycle. This peaked at approximately four times body weight at the
heel-strike and toe-off phases of gait. It can be seen from his data that the direction
of the JRF lies medial to the sagittal plane through the centre of rotation of the hip.
The study of Bergmann et al?'® in which they use a telemetred hip prosthesis
explicitly states that the JRF varies on average between 25° and 40° medially during a
single gait cycle (see Figure 5.3). The magnitude of the JRF measured returned to the

pre-operative values.

i
25-40° |

Figure 5.3:  The force and rotational axis alignment in the natural hip joint. JRF as given by
Bergmann®'’, axis of rotation as given by Murray & O’Connor”'?.

Bergmann et al. also give data on the axis of rotation during gait. Their work concurs
with that of Johnston & Smidt*"' on natural joints. Johnston & Smidt gave a range of
motion of 52° in flexion/extension, 12° abduction/adduction and 13° internal/external
rotation. Murray & O’Connor*'? used Bergmann ef al.’s raw data to calculate the
instantaneous angle of the axis of rotation. The axis of rotation is widely regarded as

being horizontal, lying in the coronal plane. The instantaneous axis calculated by
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Murray & O’Connor may lie as much as 50° off the horizontal. The average angle of
the axis was given as approximately 14°. The position of the force vector and axis of

rotation for the physiological situation is given in Figure 5.3.

Now let us examine the penetration angles found from clinical and retrieval studies. A
summary of these studies is given in Table 5.2. Unfortunately the subject of
penetration direction has not been widely studied and there is little similar work for
comparison. Further the studies which have been published, and the results presented
in this study, are open to criticism. The deduction of penetration vector angles from
radiographs introduces two sources of error. Firstly, there is a lack of a reliable
reference axes, the angles of the pelvis and the acetabular component must be
deduced from anatomical features as described in Section 3.1. Secondly the use of
anterior-posterior radiographs assumes that the penetration vector lies in the coronal
plane. This is not the case, it has been shown to lie just posterior to the coronal plane.
The direct measurement of penetration angle relative to the open face of the
acetabular component in the shadowgraph technique removes the doubt as to the
location of the wear vector relative to the coronal plane. However it introduces an
alternative source of error as shown by Cunningham et al."*’. Despite this the values
obtained in this study agree closely with the post-mortem study of Sychterz ef al.'¥

which may be considered to be the optimal data source.

Author Number Head Cup material Median
diameter penetration
vector angle
this study 35 32 UHMWPE 17° laterally
Elson & Charnley 1968 * 37 22 PTFE 8° medially
Hall et al. 1998 ** 84 22 UHMWPE 6° laterally
Sychterz et al. 1996 ¥ 26 32 UHMWPE 17° laterally
Wroblewski 1985 ! 22 22 UHMWPE  range 34.5° med.
to ~30° lat.

Table 5.2:  Summary of penetration vector positions reported in literature.

The value of 17° laterally for Sychterz et al. and the present study both refer to 32mm

diameter femoral heads. This appears systematically different from thosé for smaller
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head sizes (Table 5.2). Yet all the penetration vector angles are very different from

the angle of the JRF we expect.

That the penetration vector and force vectors are not co-incident is attributable to the
fact that wear is proportional to sliding distance. If we assume that the hip axis of
rotation is horizontal (ie. in flexion/extension only) then the maximum sliding distance
will occur at the very top of the femoral head. If the force direction lies at 30°
medially then the penetration vector will lie medial to the vertical. The angle between
the force and wear vectors can be predicted using the data from McLeish &
Skorecki’s*"* analytical study. This calculation neglects the contribution of creep to
the penetration. If we now introduce Murray & O’Connor’s average angle of the axis
of rotation of 14° laterally then by McLeish & Skorecki’s relationship the predicted
angle of penetration is 12° medially. This still lies a substantial distance from that

observed clinically.

At this point we must introduce another variable. The penetration vector is a
combination of wear and creep. If the penetration vector angles are plotted against
penetration depths we observe a trend (Figure 4.6). This trend is also observed in the
work of Hall et al®. This phenomenon is caused by the effects of creep. The
direction of creep will be coincident with the JRF as it is independent of sliding. It is
known that creep occurs rapidly shortly after implantation but slows considerably with

. 151215217
time .

If we assume the effects of creep are constant between joints and
stablise after one year, then the joints that are revised shortly after one year will have
a medial penetration direction. Equally joints from inactive patients will not have
worn a great deal and the penetration direction will again be dominated by the creep
component. However in joints that have undergone a reasonable amount of wear the
creep component will be overwhelmed by the effect of the wear and the penetration

vector will tend towards the wear direction as predicted by McLeish & Skorecki.

Unfortunately the effects of creep will only draw the direction of penetration towards
that of the force. For the situation assumed previously this will be medial. As
penetration direction can be influenced only by the positions of the axis of rotation or
the line of action of the JRF, then to create the 17° lateral angle observed in this

study, both of these parameters must lie laterally. This is contrary to the work of
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Bergmann ef al. and Johnston & Smidt where in most cases a normal gait pattern and

force direction was restored after THR.

5.2 Friction

This study has shown that for the PCA system there was no significant difference
between the frictional characteristics of the new and the explanted joints. This is in
contrast to the Charnley joint in which the friction factor in 34% of the explanted

joints was greater than the unused joints by at least twice the standard deviation®'.

The rise in friction factor for the Charnley joints can be attributed to the effect of the
ingression of cement debris into the articulating interface. The presence of the cement
debris may act to increase the friction in two ways. The cement debris will become
lodged in the softer UHMWPE and will itself become part of the bearing surface. The
cement will act to increase the effective hardness of the surface, thereby increasing the
friction between the two surfaces. Alternatively, or possibly additionally, the cement
will act to damage the metallic femoral head. The roughening of the Charnley head is
more pronounced than that which was observed in the PCA study. This increased
roughness will increase the friction between the two surfaces. This concurs with the
work of Smith et al®'® where friction was found to be higher with femoral heads
roughened after hip simulator wear testing. We shall return to the roughening of the

heads in Section 5.4.1.

If we consider the mean friction factors of the explanted joints for both designs when
lubricated by fluid of viscosity 0.010 Pa s the value for the Charnley®' is 0.040 and for
the PCA is 0.025. However, when the effect of the different femoral head sizes is
accounted for the Charnley frictional torque will only be 10% higher than that of the
PCA.

Whilst the value of friction factor, and hence frictional torque, found both in this, and
previous, studies are too small to cause failure of the prosthesis fixation, they may
contribute to the progression of the loosening process in joints already effected by

osteolysis.




5.3 Wear

The statistical analysis used in the presentation of the Wear Results (Section 4.3)
illustrates that basic routines are incompatible with the complex distribution of the
data complied in retrieval studies. This may serve to detract from any comparisons

with other studies where the statistical practises have not been extensively reported.

Initial univariate analysis revealed that the penetration and also total wear volume had
a positive skew. This dictates the reporting of the median values as opposed to the

1.2 in which a median

mean. The only directly comparable study is that of Hall ez a
total wear volume of 508 mm’ is reported. A review of Table 2.5 can show that
Atkinson ef al."**, Devane ef al.”” and Hashimoto er al.”*’ also gained similar values.
Direct comparison of these values is inadvisable due to the varying methods used in
the data acquisition, calculation and reporting of the results. However there seems to
be a degree of consensus with an approximate range of 400-600mm’ of socket wear
at revision for failure. This applies for any type of UHMWPE against hard

counterface articulation. The lack of variation in total wear volume is an interesting

observation that shall be returned to later in this section.

Penetration rate is a parameter which has been reported widely, again using various
techniques. Far from becoming a well categorised and understood parameter the
wealth of studies has detracted from its value. If we review the data presented in
Table 2.5 it is possible to observe a spread in penetration rates from 0.07mm/yr to
0.26mm/yr. This variation comes from differences not only in the joint designs but

also from errors introduced by the experimental methods used.

Let us be more objective in our selection of comparative studies. If we compare
values derived solely from studies using the shadowgraph method then we obtain the
data shown in Table 53. This shows that the penetration rates appear to be
approximately 0.20mm/yr whatever the diameter of the femoral head or the fixation
technique employed. The presence of two reports which differ substantially is noted.
The work of Sychterz ef al."* uses post-mortem specimens these are not directly
comparable to revision specimens for reasons which will be discussed in Section
5.4.3. Hashimoto ef al.’s" study produces a very large penetration rate, this may be

an artefact of the small implant durations of the prostheses involved in this study. The
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contribution of creep to the penetration early in the joint’s life has been discussed and

in Section 5.4.3 the existence of a wear-in period will be investigated.

The finding that femoral head diameter has little influence on penetration rates
appears to be contradictory to conventional wisdom which suggests that larger
diameter heads penetrate more slowly. This was also the finding of a study by Hall ez
al* in which no correlation was found between the penetration and femoral head

diameter across a range of sizes (22-39.8mm).

Author Head Diameter Penetration Rate  Volumetric Wear

(mm) (mm/yr) Rate (mm’/yr)
Atkinson et al. 1985 3¢ 22 0.20 65
Hall ez al. 1996 42 22 0.20 55
Hall ef al. 1995 % 32 0.20 89

39.6 0.21 137
Hashimoto ef al. 1995 *° 32 1.05 544
Isaac et al. 1992 '* 22 0.21 -
Kabo et al. 1993 132 22 0.13 26

28 0.23 76

Kusaba ef al. 1997 ¥’ 32 0.21 -
Sychterz et al. 1996 '¥° 32 0.07 39.8
Wroblewski ef al. 1985 ! 22 0.21 -

Table 5.3:  Selected references relating to penetration rate and volumetric wear rate as calculated
using the shadowgraph technique.

To gain a greater appreciation of the differences between the effect of the various
head sizes it is necessary to consider the corresponding volumetric wear rates
calculated. It is plain to see that the larger head sizes create more rapid volumetric
wear (see Table 5.3). This is in accordance with the simple wear theory stated in
equation 2.2. The volume of wear is proportional to the sliding distance. The larger
the head diameter then the greater the sliding distance to which the joint is subjected
for each walking cycle. The sliding distance of a 32mm head is 45% greater than that
of a 22mm head and as such it can be expected to produce 45% more wear than a

22mm head for a given number of wear cycles. The volumetric wear rate for 32mm
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heads obtained in this study is however 60% greater than the 22mm heads reported by
Hall et al.'**

The relationship between femoral head diameter and volumetric wear rate can also be
investigated by reviewing the results published for hip simulator studies. The work of
a number of groups is summarised in Table 5.4. This again illustrates the influence
that head diameter has over the volumetric wear of the UHMWPE. The increases in
wear rate for the various heads tend to lie close to those predicted by equation 2.2.
However the results of Saikko et al.”® show a much greater increase in wear rates.
This is likely to be attributable to the use of water as a lubricant and the deleterious

effects of excessive adhesive wear and possible transfer-film formation.

Wear Rates for Various Femoral Head Diameters

Author 22 26 28 32
Besong et al. 1998 ! . . 30.03 32.09
Bragdon et al. 1998 % 20.8 25.2 . 33.7
Clarke et al. 1996 23.2 31.9 32.8 .
McKellop et al. 1995 ** 41 . . 55
Saikko ef al. 1993 2 49 . . 165*

Table 5.4:  Summary of hip simulator studies employing various femoral head diameters. All
' values are in mm*/10%. *Saikko et al. study conducted using water as lubricant, whilst
the other studies used bovine serum.

In our attempts to deduce the relative merit of various joints we must now turn to yet
another parameter with which to compare joints. The clinical wear factor attempts to
compensate for variations in the patient groups of the different joints. There are few
studies which have utilised this parameter. Atkinson ef al."® and Hall et al.'®
obtained figures of 2.10x10® mm’/Nm and 1.96x10° mm®*/Nm both for Charnley
22mm heads. These compare very well with the 2.00x10° mm’/Nm found for the
whole 32mm head cohort in this study. This shows that any variation in the
volumetric wear rates between the Charnley and PCA cohorts may be explained by
the effects of the head size in conjunction with those of the younger, more active
patient group for the PCA joint. There is no advantage, or disadvantage, in terms of

wear to the cemented fixation of the Charnley joint or the metal-backing of the PCA
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prosthesis. This is in agreement with the work of Manley et al.”** and Onsten et al.2*®

who found no correlation between wear rate and the presence of a metal-backing.

Unfortunately this is an oversimplification of the situation. A profound difference
was found between the one-piece and the snaplock variety of acetabular liner in
terms of clinical wear factor (Figure 4.16 and Table 4.4). The value for the one-
piece liner, 2.39x10° mm®/Nm, remains comparable to those of the Charnley studies
but the snaplock seems to be much more resistant to wear. If we accept that we have
accounted for variations in the patient groupings by considering the clinical wear
factor then an alternative explanation for this result must be found. Consider once
more the fundamental wear equation 2.4, wear can also be seen to be inversely
proportional to the hardness of the material. It may be that a variation in the material
parameters of the UHMWPE of the two liner varieties is responsible for the

difference in wear performance.

Hardness is related to the crystallinity of the polymer, the more crystalline phase
which is present, the harder the plastic. Irradiation in air is known to cause scission
of the polymer chains of UHMWPE allowing them to become more aligned. This
increases the crystallinity, density and hardness of the UHMWPE'**#?"72 However
concurrent with these changes there is also a decrease in the ultimate tensile strength
and fatigue strength'®??’??°, The irradiation and subsequent oxidation of the
UHWMPE will act to enhance the hardness of the material, by equation 2.4 this may
be expected to reduce the rate of wear. However there are a number of reports

linking irradiation damage with increased wear rates'®®*°,

This apparent
contradiction is due to the inability of the simple wear/hardness relationship
(equation 2.4) to apply to all material combinations. Evans & Lancaster™' devised
an alternative relationship for the abrasive wear of polymers, their empirical model is

given below.

1

Cu&y

AV «

(5.1)

The parameters o, and g, are ultimate tensile strength and elongation at rupture,
respectively. This equation predicts that for a given material, a fall in ultimate
tensile strength will increase the wear. This is the situation that is observed in
irradiated UHMWPE.
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How does this relate to the variation in clinical wear factor between the two joints
which was found in this study? The potential for degradation of the UHMWPE by
gamma-irradiation sterilisation has been identified for some time. Attempts to limit
the damage have led to modifications of the sterilisation protocols utilised. It is quite
possible that the snaplock components received a lower dose of gamma-radiation than
the earlier one-piece design. Further vanation in the degree of oxidation of the
UHMWPE may be attributable to the differences in the length of time since the
irradiation of the sockets. Increased awareness of ageing has led to the minimisation

of shelf-life prior to implantation in contemporary joints.

An alternative that may figure in the high wear rate of the older liners is the evolution
of production methods for UHMWPE. The bulk polymer is formed by the sintering
of beads of UHMWPE under high temperatures and pressures. The incomplete
consolidation of the beads leaves intergranular voids in the bulk polymer?**2°"*223
The occurrence of these voids has been reduced by using increased pressures and
alternative techniques during the sintering of the bulk polymer. It is therefore also
possible that the UHMWPE used in the more recent snaplock liners is of a higher

quality than that used in the earlier one-piece sockets.

It has been suggested that the thickness of the UHMWPE employed in the liner may
have some influence on the wear of the polymer. In the case of TKR, where the
bearings are incongruent and the Hertzian contact stresses are high, the thickness of

the tibial insert is indeed important. However it has been shown using finite element

234,235 236,237

analysis of both stress and wear that in the hip, where congruency is high,
liner thickness has no influence on wear. This concurs with the findings of this study
(Figure 4.15). Unfortunately there are still proponents of this outmoded theory.
Oonishi et al®** in retrieval studies published recently concluded that “When
polyethylene thickness was more than 11mm, the volumetric wear rate for the three
kinds of prosthetic cup seemed to become similar, that is 32mm’/yr on average.”. The
three joints in question had 22mm, 28mm and 32mm diameter femoral heads. As we
know from the wealth of clinical, retrieval and simulator studies detailed above, the
wear that occurs with these different head sizes for a given number of wear cycles can

never be similar regardless of the thickness of the socket.
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Returning to the observation that there is a degree of equivalence in the median total
wear volume between the studies of various joint types. We learnt during in Section
2.2 that there is a dose of particles above which the cellular response to their presence
intensifies. It is reasonable to suppose that this dose will be reflected by there being a
corresponding critical wear volume at which this dose will be approached. This was
eluded to by Bos et al.'® who reported a correlation between the number of particles
observed in periprosthetic tissue and the wear volume of the joint. Clearly there are
many variables which will influence this figure including patient debris sensitivity,
efficacy of debris transport, the size distribution of the particles and so on. The
accordance between the wear volumes at explant lends weight to the hypothesis of a

critical wear volume.

If we accept that there may be certain volume of wear at which an osteolytic response
becomes likely then it is of paramount importance to reduce the rate at which this
volume is reached thereby prolonging joint life. The most immediate step that can be
taken to achieve this goal is the disuse of the larger head sizes commonly employed.
A head size of 22mm has been shown to offer the optimum solution using current

materials>*.

Alternatively the modification of the tribological regimes of the joints may result in the
production of debris which is small enough to be pinocytosed. This may result in a
greatly reduced osteolytic promotion potential for a given wear volume. The surface
roughness of the articulating components has a profound influence over the amount

and size of wear debris produced. This that we shall be discussed in Section 5.4.3.

5.4 Surface Topography

5.4.1 Femoral Head Topography

In this section we will discuss the changes observed in the femoral head roughness.
An attempt to compare these values with those of other researchers will be
undertaken, but only after examining the difficulties that such a comparison
experiences. Finally the mode of roughening of the heads will be discussed in the light

of various joint parameters.
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The unused femoral heads which were assessed for this study possess the
supersmooth surfaces which will limit the potential for wear. Their S, value of -0.37,
and their low initial roughness (median S, 5.06nm) is much better than the standards
set by British Standard BS 7251:Part 4 which requires an R, of not greater then

50nm?*!.

The joints assessed in this study retain very low values of roughness throughout their
operational life with a median §, value at revision of 10.35nm which is substantially
less than the approved value (BS 7251) and only twice the value of unused PCA
heads. To assess how the quality of the head as a bearing surface degrades, it is
necessary to consider alternative roughness parameters (see Appendix 3). In terms of
wear, the most damaging features will be those substantially above the mean plane.
As such the parameter Spes; merits some attention. Whilst median S, only increases
two-fold over the unused heads, the median value of S« can be seen to increase
five-fold. Clearly an asperity 100nm in height has considerable potential to cause
wear, but this is an over-simplification of the situation. If the asperity is a single peak
it will have less effect than if it is a scratch. A thorough investigation of the
relationship of surface roughness parameters and the wear of the acetabular

components is undertaken in Section 5.4.3.

The roughening of the PCA’s CoCrMo femoral head is clearly discernible (Table 4.4)
but how does it compare with other prostheses and head materials? In order to
answer this question we must first have an appreciation of the difficulties involved

with comparing the various published studies.

There are a number of different measurement techniques used to characterise surfaces.
These where summarised in Section 2.5.3. Unfortunately due to the differing
methods employed to obtain surface data, the results produced will vary subtlely.
This produces a situation were the data from 2D contacting, 2D non-contacting and
3D non-contacting studies on exactly the same surface would be different®*>. To add
further uncertainty the effects of observer bias must be considered. The selection of
an area of the head to assess and the possibility of bias for, or against, specific
features introduced by the operator is an additional source of error. With these

limitations in mind, we may now compare the relevant literature.
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A summary of the quantitative studies regarding the roughening of explanted femoral
heads is given in Table 5.5. This highlights yet another source of ambiguity in the
comparison of these studies. The duration of implantation may have an influence on

the amount of surface degradation'*’.

The study which bears the greatest resemblance to ours is that of Bauer ef al.'®.
They used 3D non-contacting interference profilometer on CoCrMo femoral heads
including a cohort from porous-coated cementless joints. They reported a median S,
value of 47nm, which is clearly much greater than the S, value of 10.35nm obtained in

this study in spite of a considerably shorter implant duration for their cohort.

The only other paper reporting 3D measurement is that of McGovern ef al.** giving
the mean §, as 155nm. The implant durations in McGovern ef al.’s paper are more in
line with this study but the Ti-6Al-4V femoral head material behaves in a substantially
different manner to the CoCrMo. The studies of Kusaba et al.'*’ and Minakawa et
al** also highlight the influence that head material has on the degradation of the
surface. Clearly the if head is made from a hard material then it will be more resistant
to scratching. However the ductility of the material will effect the morphology of the
scratch. A more ductile material will be capable of being “ploughed” leaving lips of
material above the mean plane and hence dramatically increasing the wear potential of
the surface. Conversely this does not happen with hard materials such as ceramics,
material will be removed to form a scratch rather than be displaced. The influence of
the parameters of lip height and aspect ratio have been the subject of work by McNie

etal .

Hall et al.'®, in their work concerning the 37 explanted Charnley joints, found that the
median R, and R, values were three times greater in the ex vivo group. Wroblewski et
al.'® using a third measurement technique also report a rise in roughness for Charnley
joints from an R, of 19nm when new to 34nm when explanted. Why then is the

damage caused to the Charnley so much more severe than the PCA femoral head?

The damage caused to the femoral head is almost certainly due to the presence of
third body particles within the articulating region. In the case of the Charnley joint

this will be cement debris. Isaac ef al 2

showed that the presence of hard radiopaque
" markers in the PMMA were capable of scratching stainless steel. Jasty et al.'* in a

qualitative study of CoCrMo femoral heads from both cemented and cementless
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joints, attributed the scratching in both joint types to the presence of metallic third
bodies. He cites the similar topography of the scratches between the two joint types
as proof that the third body must be the same. This may not be the case, as discussed
above the morphology of the scratch will be more dependent on the material
properties of the metal rather than the third body.

PMMA debris is not present in the PCA system so an alternative source of hard third
bodies must be identified. Possible candidates for the role of third bodies in the PCA
system, in order of likelihood, are bone fragments, metallic wear debris, porous-
coating beads and impurities within the UHMWPE. Bone fragments will be present
around the joint both immediately after surgery and possibly in the longer term due to
micromotion between the prosthesis and bone, especially once loosening is initiated.
This micromotion would also be a source of metallic wear debris along with that

released due to fretting corrosion at the femoral head taper’*’***

. The potential for
damage to the head by bead ingression was treated in Section 5.1. Finally, hard
bodies within the UHMWPE may exist due to the introduction of calcium stearate in
the manufacturing process. This is included to help the polyethylene maintain its
whiteness during processing. The amount which may be present will be very small

and as such this is the least likely source of third body damage.

All of these alternative third bodies will reside in the joint environment of the PCA
prosthesis in much lower numbers than the PMMA debris within a cemented joint.
Therefore the cemented joints will possess a far greater potential for degradation of
the articulating surfaces as revealed by the comparison of the various topographical

studies.
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5.4.2 Liner Topography

The most immediately discernible change in the topography of the ‘mature’ retrieved
liner was the formation of a very polished, smooth region where the head had worn
into the UHMWPE. The principal wear mechanism in operation in this region of the
mature liner is believed to be microscopic adhesion (microadhesion) between the
asperities of the femoral head and the polyethylene. The rippled appearance of the
surface at very high magnification (Figures 4.20 & 4.21) is similar to that described by
Schallamach''? in his studies investigating the interaction between single asperities and
elastomers. When using blunt indentors, or low loads, a raised lip is formed ahead of
the asperity as it traverses the surface, no material is removed but the residual plastic
strains from the lip remain as short wavelength ripples in the surface. In the situation
in which we are interested the cyclical nature of the articulation produces incremental

plastic strains resulting in fatigue failure, and detachment of a portion of the ripple'™*.

The creation of a smooth polymer surface may itself influence the tribological
conditions in which the joint operates and the friction, and wear, of the polyethylene
may be reduced. The clinical studies of Jasty ef al.'** and Onsten et al.**® showed a
biphasal wear rate with a higher wearing-in period followed by a steady-state situation
in which the rate of wear did not change. This phenomenon has also been observed in

simulator studies*'”?%.

Similarly, the friction measured in a series of joints after 5
million cycles in a wear simulator was lower than when new?'®. This may be due to
the more rapid recruitment of asperities to share the load which is possible when those
asperities are of a more uniform height. The higher asperities therefore become less

highly loaded and hence less prone to adhesion of the contacts.

In the ridge region (2) the peaks display a very different surface morphology to those
of the surrounding low lying areas. The extruded texture of the peaks (Figure 4.23)
suggests that this is due to the adhesion of these asperities to the metallic counterface,
resulting in the drawing out of material until fracture releases it from its attachment.
The texture of the low lying areas seems to be the result of a more intermittent, and
lower stress, contact where the material does not become adherent to the counterface.
Instead it is rubbed and this creates the roughened appearance of this surface under

high-powered microscopy (Figure 4.24).
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What is the reason behind the two contrasting wear modes of the worn and border
regions? If we consider the biphasal nature of the tribology of the hip prosthesis,
which the work of Wroblewski ef al®"” and Smith ef al?'® suggests, we may find a
possible answer. The initial wear of the prosthesis, or the wearing-in period, may be
characterised by the removal of the machining marks concurrent with a degree of
material modification due to strain hardening of the UHMWPE. These very high
peaks will be subject to substantial deformations in order to support the load. The
ridges will be rapidly eroded through a combination of adhesion and fatigue. The
inter-ridge areas will not contribute substantially to supporting the load and may only
be subjected to intermittent, low stress, abrasion. This scenario, just described, bears
many similarities to the ridge region, the ridge region may then be a snapshot of the

wear processes involved during the wearing-in period.

Alternatively, the different wear modes may be due to the varied distribution of loads
across the head. At the centre of the worn region the pressure under the head will be
greater than that at the peripheries of its contact area. Thus the contact stress
imposed upon the polymer asperities will vary. During normal articulation the contact
stresses will not be sufficient to flatten the asperities at the ridge region. Therefore
the low-lying areas will only contact occasionally creating the rubbed texture which is
observed. The tops of the dominant asperities will wear adhesively as before. As the
socket is worn the ridge region will migrate away from the wear vector, thus creating
fresh dominant asperities from the machining marks on which it is encroaching (Figure
431).

Macroscopic and Microscopic Wear

If we consider the hypothesis for macroscopic and microscopic mechanisms for the
wear of UHMWPE proposed by Cooper ef al”*® we find that it fails to withstand
rigorous scrutiny.

The analysis of in vivo wear debris has shown that the majority of wear particles are

17017 " with a mode in the range 0.1-0.5um'®. However, the

sub-micron in size
presence of large smooth platelets of 10-100um in diameter has been observed in the
case of wear of UHMWPE by supersmooth counterfaces'®. It has been shown

previously that the femoral head of the PCA prosthesis remains remarkably smooth
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during its life. It may then be hypothesised that these particles would be produced by
the in vivo articulation of the currently studied prostheses.

1.2 suggested that the large particles might be caused by the fatigue and

Cooper ef a
detachment of long wavelength asperities from the surface. This theory relies on the
stress levels in the asperity being large enough to fatigue the polyethylene before it is
abraded. The topographical studies on which this theory is based state that “peaks
with an amplitude of up to 10um” are observed having a wavelength of approximately
200um. Our studies show that the maximum peak height of the waviness has a
median amplitude of 0.44pum and a range of wavelengths of the order of 100-300um.
The strains achieved in the undulations revealed by our studies would be lower in
magnitude, hence a very large number of cycles would be needed to achieve the
fatigue limit of the UHMWPE?"**#! 1t is doubtful whether the fatigue limit would
be approached prior to the removal of this material by microadhesion or abrasion.
Cooper et al.’s wear model would also be self-limiting in that once the asperities have
detached the surface would be devoid of any long wavelength asperities. Therefore

the mechanism by which this mode of wear is created has been removed.

The treatment of UHMWPE as a homogenous continuum by Cooper ef al.’s model
may not be justified. As discussed previously the presence of intergranular defects in
both finished components and the bulk UHMWPE prior to manufacture has been
reported by many authors®***"*2 The microscopic investigation reported in Section
4.4.1 clearly shows the grain structure at the surface of the UHMWPE and thus the
fatigue model of Cooper ef al., which does not exploit the intergranular weaknesses

of the UHMWPE, must be limited.

The large particle dimensions are strikingly similar to those of the depressions seen in
the topographical studies presented in this study (Figure 4.28). This suggests that the
depressions observed are caused by the release of a platelet wear particle from the
surface. The mechanism by which this would happen is illustrated in Figure 5.4. The
bulk of the UHMWPE is removed by microadhesion or abrasion, creating the
submicron sized wear particles. However, when only a portion of an individual grain
remains it is vulnerable to fatiguing of the grain boundary region by a combination of
Hertzian and shear stresses. The contribution of the Hertzian component of the

fatiguing stress and the depth of the maximum stress are calculated in Appendix 6. As
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can be seen this calculation assumes that the grain asperities have a truncated
spherical shape that gives a maximum Hertzian stress of 9.21MPa approximately
10um beneath the surface. The contribution of the shear stress from the motion of
the joint will amplify the fatiguing effect of these stresses. This may result in the
failure of the mechanical interlock between the grains. This amorphous region of the
UHWMPE is known to be of a considerably lower strength than the ordered matenial
within the grains. The fatiguing of the UHMWPE would facilitate the removal of the

remaining portion of the grain by a plucking, or rolling, motion.

2. Weakened at the
grain boundaries, the
s . remanants of a grain are
2 o ‘ D plucked from swrface as

aplatelet.
A

1. Very smooth.

Material remowed
through ——"’
abrasion/adhesion.
Fatiguing of material
close to surface

especially at grain
boundaries.

3. Process of abrasion &
platelet plucking leaves a
polished surface with grain
boundary cracks &
occasional shallow
depressions

Figure 5.4: Proposed wear mechanism. Diagram represents section through liner perpendicular to
the articular surface. Not to scale.

The failure to observe the depressions in all the liners may reflect the random nature
of the selection of sites assessed. This mode of wear may be restricted to a certain set
of tribological conditions or region of the liner. Alternatively, the variation in the

quality and granular integration of the UHMWPE could explain this phenomenon.

This model exploits the granular structure of the UHMWPE. By fatiguing the bulk
material at its weakest point, it is capable of producing the surface topography
observed and the wear debris predicted. This wear model whilst devised from
observations on the wear features of THR may also be applicable to TKR. The level
of agreement between the wear features presented in this thesis and the work

published by Cornwall et al*’ suggests that similar wear mechanisms may be
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occurring in modern TKR tibial components. The level of shear and Hertzian stresses
imposed on these components will exceed that of THR due to the incongruity of the

bearing surfaces, this may result in a bias towards grain removal wear.

Correlation of Topographical Features

The lack of correlation between the surface topography of the femoral head and that
of the liner may be attributable to sampling errors. An inherent source of error in all
assessments of roughness is the assumption that the entire surface has the same
topography as the small sample area that is selected. This is very unlikely to be the
case but by using a reasonable number of sample sites across the worn region the
effect of this error will be minimised. The failure of the ex vivo data to reveal any
relationship between the surface topography of the femoral heads and that of the
liners may then be an artefact of the small sample areas used when assessing the

topography.

5.4.3 The Influence of Femoral Head Roughness on UHMWPE Wear

Turning to the relationship between the roughness of the femoral head and the wear

of the acetabular component, the investigation into Dowson et al.’s''®

relationship
yielded similar values to those obtained when re-analysing the data of Atkinson e?
al.*® (see Table 5.6). The values of the exponent found using Atkinson’s data and
those of this study do not vary significantly from zero, suggesting that no relationship

between S, and A jinica €Xists.

ax10% b R
Atkinson et al. ° 1.5(SE 1.9) -0.23 (SE 0.36) 0.050
Hall et al. ' 9.7 (SE 6.0) 0.54 (SE 0.23) 0.140
this study 4.1 (SE 4.2) -0.30 (SE 0.31) 0.027

Table 5.6:  Constants of the Dowson model (Equation 2.3).

This result may be an anomaly as a result of the inability of the parameter S, to
distinguish between damaging peaks and harmless valleys. It is known that the further
the surface deviates from a Gaussian distribution then averaging parameters such as S,

and §; become increasingly poor predictors of wear performance. The alternative

133



roughness parameters S; and Sy, were used in equation (2.3) to establish if these could
better predict the wear performance but the results were not improved. Similarly the
lack of correlation could be attributable to the effect of the sampling errors discussed

previously in Section 5.4.2,

An alternative explanation for the lack of any correlation could be that we are
comparing two temporally variant parameters. The calculated clinical wear factor is
necessarily a mean for the entire life of the prosthesis. It has been shown that the rate
of wear varies over the life of the prosthesis®'®*"’. The mean value of clinical wear
factor for the life of the prosthesis may not equate to the value just prior to revision.
In contrast, the roughness data recorded were all end-term values. Kusaba ef al.'
reported a linear relationship between the roughness of the femoral head and the
duration of implantation, albeit weak (R°=0.20). This would imply that the
roughening of the prosthesis is a gradual process. No such relationship could be
found for this dataset and as such it is likely that the heads roughened in a discrete
event. However, there is no way to establish when the degradation in surface
roughness occurred. It may have been on implantation when there was the possibility
of bone debris entering the articulating capsule due to the preparation of the bone
surfaces for the implant. However, it may equally have been as an end event due to
the release of third bodies produced by the loosening of the prosthesis just prior to

failure, creating bone or metal debris.

These problems also apply to Wang et al.’s model. Further, in Wang et al’s'®

theoretical relationship, the inclusion of material parameters for the UHMWPE
introduces a further variable. It is known that the material properties of the
UHMWPE vary during time in vivo. This was not compensated for in the testing of
Wang et al’s model as the contribution of this phenomenon to any error was
considered to be small.

Laboratory evidence of a relationship between roughness and wear is strong''®''*'?°.

However, this relationship is not found to hold for explanted joints. The inability to
substantiate any of the models may be due to a combination of the above reasons.
Also other patient factors such as lifestyle, medical history etc. will contribute another
source of error in the prediction of the parameters N and kjinicr. However the models

themselves may be subject to criticism. Consider Dowson ef al.’s''® model. The
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values for the constants in equation 2.3 were found experimentally using reciprocating
pin-on-plate testing with water lubricant. Clearly neither of these conditions
reproduce those found in the clinical joint environment. Further the range of
counterface roughness values used in the laboratory tests were considerably greater

than those of the explanted heads. Similarly Wang et al.’s'"®

theoretical relationship is
based upon the supposition that the motion is of a reciprocating nature. The
experimental work presented to support the model, in addition to that of Weightman

& Light''®, shows that the model is indeed applicable to a unidirectional wear regime.

The data presented in this study, and that of Atkinson et al."*® suggests that simple
unidirectional models are not applicable to the complex tribological environment of
the artificial hip joint. A number of studies have elucidated the vastly greater wear
factors produced by hip simulators configured to run with physiological motion when

compared to reciprocation''#?>1%,

As mentioned in Section 2.4.2 Wang et al.**® have themselves acknowledged the
limitations of their early theoretical roughness/wear model. They have superseded
their model by using a MTS hip simulator to create motion more akin to that of the

physiological joint. Their paper presents the empirical relationship
Koo = 721x107°(R, )™ (5.2)

where k., is the wear factor expressed in mm*/Nm. Whilst this work attempts to
reflect the true nature of the relationship between the roughness and the wear in vivo
it may be criticised on a number of levels. The motion of the MTS simulator is indeed
multi-directional but it is not truly physiological. The importance of this subtle
distinction is the subject of some debate in the research community. Similarly the
twelve femoral heads used in the simulator were artificially roughened. Whilst Wang
et al. ensured that these scratches were multidirectional it would not be possible to
replicate the complex scratching found on explanted heads perfectly. The final
criticism of Wang ef al.’s study may be the most damning. The decision to terminate
their wear test at 1 million cycles is misguided. As mentioned previously there is a
definite wearing-in period associated with these joints. Smith ef al.*'® have shown this
to be relevant for the first two million cycles of a simulator test. Consequently Wang

et al’s results do not represent the mature joint in vivo. Notwithstanding this Wang
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et al’s study shows with no uncertainty the importance of multidirectionality on the

rate of wear.

A similar study to that of Wang et al. was conducted at Durham albeit on a smaller
scale. Three explanted femoral heads were tested in the Mk.1 Durham Hip Wear
Simulator to 5 million cycles. Detailed descriptions of the experimental procedure
and results are given in Smith ef al.*'® and Elfick ef al.**. The summarised results can
be seen in Table 5.7 and Figure 5.5. The three explanted heads showed no sign of a
wearing-in period, or rather the wearing-in period was far shorter than that of the
smooth heads. This suggests that Wang e al.’s results for the rougher heads may be
considered to be representative of the mature case. However the results for the
smoother heads will be greater than those for the mature situation. It can be
speculated then that the exponential of Wang e al.’s empirical model may be an

underestimate of the relationship for the mature joint situation.

Returning to the results of the Durham wear simulation, it can be seen from Table 5.7
that the in vitro wear greatly exceeds the mean wear rate for the in vivo period. If
the explanted head roughness is capable of wearing the UHMWPE at this accelerated
rate then it is certain that this roughness did not exist for the majority of the joint’s
life. Further from Figure 5.5 it can be seen there seems to be a relationship between

the roughness and the simulator wear rate.

The results provide strong evidence to support the earlier hypothesis that the
roughness at revision is not representative of that responsible for the wear of the joint
for the majority of its life. A regression was performed in order to create a best fit

curve for this data (Figure 5.5). It was found to have the equation

AV _
= 13.46x (8, f** (5.3)

where AV/AN is the wear volume per cycle. The coefficient of determination of the

regression was R°=0.951.
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Parameter A B C

Ex vivo Details

Gender f f m
Weight (kg) 55 51 59

Age at Primary (yrs) 30.7 328 73.9
Implant Duration (days) 1546 1869 475
Primary Diagnosis CDH CDH RA
Joint Type PCA PCA Ultima, J & J
Wear Volume (mm?) 189.3 173 30.8
Est. No. of Cycles (10%) 7.35 11.0 1.13

Ex vivo wear rate (mm?/10°) 25.8 15.7 27.3

In vitro Results

Median S, Before Test 47.14/2.98 88.16/5.19 57.28 /9.02
Worn / Periphery (nm)

Median S, After Test 48.46 / 3.65 96.11/5.38 45.46 / 6.81
Worn / Periphery (nm)

Sim. Wear Rate (mm®/10%) 103.7 149.5 120.4

Table 5.7:  Summarised results of ex vivo and simulator testing of wear/roughness relationship.
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Figure 5.5:  Plot of wear rate by head roughness for simulator study. This includes data points

from a previous simulator study using new CoCrMo and zirconia heads
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Caution must be exercised in the interpretation of this result. There are too few
points to be able to present this as an absolute model of polymer wear. However the
value of the exponent is strikingly similar to that deduced by Hall et al.'** using a
large Charnley cohort (see equation 5.4).

k

clinical

=9.7x10°(R)** (5.4)

However as reported in Section 4.4.3 no relationship between roughness and clinical
wear factor for the PCA prosthesis. The lack of agreement between this study and
Hall et al’s"** work on Charnley joints may be explained if the roughening of the
heads occurred at different times during the two different joints’ lives. Consider the
fixation techniques used, suppose the cemented Charnley releases cement debris
shortly after implantation, roughening the head in a discrete event early during the
joint’s life. The joint will thereafter wear at the rate predicted by equation 5.3,

making it possible for Hall et al'®

to derive the relationship in equation 5.4.
Conversely the cementless PCA prosthesis may not release significant quantities of
third bodies until the joint becomes loose at the end of its life. The roughness when
explanted would then have little relationship with the mean wear for the joint’s life as
found for the present cohort. In both these cases the roughness of the femoral head
will not possess any association with implantation period. This was the case for the
Charnley retrievals of Hall ef al.'™, the titanium heads of McGovern et al.** and the
present study (see Section 4.4.2). However Kusaba er al.'’ did report a weak

relationship between roughness and implantation time for a mixed group of joints with
CoCrMo femoral heads.

We have now substantiated that the head roughens during its use and this is an end
weighted effect. As discussed earlier there is simulator and clinical data to support
the claim that there is a wearing-in period during which rapid removal of UHWMPE
takes place. However the clinical data comes from radiographic studies that are
known to be error prone. An alternative source of information on clinically well
functioning joints are post-mortem studies. A re-analysis of the data presented by
Jasty ef al'® and Sychterz et al."* to yield clinical wear factors gives the result
shown in Figure 5.6. There is a clear trend towards reduction in clinical wear factor

with time for both of these studies.
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Figure 5.6:  Clinical wear factors calculated from the data of Jasty et al.'** and Sychterz et al.'*.
Note low values in comparison to those reported for explant studies'*®' 2. Also there is
a decreasing trend with implantation period.

There is then considerable variation in the wear rate of the UHMWPE liner during the
lifetime of a THR. After a early period of wear, topographical and material changes
create a gradual reduction in the wear rate. As the joint matures the wear rate will
stabilise and may start to increase as the surface finish of the head slowly degrades.
Wear will continue at this pace until a loosening event takes place. In the long-term
this loosening event is likely to coincide with the onset of osteolysis due to the critical
volume of wear debris being achieved. As discussed previously this volume will vary
from patient to patient depending on their tolerance to, and transport of, the wear
debris. The loosening event will release third bodies that will act to greatly increase
the roughness of the femoral head. This occurrence of a single late roughening event
serves to explain the lack of any correlation between the explant roughness and the in
vivo wear rate. A summary of the changes in wear behaviour of a typical joint may be

summarised as seen in Figure 5.7.
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debris and microhardness testing of the immediate subsurface region is proposed as

future work.

5.6 Wear Debris - Case Studies
The use of the LALLS particle analyser offers a considerable improvement in the
quality of information which wear debris retrieval studies may provide. The case

studies presented in this thesis show the advantages offered by this method.

The minimum particle size reported by the instrument was 0.49um for all the tissue
samples. This is an artefact of the lower cut-off of the machine and testifies to the
presence of particles below this limit. An instrument capable of detecting particles
within the size range 0.02-2000um has superseded the machine used for this case
study. This promises the detection of particles currently lost to all wear debris

studies.

The number median diameter of the particles was constant at approximately 0.7um
with the exception of one sample. This value is similar to those predicted by analysis
of SEM micrographs of retrieved debris. Similarly the value is comparable to those
reported by other groups (see Table 2.6). However the mean equivalent volume
diameter varied between 10.12um and 249.69um. This is as a result of the small
contribution to the total wear debris volume made by the millions of submicron sized

particles in comparison to the tens of particles greater than 10um is size.

The variation in particle size distribution between the three samples taken at various
sites around a single prosthesis (case A) suggests that there may be a variation in the
mobility of particles. Alternatively this could be a non-systematic variation. The use
of the particle analyser eliminates the possibility that this is due to sampling error

during the assessment of the particles.

Clearly it is not possible to draw any firm conclusions about the size distribution,
mobility or osteolytic potential of the wear debris from this brief study. However the
development and validation of a highly profitable procedure has been illustrated.
Further development of this method will allow the retrieval and characterisation of

metallic and PMMA wear debris.
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6.

Conclusion

Production of the PCA THR as described in this study has recently been discontinued

and, as such, any recommendations for its use are no longer pertinent. This does not

however detract from the lessons that can be learnt from the study of its tribology.

Here the conclusions are distilled from the Discussion Section and presented in order

of merit.

There is a level of agreement between various prosthesis types in the total wear
volume at explant. This invites the hypothesis that there is a threshold wear
volume of approximately 400-600mm’® above which loosening due to osteolysis
becomes likely (assuming a similar distribution of particle sizes from joint to

joint).

Large femoral head diameters create greater volumetric wear rates. The
optimisation of prosthesis life expectancy requires the reduction of wear rates to
delay the realisation of the threshold wear volume. Consequently femoral head

diameters must be minimised to optimise joint life.

Cemented fixation and metal-backing of acetabular components have no effect on
the wear performance of THRs. Two qualifications to this statement are required.
Firstly, an exception to this is where liner thickness is reduced to a point where
total penetration, or fracture, becomes likely. A second exclusion is
circumstances where the femoral head surface becomes damaged by cement

ingression.

The PCA THR system has been shown to perform well in terms of femoral head
roughening. This is due to a combination of the lack of PMMA third bodies and
the hardness of the CoCrMo head material.

An alternative wear mechanism has been proposed. This mechanism is capable of
creating the observed liner surface topography and of producing the expected

wear debris.

The application of unidirectional wear models, empirical and theoretical, to the
multi-directional motion experienced by THRs has been shown to be fallacious.

The influence of femoral head roughness on the rate of wear was investigated
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using the Durham Hip Wear Simulator and a preliminary empirical model derived

(seen below).
AV _
22 _13.46x(s, P (53)

This model requires further study before it may be presented as an absolute
relationship. The simulator study undertaken, in conjunction with previous work,
also provided evidence of the variation of wear during the life of the prosthesis.
Three phases of wear were identified for cementless joints; a wearing-in period, a
steady state period and an acceleration of wear as the consequence of a
roughening event late in the joint’s life. It is likely that the wear history of a
cemented joint will show similar trends but with the super-imposition of an

implant roughening event.

A novel method of assessing wear particle size has been devised and validated.
This method offers great improvements over existing techniques in terms of
number of particles measured and the ease, cleanliness and hence accuracy with
which the data can be obtained. This technique promises detailed, accurate and
repeatable measurements over a range of sizes currently unachievable.
Applications of this new process include the complete characterisation of in vivo
and in vitro wear debris hence allowing direct comparison and validation of
simulator machines for any joint type, be it hip, knee, finger etc. Further the
understanding of the role of wear debris, the influence of particle size and debris

concentration, on the pathogenesis of osteolysis may be advanced.

The friction factors of explanted joints were found to be similar to those of unused
joints. Frictional torque remained low and as such was not responsible for
loosening. However, frictional torque may act to accelerate the failure of joints in

which the fixation has been compromised for other reasons.

The tendency for the original one-piece liners to dissociate from their metal
backings or rotate about their pole within the backing suggests that the effects of
the rotational torque were underestimated. The response to these problems was
the introduction of the snaplock system. Whilst addressing the above difficulties

and providing true modularity, these acetabular components introduced other
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‘weaknesses. Patients requiring small acetabular components received joints where

the UHMWPE thickness. had been reduced to less than 2mm. This situation has.

been shown to be unacceptable. In future surgeons should be encouraged to

.employ smaller femoral head sizes, or use non-metal-backed components;

whenever acetabular size limits polyethylene thickness.

The direction of the penetration wear vector was found to. lie lateral to the sagittal
plane. The observed lateral angle of 17° in the coronal plane was substantially
greater than that reported for the Charnley. Indeed there seemed to be a

systematic. variation between the penetration vector position depending on head

size. The position of the penetration vector may be influenced by that of the JRF
and the axis. of rotation of the joint. However consideration of these two factors
failed to account for the observed penetration vector. The influence of head size
requires further investigation so that insight into the cause of the vector’s lateral

position may be gained.
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Appendix 1- Patient Details

Patient Number Sex Side Weight Ageat Ageat Service Reason Reason

Life
(ka) Primary Revision {days) Primary Revision
0005193T 0 | 65 28.26 32.22 2177 cdh p
0006761W 1 ] 60 53.25 58.00 2099 ra m
0007598X 1 | 57.7 58.70 69.56 3969 oa m
0018244G 1 | 58 38.11 46.65 2753 ra |
0018267L 0 | 90 38.21 30.35 414 ra s
0020382T 1 1 76 22.01 30.97 3273 cdh P
0023121X 0 I 87.7 33.45 36.19 1001 fnf m
0027715R 0 r 73 55.74 62.29 2395 ra m
0031985L 0 r 119 57.61 66.55 3263 oa p
0044805E 1 r 51 32,79 37.91 1869 cdh i
0047581V 0 ] 76 54.84 66.09 4110 oa !
0048208H.12 1 | 49 48.12 49.26 414 ra m
0048208H.13 1 | 49 49.26 50.10 308 ra m
0048208H.14 1 ! 49 50.10 53.10 1096 ra m
0051035B 0 r 70 37.15 46.23 3317 oa p
0055569R.r 1 r 81.8 60.00 68.63 3150 oa p
0055569R.r2 1 r 81.8 68.63 69.88 457 oa m
0061576W.1 1 [ 54 2595 28.74 1021 ra m
0061576W.12 1 | 53 25.95 28.74 1021 ra m
0061576W.r 1 r 54 19.83 26.04 2269 ra m
0061576W.r2 1 r 53 26.04 29.40 1226 ra m
0063335L 1 r 65 52.28 60.49 2998 as p
0065745H 1 I 58.8 27.79 33.88 2226 cdh p
0066364W 0 | 80.7 49.62 56.98 2688 ra m
0070268J 1 ] 55 49.00 50.02 372 ra P
00876171 0 r 747 55.36 62.45 2590 oa !
0090136A 1 | 59 53.62 67.21 4963 oa w
0091161Y 0 I 71 44,05 50.57 2380 ra m
00942230 0 r 84.5 48.27 48.35 28 oa m
0097018G 0 r 71 53.25 61.56 3032 oa I
0104541E 0 f 75 43.94 56.25 4495 t m
0104577B 0 | 60 38.80 48.84 3666 ra |
0105366P.r 0 r 68 5557 61.72 2247 ra m
0105366P.r2 0 r 68 61.72 66.96 1913 ra p
010699541 0 I 69 51.18 60.75 3494 oa m
0106995J.r 0 r 69 50.88 63.78 4712 oa {
0108145W 1 r 45 54.03 64.88 3963 oa m
0108824P 0 r 68 30.40 37.18 2477 as p
0111698W 1 | 56.6 48.09 55.03 2536 ra m
0112223M 1 r 76 57.71 66.15 3083 oa w
0113827X 1 r 67.3 37.10 4227 1887 oa d
0114412R 0 r 80.8 54.00 67.77 4662 oa |
0114903N.| 0 | 72 48.01 55.50 2736 oa m
0114903N.r 0 r 72 55.09 60.18 1860 oa .
0114803N.12 0 ! 72 47.87 55.66 2843 oa m
0118153P 0 ( 103 26.45 37.72 4117 oa |
0121147E 1 r 55 30.69 34.92 1546 cdh .
0122783H.r 0 r 73.1 47.07 58.93 4331 other w
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Patient Number Sex Side Weight Ageat Ageat Servicelife Reason Reason
(kg) Primary Revision (days) Primary Revision

0122783H.1 0 | 731 46.46 57.87 4166 other w
0123170Q 0 r 106 60.38 71.37 4013 ra |
0125831R.r2 0 r 83 42.70 4437 609 m
0125831R.r3 0 r 83 44.37 45.46 399 . s
0127109Y .| 0 | 737 63.10 74.77 4282 ra w
0127109Y.12 0 | 73.7 74.77 75.03 92 ra d
0128086K 0 | 75 42.33 49.64 2671 cdh m
0129768X 1 r 63.6 57.31 66.90 3501 oa [
0134785Y 0 r 70 36.89 39.45 936 as |
0135149D 0 | 84 15.81 21.98 2254 cancer m
0137791E 1 r 61.5 32.15 32.17 5 ra )
0142810J 0 ) 67 30.14 38.48 3044 ra p
01511850 0 r 74.8 59.53 69.27 3556 oa w
0152000P 1 r 44 63.24 74.31 4040 oa |
0152602R 0 r 92 45,00 49.71 1717 oa w
0153658H 1 r 67 59.91 66.85 2533 ra m
0158318N 1 | 46.5 49.28 58.08 3214 ra p
0163765G 0 r 73.2 49.66 57.02 2686 oa l
0166280P 0 r 59 24.98 31.14 2251 ra ]
01668369H 0 | 97 45,50 54.28 3205 oa m
0172585H 0 | 58.6 28.57 37.77 3360 av nec w
0186485A 0 r 75 28.58 33.72 1877 ra w
0188306N 1 | 64.2 75.51 80.09 1673 oa p
0188366A 0 r 62.7 45.14 53.03 2883 av nec w
0189957T 1 r 70.64 65.59 70.89 1939 cdh m
0193742y 1 r 67 19.58 24.72 1877 t m
0196702T 1 | 88.6 25.11 37.20 2590 cdh w
0200609K 1 l 91.3 43.73 49.02 1933 cdh m
0208695Y 1 r 62 52.68 60.86 2989 oa |
0210421V 1 r 576 28.13 30.89 1008 cdh |
0219157P 1 r 75 63.67 69.13 1994 oa w
0221458R 0 | 80 30.86 35.30 1622 t |
0222386N 1 r 73 30.77 32.54 645 cdh m
02227038 1 r 40 38.15 38.15 2 dcp d
0233254N 1 | 100 53.54 54.78 453 av nec s
0244498J 0 r 87 41.82 42.36 198 oa m
0264829K 0 r 98.6 22.64 23.48 306 oa m
1334642) 1 r 52.3 49.27 58.40 3336 oa |
1414968A 1 | 67.8 53.22 55.54 848 ra p
1421193Q.1 1 | 57 17.89 23.89 2192 ra m
1421193Q.r 1 r 57 17.91 2452 2414 ra |
1445098U 1 | 78 40.08 47.45 2691 oa m
1479141N 1 r 59.4 28.22 30.65 888 oa m
1492068X 0 r 87 37.44 43.42 2184 as m
2007588N 1 r 70 36.80 44.56 2839 oa w
2013560wW 1 | 82 60.63 68.08 2720 oa |
2083785X 0 r 86.6 43.44 43.79 130 av nec m
B107423 0 r 83 58.54 60.80 827 oa p
UA
uB
uc
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~Patient Number Sex Side Weight Ageat Ageat Servicelife Reason: Reason
L (kg)  Primary Revision (days) Primary Revision:
ub - . . . o
UE
UF
UG
UK.
ul:
wJ
UK
uL
UM
UN.
o,
uP
{U]e]
UR
us
uT
UV,
uw
wx N _
Abbreviations: oa osteoarthritis
ra thuematoid arthritis.
t trauma
as ankylosing spondylitis
av nec avascular necrosis
cdh congenital dysplasia of the hip
dep dyschondroplasia
.other other‘then, causes listed . above
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Appendix 4a: Liner Thickness Rank

Description Approximate Minimum Rank
(Type, Inner &, Outer. &) UHMWPE Thickness (mm)

snap, 32, 46/49 1.8 1

snap, 26, 40/43 2.0 2

snap, 28, 46/49 3.3 3

one-piece, 32, 46 45 4

snap; 32, 52/55 5.0 5

one-piece, 32, 49 5.5 6

snap, 26, 46/49; 6.0 7

snap, 28, 52/55 6.5 8

one-piece, 32, 52 7.0 9

‘ snap, 32, 58/61 8.0 10
| snap, 26, 52/55 82 11
| one-piece, 32, 55 8.5 12
| ssnap, 28, 58/61 9.0 13
one-piece; 32, 58 10.0 14
snap, 26, 58/61 110 15

snap, 32, 64/67 11.0 IS
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Appen‘dix 5: Debris Retrieval Study

Appendix 5a: Debris retrieval protocol after Tipper ef al.'®

1. Day One

Hydrolysis of proteins using 12M KOH solution:
For tissue samples prepare solution then add to sample.
For serum etc add correct weight of solid KOH direct to liquid.

* Note: Molarity = weight (')f KOH
molecular weight x volume

Leave for 24 hours.

2. Day Two

i Add equal volume of ethanol to KOH solution to achieve at least a 50/50 mix.

il. The resulting mix should be decanted in a glass screw-top jar (with top screwed on lightly).

iii.  Place onto magnetic stirrer at a moderate speed and leave for 24 hours.

3. Day Three

I Pour liquor into glass beaker.
ii. Wash out stirrer jar with ethanol.

iii.  Decant into centrifuge tubes (as UHMWPE particles float on top of liquid).

iv.  Balance centrifuge tubes in pairs.
v. Place tubes in opposing centrifuge buckets.
vi.  Centrifuge for 2 hours at 3000 rpm (Mistral 3000e centrifuge).
vii.  Decant supernatant fluid into glass beaker.
viii. Resuspend pellet
- add Sml filtered water.
- using pipette suck up pellet & fluid to break it up.
ix.  Centrifuge resuspended fluid for a further 2 hours at 3000 rpm.

X. Decant supernatant fluid into beaker with that from first centrifuge run

- label & retain any residual pellet for possible future use.
xi.  Filtration Procedure
a. Dilute spun liquor with filtered water to <0.5M KOH soln.
b. Pass through filtration rig
- ensure adequate washing of beaker and reservoir sides.
xii.  Store filter in petri dish.

General

1, Triple wash all glassware with filtered water prior to use.
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Appendix 5b: Debris Retrieval Protocol After Campbell et al. '*>'*

Day One

ii.

Weigh petri dish, tare. Remove tissue from container, shake off excess water, place in petri
dish and weigh wet tissue.

Empty liquid from glass vial, replace tissue in vial. Add 2:1 chloroform/methanol solution to
fill vile. Leave for 24 hours.

Day Two

ii.

idi.

Remove tissue from chloroform/methanol solution.

Use dissecting scissors to cut tissue into small lumps.

Add 10ml filtered water and necessary weight of NaOH to create SM solution.
Place in water bath at 65°C for 1 to 5 hrs until tissue digested.

Aggitate digested tissue sample for 1 hr in ultrasonic bath at 60°C.

Set up sucrose density gradient. Using 50ml centrifuge tubes add 5ml 10% solution to
centrifuge tube. Using Pasteur pipette add Sml 20% to bottom of centrifuge tube. Follow same
protocol with 50% solution. Add 5% solution to on top of 10% layer using U-pipette.

Add 5ml of the digestion product to the top of the sucrose gradient using pipette.

Centrifuge for 3 hours at 40,000rpm (Beckman L70 ultracentrifuge, SW41 Ti rotor).

Day Three

1.
I

il

iil.

iv.

V.

Remove top layer of sucrose density gradient containing milky band of particulates using
50ml pipette and pipette-pump.

Add to 50ml centrifuge tube and fill with filtered water to dilute the sucrose. Wash out
pipette with filtered water into centrifuge tube. Leave for 1 hour in 37°C water bath.

Add 10ml of product into 15ml centrifuge tubes. Top with 2ml each of first 0.96g/ml and
then 0.90g/ml isopropanol.

Centrifuge for 1 hours at 40,000rpm.

Remove particles from the interface of the two isopropanol densities.
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Substituting for go and v=0.4 for UHMWPE,

Tpw = 0.31g, =9.21 MPa

Z,. =0.672a=9.74 ym
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Study Group, mean loss 12. 31 median 10, Sld Dev 5.33,
SE of mean 1 .

Control Group, mean loss 12 69 medmn 10, Std Dev 7.10,
SE of.mean, 1:4 - i

Dorsi Flexion No StaLSngmﬁcance Studmeup. mean loss
8.65, median 7.5, Std Dev 6.57, SE .of mean 1.3

Control Group; mean loss 9.04, median 10, Std Dev 4.69,
SE of mean 0.92 .

3. Gait Study Group, Symmetrical 20, Asymmetrical 6
Control - Group, Symmemcal 6, Asymmetrical 20,
(p<0.00001)-

Discussioa: This is an. ongmal study and no similar study
has been found.in literature. They only near similar study
has been performed by Hedstrom et ai for lateral malleolar
fractures, they showed there was no difference at | year
and 18 months. Thus we decided to assess if there was any
benefit. what so.ever even at-3 months. This has been an
unsolved debate since the AO philosophy was introduced.
Though the number in the study. is small, we think it is
adequate to draw the conclusion -without any doubt that
there i3 no significant siatistical difference in pain or range
of motion of the ankle. However, we made an interesting
observation the patients in the mobilisation group had a
symmetrical gait; we would not like to draw any conclu-
sions about this but it definitely merits further study. We
would propose that the symunetrical gait most probably is
due to development of better proprioception sense.

THE ABILITY OF ULTRASOUND VELOCITY TO
PREDICT THE STIFFNESS OF CANCELLOUS
BONE IN-VITRO. .

R. Hodgskinson, C. F. Njeh, J. D. Currey, and C. M.
Langton .

Academic Deparmmu of Medical Physics, Uruver.my of
Hull and Royal Huil HospuaLx Hull, UK

I.ntmducﬂou The mechanical status of bones is an impor-
tant consideration in skeletal palhologncal condmom such

BRITISH ORTHOPAEDIC RESEARCH SOCIETY

A TRIBOLOGICAL STUDY. OF EXPLANTED PCA
TOTAL HIP REPLACEMENTS

A. P. Blfick, R. M. Hall. I. M. Pinder and A. Unswoﬂh
Cenire for Biomedical Engineering, University of
Durham. DH! ILE.

The PCA cementless total hip replmmen! is known to
perform well in the short term, but its survivorship beyond
6 years is poor| Loosening of the acetabular component is
the dominant reason for revision surgery. The |

OSTEOBLASTS SECRETE VASCULAR -
ENDOTHELIAL GROWTH FACTOR (VEGF) IN
HUMAN FRACTURE HEALING

J. G. Wamner and J. G. Andrew

Dept of Orthopaedic Surgery, University of Mm.:;m,,,
Hope Hospital, Salford.

Vnscular endothelial growth factor (VEGF), also known S.;
Vascular Permeability Factor (VPF) and Vasculouopin, is a

appears to be related to the penetration of the head into the
socket. However, the ‘exact causal relationship remains
elusive, despite the existence of asteolysis, The aim of this
study was to investigate both the penewation and wear of
these An investigation of surface topography
and its relanonstup to the wear of the liner was also
undertaken.
Method: Thirty-nine sockets, all of which were coupled
with 32 mm heads, were removed at the ime of revision
surgery. The penetration depth and angle. were measured
using the shadowgraph technique and the change in the
bore volume calculated using the formula presented by
Kabo et . Subsequently, the penetration and wear rates
and the clinical wear factor’ were obtained from the slape
of a lme using weighted regression amalysis. Any sig-
pt on the ordinate axis may be attributable to
short term creep. The weighting in the analysis took into
consideration both the heteroscedastic variance and the
resolution of the measurement technique. Topographical
analysis was undertaken using the Micromap 512 inter-
ference profilometer and included measurements of new. as
well ag explanted sockets.
Results: The mean penetration depth and rate, at the tme
of revision surgery, were found to be 1.3 (SE: 0.2) mm and
0.24 (SE: 0.04) mm yr'. The dverage wear volume was
calculaied to be-530 (SE 80) mm A mean volumetric wear
rate of 102 (SE 16) mm’ yr' was observed. The cligical
wem'factnrwnsdeduoeda.s?..Oﬂ (SE03) x 10° mm’ N”'
m . In oone of the regression analyses was a significant

as osteoporosis, which results in fi at preds
cancellous bone sites. Deasity i3 a good pmdxcwr of lhe
stiffness and strength of cancellous bone. However, these
mechanical properties are also dependent on eancellous
bone architecture.

Objective: The objective of this work was to mkugnte
the ability of ultrasound velocny to predict the mechanical
properties of cancellous bone. -

Methods: The cancellous bone specimens were 20 mm
cubes from bovine femur and

21 mm diameter medio-lateral cylinders cored from human
calcaneus. Ultrasound velocity (V) and Young’s modulus
(E) were determined in three orthogonal directions for the
bovine cubes, and medio-| lly in the cal Appar-
ent density (r) was determined. after the other tests. .
Result: Density alone explains 87.6% of the. variance of
Young's modulus in human-calcaneal and bovine femora
bone tested in the PD direction only. Velocity. however
explains 95% and a combination of density and velocity
Fnedma.n s anova for mnks test shows dm.t veloclty and
stiffness are not random with. respect to the three directions
in the bovine cubes (E: X* = 35.0, p<0.0001, and V: X* =
8.7, p = 0.013). Further, for each cube we obtained the
mean. value of E and of V, and characterised each value of
Edebymcirdeviadonﬁummeirmn.Thereinm
extremely strong: positive correlation .

_ (r=0.80) showing that the degree of devmuon is comu:m
for E and V, and of the same sign. .

Conclusions: We have demonstrated that the velocity of
ultrasound. in: cancellous bone can give direction-specific

velocity allows better predictions of mechanical properties
than does-density, or ultrasound, .on their own, Since there
are nominvasive methods of measuring density, apart from
the velocity. of ultrasound, the combination of these two
measurements promises, cventually, to give improved:pre-
dictions of bone that is weak, and liable to fracture.. -,

Loe

information. In particular, knowledge of both density: and'

pt observed. The average root mean square rough-
ness (Rg) of two new PCA' CoCr 32 mm heads was equal
to 13.8 (SE 2.4) nm. The mean Rq within the most heavily
scraiched zone of the explanted head was 43.2 (SE 10.4)
nm, whilst the relatively undamaged periphery yielded a Rq
value of 10.4 (SE 1.3) nm. No correlation was observed
between Rq and the clinical wear factor for any of the
sockets.
Discussion: There was no evidence in any of the regression
analyses that a significant creep contribution atributed. to
the w1l change in the. bore volume. This i3 not 1o suggest
that creep does not occur in these or any other series of
sockets, only that it cannot be detected in explanted pros-
theses using this analysis. Thus it seems prudent to suggest
that most, if not all, of the change in bore volume may be
mnbuted to wear. The penetration rate of 0.21 (SE 0.03)
mm yr' ! determined is comparable with that observed ina
radiographical study of PCA hip replm:emcnts The volu-
metric wear rate-is greater than that observed in explanted
Chamley prostheses and cannot be accounted for by the
greater sliding distance of the larger head size alone. ’nns
may indicate a detrimental influence of the metal’ backmg
However, if account is taken of. patient activity,”
weight, the: clinical wear factor was found not to be s:g—
mﬁeanuy different from that observed in.non-metal backed
sockets.” The mean surface roughness results show no
statistical difference between the new and unwom areas
but, as.expected, a substantial increase in roughness was
observed in the womn articulating: region. The lack of
comelation between Rq and the wear factor may reflect
both. the unsuitability of Rq as a measuremeat of those
surface: fractures which- are important to. the wear of the
counterface, i.e. the build.up of material adjacent to-scrat-
chm.andthenon—um.formny mthedamngeunpaned on.the
head in vivo.
References: o
1: Owen et al. J. Bone Jt. Surg; 76B (1994) 258. -
2: Kabo et al. J. Bone:Ju Surg; 75B (1993) 254,
3. Hall et al. Proc. Inst. Mech.: Eng. 209(I995)233

4. Atkinsou et al. Wear. 104 (1985) 225.

5 Devane et al. Clin. Orthop. 319 (1995) 317,
6. Cates et al. J. Bone Ju. Surg. 75B. (1993) 249. -
7. Hall et al. Accepted for publication in Proc. Inst. Mech.

Itifunctional cytokine that exerts several important.and
possibly independ: ions on endothetium. A
secreted endothelial cell-specific mitogen, VEGF has been
shown to stimulate angiogenesis both in vizo and in
Yivo,

Angiogenesis is a key feature in the fracture healing
process, particularly during the early granulation tssue
stage: of repair. It has been postulated that inad
angiogenesis may be associated with delayed fracture heal-
ing. Although there is some work on blood flow in fracture
healing, the literanure is sparse with regard o angiogenesis
and fracture healing.

VEGF has previously been investigated in the rai model

of fracture healing, where hypertrophic chondrocytes have
been shown (o produce mRNA for VEGF. It was postulated
that VEGF may participate in the signal mechanisms that
initiate vascularisation of cartilage during endochondral
ossification. Human osteoblast-like cells in culture have
also been shown to produce VEGF.
We investigated the expression of VEGF in vivo in human
fracture healing, using the techniques of in sit hybrid-
isation and immunohistochemistry to detect the expression
of mRNA and protein respectively. Biopsies were collected
at the time of open reduction and internal fixation of 20
normally healing fractures treated surgically for loss of
position up to'3 week from injury. The study was designed
to investigate angiogenesis in the early stages of fracture
healing when granulation tissue is a prominent feature. All
fractures subsequently healed nomaily.

VEGF exp-resmou was |dmuﬁed in enrly fracture healing
in both macr and spi hymal
cells pmdommam at the granulanon tissue stage of repair.
Chondrocytes also- appeared to express VEGF, but the
strongest expression was seen in plump osteoblasts aggre-
gating around the matrix of early trabecular woven bone.

We present, 1o our knowledge the first report of VEGF
expression in human fracture healing and the first confirma-
tion that ostecblasts express VEGF in vivo as well as in
vitro. Further research is ongoing to study the expression of
the two high affinity receptors for VEGF in human fracture
healing. We suggest that VEGF has an important role in
angiogenesis in early fracture healing.. and postulate that
abnormalities of this process could be involved in delayed
fracture healing even at this early stage of the.repair.

PROLIFERATION OF HUMAN PERIOSTEAL
CELLS IS MODULATED BY FLUID SHEAR -
STRESS

M. Kitano, J-H. Kuiper, Z. V. Hazlehum,l B
Richardson, B. A. Ashton . - -

Institute of Orthopaedics, Robert Iones & Agnes Hum

Orthopaedic: Hospital, Oswestry, Shropshire. SYI0.7AG

Introduction: Celis involved in fracture repair mpond o
local mechanical stimuli which may include compressive
stress, hydrostatic. pressure and fluid shear stress: Finite
element modelling revealed that fluid shear stress experi-
enced by cells in the developing callus is likely to be in the
range (0.1 to 5§ Pa, (Kuiper et al., 1996, Proc. B.OR.S.,
Dundee meeting). In this communication we describe the
effects of fluid shear stress.on the prolifemlon of human
periosteal. cells:in .vitro..- 4,
Methods: Periosteum was !mrvwcd dnnng smg:ry and
transported to the lab in-tissue culture medium.- Ceils were
released by treatment with collagenase-and-grown as moro-
layers in Hams/F-12. culture medium suppiement.with 10%
FRC.and antibiotics; The cultures. were: incubated at 37°C
in 5% CO2 /air. with ﬂnmﬂﬁmmchanged on: a314 day
cycle and passaged-at confluence._, FIRAE)
For the strain expeumenm.eellsweteplmedm 6-well
dishes at | x 10°cells/cm”. and grownfor 4 days. Uniform
fluid shear stresses (1 Pa)iwere applied using a rotating disc
pammforO(conuol) 1, 5 15, SO&wmntnpctday
for 3.days, .. s
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wear, debris, its-size-and. mass distributions were: deter-
mined: snd! compared:to: femoral. bead:damage and. lipear
wear rat of; the:acetabular: cups::
Methodst. Nineteen: explanted Chnmley pmsdmu with a
mean: implant life of 13- years (range.10-20 yr) were
retrieved at revision; with ecetabular tissue samples. Femo-
ral heads:-and: cups. were:-examined macroscopically and
photographed. Total linear wear rates of the acetabularcups
were: measured: with-a-. co-ordinaie: measuring machine.
Damage to. the femoral heads was measured (e) as
surface topography- parameters R*, R®, R™, R’, R") and
compared: with a- new Chamley femoral heed: Total
UHMWPE wear debris. was isolated from 1g of randomly
selected. acetabular: tissue by digestion with potassium
hydroxide and nitric acid. Lipid and protein was removed
by extraction with chloroform/ methanol, ethanol precipita-
" tion and centrifugation. UHMWPE wear debris was collect-
ed. by sequential filtration through 10xm and 0.1um filter
membranes. The: filters were: dried and weighed to deter-
mine the mass of wear debris in both size ranges. The
particle size distribution was. determined using SEM
images by 2-D particle sizing. The distribution of the mass
of wear debris as a function of particle size was determined
for all samples in.two size ranges, 0.1-10xm and >10um.
The total number of particles was estimated using the mass
and frequency distributions as a-function of size. :
Results: The -femoral. beads were separated into two
groups, high damage (R™™" >0£l¢m (0=9)) and low damage
(R™ 02um (n=10)). The R™ of the high damage group
was 1.5 £ 0.45 um and the R™ of the low damage group
was 0.07 £ 0.01 um, compared to the R™ value for the new
Charnley head which was 0.05 gm. The mean + SE linear
wear rate for the high damage group was 0.23 £ 0.03 mm/
yri while the mean linear- wear rate for the low damage
group was 0.11. = 003 mm/yr (p- < 0.05 Students: t-test).
There: was no comreiation between the total mass. of wear
debris isolated and the linear wear rate. The estimated total
number of particles varied from patient to patient (range 1.5
x 108 to 1.3 x 1010). The mode of the frequency distribu-
tion of the particle sizes was in the range 0.1-0.5 (m for all
patients.. The rass. distributions- varied considerably with
18-97% of the UHMWPE wear debris <10 um. There was
an association. between the proportion of wear. debris that
was <10 um and the penetration rate and head damage R™",
At high penetration rates. and head damage a laxge pmpor-
tion (>60%) of the wear debris was <10 ym. .

Previous studies have found limited dxﬁqences in parti-
cle size distributions for UHMWPE wear debris. Analysis
of the mass distribution as a function of size has allowed
differentiation of UHMWPE wear debris from different
patients. There is an indication that femoral head damage
R™ and increased-tinear wear. rate affect the size of the
wear debris. The lack of correlation between wear and mass
of debris retrieved may be:dus to variations in- materinl

properties such as- oxidative. degradation, patient factors
suchasacuvntyandumuemsponseorthemndomnammof
the tissue samplmg techmquc :
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SYNOVIOCYTE MODUL'ATE OSTEOCALCIN "~
PRODUCTION BY OSTEOBLAST-LIKE CELLS
VR. Patel, V. Yeh, CG andoza RH. Jmnahmd
D.S. Hungerford . .
The Johns Hopbm lfmvcmty Department of
Orthopasdic Surgery, Baltimore, USA: - - -

Introduction: Aseptic loosening and osteolysis are major
concems following total joint arthroplasty. Loose prosthetic
implants are often iated with formation of a-synovial-
like membrane at the bone-implant interface infiltrated by
macrophages, fibroblasts and particulate wear debris, Mac-
rophages and fibroblasts have been implicated in secreting
bone: resorbing. fectors in response to wear debris, leading
to:-osteolysis. Although osteolysis. primarily- results_ from
gsteoclastic:bose resorption, it is probably coupled:with.a
failure - of reparative--bone formation: :The:: interection
between the. cells ins the synovial-like: membranes;at: the
Interfgce. and bone-farming osteoblastic cells is unknown.
The aim of this study.was to analyse the interaction
belwe:n'-aynovial fibroblasts and osteoblastic cells; An in
vitro- mode! simulating conditions prevailing-at the. inter-
face of a-loose prosthetic- implant was used,+ -~

Mat:rhl and Methods:" Osteoblast-like MG63 .cells nnd
isolated fron: ostecarthritic patients under-

BRITISH QRTHOPAEDIC RESEARCH SOCIETY

going: primary TKR were usedin; four- separate. experi-
ments;. Duplicate - wellss offnBI.BXy:1* flexible bottomed,
collagen coated plates (Flexcell Int. Corp., McKmpon

PA). were seeded with MG63 cells. (0.5 x-10°/well),- syno-

viocytes (L x 10°/well):of: a-combination of the two and
incubated overnight in Hy- medium a-37°C, 5% CO%. The
next day,. polymethylmethacrylate (PMMA) spheres: (0.17
um; Polysciences:. [nc:; - Warrington; PA): or buffer alone
were added to the-wells. The plates. were then incubated in
the presence or absence of cyclic strain using a. Flexercell
Strain Unit (-20 kPa. vacuum;.30 cycles. per minute: |
swond on, | second off). The cells were pulsed with-30uCi
of[H)(hymxdmeﬁ hours later. The supernatants were
obtained 24 hours after adding PMMA or buffer and subse-
quently assayed for osteocalcin (Metra Biosystems, Moun-
tain View, CA). The -cells were fixed, processed for
autoradiography, counterstained with. toluidine blue and
enumerated. Results were: analysed using ANOVA and
student's ¢ tests.
Resuits: Osteoblastic MG63 cells culuued in- the presence
of synoviocytes produced lower i of osico-
calcin (mean-: 55.1 ng/ml; sd - 10.4) than cells cultured in
medium alone (mean: 38.4 ng/mi; sd: 9.1) (P < 0.05; fig.).
The addition of PMMA particles attenuated this inhibitory
effect of synoviocytes on osteocalcin production by osteob-
lastic cells without significantly affecting their proliferative
index (ran{lc 28-57% and 69-80% respectively) as meas-
ured by [ ]- lhymndme uptak: Synoviocyte inhibition of
blastic cells and attenuation
of this effect by exposum o PMMA were not altered by
application of cyclic strain. However, on light nucrosoopy
cells subjected to strain appeared more fusif
aligned themselves perpendlcular to the direction of max-
imum strin. .
Discussion:. The: prmcupal obsemmon of this swdy was
that synoviocytes can regulate the function of MG63 osteo-
blast-like- cells as measured by osteocalcin production.
Abrogation of this effect by exposure to PMMA particles
suggests that. PMMA particles mtermpt thr. paxhway
through which synoviocytes modul -
tion by osteoblastic cells. The precise: nature of the inter-
action berween synoviocytes and osteoblastic cells- is
unclear and.requires further clucidation. The preseat study
succeeded in providing an in vitro model to study cellular
interaction under conditions of cyclic strain. Further studies
using this mode! may provide insights into the mechanism
of osteolysis seen amund pmsmcuc \mplanu
References: . -
1. WA. .hranck M., Machado, M Jasty et al. J. Bone Joint
Surg; 75-A: 863-879 (1993)
2. A. Banes. Biochem. Cell Biol; 73: 349 (1995).

SURFACE TOPOGRAPHY OF RETRIEVED PCA
ACETABULAR LINERS: PROPOSAL OF A NOVEL
WEAR MECHANISM .

AP. Elfick, R.M. Hall, LM. Pmder and A. Unsworth
Centre for Biomedical Eugmeermg, Umvcmry of
Durham,: DHI 31£ .

It is commonly accepted that the long term:loosening, and
subsequent. failure, ofwmlhipmplanemmtnsduean
osteolytic response to particulate wear: debris.' Moreover
the immunological response seems.10. be dependent on the
morphology of the debris produced.” Studies on wear
debris have indicated that distribution of particle size may
be bimodal with particles of tens of microns in size in
addition to sub micron pamd&. The influence of femoral
headmughmondnwwofﬂmsockummdzlymog
nised.' However, the effect of the-socket surface topog-
raphy on debris production has had little investigation.
The topography of twenty PCA acetabular liners was
assessed. qualitatively -at:lows magnifications using differ-
entin| interference-contrast microscopy: Selected cups were
studied . using. SEM at - magnifications. of up to:-x10,000.
Quantitative measurements were made using a non-contact-

‘ing:- interference * profilometer to- assess the::surface

(NewView:100). A filtering wavelength of 50-um was used
to separate-the: waviness and roughness information. Four
topographical parameters. were then selected to describe the
surface; rootl. mean- square and maximum peak. height for
both - the- waviness. and -roughaess. Tha. explaated . liners
.were: measured. at-six positions: in the mieulanngmgmn
snd three times: in the periphery. . -

.+ The microscopy provided valusble information-on the
nature: of the UHMWPE .surface. The grain structure of the
UHMWPE was easily distinguishable using the DIC micro-
scope, however the: SEM seemed less capable in this
regard, Light scratching. was observed in the wom region
with no. dominant orientation. The uoworn region often
displayed evidence of deep scratching superimposed on the
machining marks. SEM at high magnification. allowed
images. to be obtained at the grain boundary regions. Deep
cracks running for hundreds of microns were observed. The
surfoce features were quantified by the surface profilometry
which revealed significant- differences. between the wom
and unwom regions fér. all the topographical parameters
measured. Very low values of root mean square roughness
and waviness (0.07 & 0.10 (m, respectively) were observed
for the womn region. The surface profilometry revealed the
presence of a number of depressions in the surfoce. These
depressions were approximately circular in shape, of the
order of 150 um in dismeter and up 10 | um in depth.
These features were only observed in- the wom zone and
away from the boundary with the unworn region.

The analysis of wear debris from in vivo has show that the
majority of wear particles are sub-micron in size.”~ How-
ever, the presence of large smooth platelets of 10-100um in
diameter has been observed associated with-the- wear of
UHMWPE: by supersmooth counterfaces.” It hes been
reported. in a previous retrieval study that the femorai head
of the PCA prosthesis remains remarkably smoothl.” It may
then be hypothesised that these particles would be produced
by the in vivo- articulation of the presently stdied pros-
theses. These particle sizes are strikingly similar to the
dimensions of the depressions scen in the lopogmphicnl
studies presented.in this study.

Cooper et al. suggests that the large. pamcla are cmated by
the fatigue and rel of long _gthnspmua This
theory relies on the swress levels in the asperities being large
enough to fatigue the polyethylene befare it is abraded. The
topographical studies on which this theory are based: state
that peaks with an amplitude of up to {0 ym are observed.
Our- studies' show evidence: which contradicts Cooper's
theory. Firstly, the peaks- of the waviness for the wom
region’ have a median maximum height of 0.47um. The
strain in the agperities would be of o low magnitde, heace
a large number of cycles would be needed to achieve the
fatigue limit of the UHMWPE. It is doubtful whether this
would happen prior to-the removal of this material by
microadhesion or abrasion. Secondly, Coopers wear model
would be self-limiting; ouce the asperities are detached the
mechanism by which this mode of wear. is created has been
removed, Finally, the treatment of the UHMWPE as a
homogenous continuumr by- Cooper's model may not be
justified. The pmenoe:.of.yintetgmnulm defects. has been
reported by many authors.” The microscepe investigation
mportedmmusmdycleadyshowsrhemmm\:cmeu
the surface of the UHMWPE..

We hypothesise that:the dcpmmns seen are caused by
the release of a platelet wear particle from the surface. The
bulk of the. UHMWPB: is' removed .by microadhesion or
abrasion creating submicron:sized wear particles. However,
when only a. portion of an. ipdividual grain remains: it is
vulnerable..to :fatiguing: of the grain boundary- region .by
shear stresses. This may" quickly result in the failure of the
mechanical interlock b the grains. This would facili-
tate the removal of the remaining portion of the: gmm by.in
a plucking or rolling motion..

Our model exploits the granular structore of the
UHMWPE by fatiguing the bulk material at its weakest
point, it is capable of producing the surface topography
observed and the. wear. débris. expected. Further work
including wear debris'analysis and finite element analysis
of the stresses imposed on the UHMWPE asperities is
needed to subsumum this hypmhcsw
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Wear in Retrieved Acetabular Components

Effect of Femoral Head Radius and Patient Parameters

|
5 Alistair P. D. Elfick, MSc, Richard M. Hall, PhD, Ian M. Pinder, FRCS,
‘ and Anthony Unsworth, FEng

Abstract: Forty-seven explanted Porous Coated Anatomic (PCA, Howmedica,
Rutherford, NJ) cementless acetabular components were acquired at revision
surgery. All the components articulated against CoCrMo femoral heads of 32-mm
diameter. The penetration depth and angle were measured using the shadowgraph
technique. The wear volume was then calculated using Kabo’s {ormula. Using
weighted linear regression analysis, the mean penetration rate and mean volumetric
wear rate were calculated to be 0.23 (SE, 0.03) mm?*/y and 96 (SE, 13) mmJ3/y,
respectively. The creep component was not found to be significantly different from
zero. The clinical wear factor, kginica. for this cohort was also calculated using linear
regression analysis but with the assumption that creep was zero. The value found,
Kelinical = 1.93 (SE, 0.29) X 107* mm?/N-m, was similar to those in previous studies
involving cemented joints with a 22-mm femoral head diameter. The similar kKgigica)
values of these substantially different joint types suggest that the high volumetric
wear rate for the PCA joint can be attribuied entirely to its larger head size and the
younger, more active, patient profile. Fixation technique and metal backing seem not
to influence the rate of wear. Key words: total hip arthroplasty, explanted, wear,
cementless.

The dominant cause of long-term failure of the
Porous Coated Anatomic (PCA, Howmedica, Ruth-
erford, NJ) hip arthroplasty is the loosening, or
migration, of the acetabular component. The results
achieved with the PCA design were encouraging in
the short term, with survivorship rates of 93% at 6
years [1] and 94% of hips attaining a good or
excellent Harris rating at 2 years [2]. Survivorship
rates of 57% at 8 years, and evidence of acetabular
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osteolysis in 36% of hips at 5 years [3], however,
demonstrate its poor longevity.

It is generally accepted that the production of particu-
late debris promotes a foreign-body reaction resulting
in resorption of bone and, hence, loosening of the
components [4]. The greatest contributor to the amount
of debris in the periprosthetic region is wear of the
ultrahigh-molecular-weight polyethylene (UHMWPE)
socket at the articulating interface. Additional debris
may be produced at other interfaces in this modular
design, for example, between the liner and backing;
however, the volume of debris released from these
alternative sources is small in comparison with that
from the articulating interface.

The aim of this study was to assess the wear of 47
retrieved acetabular components and to evaluate the
effect of the femoral head radius, the polyethylene
thickness, and patient parameters.
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Materials and Methods

The PCA system is a cementless design relying on
the ingrowth of bone into a porous coating for
long-term fixation. In early examples of this prosthe-
sis, the liner and backing were supplied as 1 piece
and had a simple locking method comprising a
single peg at the pole and a tab at the rim to stop
rotation about this pole. Later versions incorporated
a snaplock mechanism located at the rim and
became truly modular. Forty-seven acetabular com-
ponents were retrieved at revision; 27 were of the
1 -piece design and the rest were of the snaplock
type. All were coupled with 32-mm-diameter
CoCrMo femoral heads. The explanted components
were cleaned in a formaldehyde-based solution, and
excess bone ingrowth was removed.

The thickness of the UHMWPE has been cited as
an important parameter in the performance of the
acetabular component [5]; however, the liners ol
snaplock design were not of constant polyethylene
cross-section, and subsequently no single value of
wall thickness could be ascribed to each. A ranking
for both designs in terms of minimum wall thickness
at implantation could be achieved and is detailed in
Table 1.

The penctration depth, AP, and angle, B, of the
wear track into the acetabular liners were measured
using a shadowgraph technique [6]. The changes in
the internal volume of the bore, AV, were calculated
using the formula previously presented by Kabo et
al. [7]. Those liners that had visual evidence ol wear
and/or creep but volume changes of insulficient

Table 1. Ranking in Terms of Minimum
Ultrahigh-molecular-weight Polyethylene
(UHMWPE) Thickness*

Approximaie
Minimum
UHMWPE
Description Thickness (mm) Rank
Snaplock. 46/49-mm backing 1.8 ]
— 2
One-picce, 46-mm backing 4.5 3
Snaplock, 52/55-mm backing 5.0 4
One-piece, 49-mm backing 5.5 5
— 6
—_ 7
One-piece, 52-mm backing 7.0 8
Snaplock, 58/61-mm backing 8.0 9
— 10
One-piece, 55-mm backing 8.5 11
One-piece, 58-mm backing 10.0 12
Snaplock, 64/67-mm backing 11.0 13

*Note that the ranks 2, 6, 7, and 10 are reserved for other
head/backing combinations not applicable to this study.

magnitude to be measured on the shadowgraph
instrument were assigned a penetration depth of
0.05 mm, which was equal to the resolution of
the apparatus. The change in bore volume of these
liners was calculated using a simple linear for-
mula {6].

Mean penetration rates were calculated using
regression analysis with a model of the form

(1) AP = mAT + ¢

where APis the penetration depth, AT is the implani
period. and m and ¢ are constants. Given that
experimental evidence indicates that the creep com-
ponent is constant after a relatively short period [8].
then the gradient, m, of the function is equal to the
penetration wear rate, AP/AT. The regression con-
stant, ¢, may incorporate changes in the internal
bore volume or the penetration depth resulting
from creep. Mean volumetric wear rate was calcu-
lated in a similar manner.

The clinical wear factor, Ky 15 @ development
of the fundamental wear equation. which siates
that wear volume is proportional 1o load and sliding
distance. To be applicable to the clinical situation the
load is the joint reaction force, a function of patiem
weight, and the sliding distance becomes a combina-
tion of the number of wear cycles and femoral head
radius. The clinical wear factor is the constant of
proportionality and may be deduced from simplifica-
tion of the wear equation produced by Dowson and
Wallbridge [9]:

(2) AV = Keinical (2.376NWr) + C

where N is an estimate of the number of cycles o
which the joint has been subjected during its life, ris
the radius of the femoral head, and W is patient
weight. The number of cycles is calculated using an
empirical formula derived by Wallbridge and Dow-
son [10] relating age to activity:

N =05 (A, — Ay X

(3) [6.58 — 0.032(A, + A,)] X 10°.

Here, A, is the patient age at primary surgery, and
A, the age at revision surgery. This formula was
based on data gained from normal subjects and
therefore it may vary from the level of activity
achieved by patients; however, Wallbridge and Dow-
son [10] warn against the assumption that patients
are less active than normal subjects. The mean
clinical wear factor was calculated, using regression
analysis, in the manner described by Hall et al. [11].
Clinical wear factors of individual sockets were




calculated with the assumption that the creep, C
was negligible.

Analysis was undertaken, for the most part, using
the STATA 4.0 statistical software package (Stata
Corporation, Texas). In determining Kjnica) and the
rates of penetration and volumetric wear, a suitable
weighting had to be applied in the regression analy-
sis to maintain a constant variance. The weighting
also incorporated a factor to take into account the
resolution of the shadowgraph instrument. Trends
between the liner thickness, locking mechanism,
and individual clinical wear factors were analyzed
using nonparametric trend analysis. Nonparametric
trend analysis is reasonably robust to changes in
value of the ranking values and, hence, is unafl-
fected by the absence of cups of certain ranks.

Clinical Data

Clinical records were available for all the re-
trieved joints. The primary procedure was under-
taken in 17 cases for rheumatoid arthritis. A further
16 were due 10 osteoarthritis and 3 1o posttraumatic
osteoarthritis. Ankylosing spondylitis was diag-
nosed in 4 cases and congenital dislocation of the
hip in 3 others. The remaining cases included
fractured neck ol the femur and benign tumor of the
Iemoral head.

Revision was undertaken in 31 cases lor loosen-
ing evidenced by migration of components and/or
Iytic lesions on the radiograph. A further 9 revisions
were done because of pain, and 3, because of gross

Penetration Depth (mm)
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wear of the liner. The other cases were revised for
sepsis or instability.

Twenty-two of the patients were male. The aver-
age weight of the patients, W, was 705 (SD, 155) N.
The median age at primary surgery was 44 (range,
15-76) years and the median implant period, AT,
was 6.2 (range, 0.1-12.3) years.

Results

The mean penetration depth was found to be 1.3
(SE, 0.2) mm, which gave a mean penetration rate
of 0.23 (SE. 0.03) mm/y (Fig. 1}. The intercept was
not found 10 be significantly different from zero. The
mean wear volume was calculated to be 551 (SE,
77) mm?® and a corresponding mean volumetric
wear rate of 96 (SE, 13) mm?3/y was deduced. The
mean total number of cycles to revision was 10.4
(range, 0.03-25.5) X 10°. The mean clinical wear
factor was found to be 1.93 (SE, 0.29) X 10°°
mm?/N-m.

The nonparametric trend analysis showed no
correlation between the thickness rank or locking
mechanism and the clinical wear factor (Fig. 2).

Discussion

The penetration rates found in this study compare
well with those found in other studies on 32-mm-
diameter heads [7,12]. These values do not support
the notion that there is a reduction in penetration

T

0 S

10 15

Implantation Period (years)

Fig. 1. Determination of the penetration rate using regression analysis. The outer curves are the 95% confidence limits of
the prediction. Note that the intercept is approximately equal io zero.
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Fig. 2. Variation of the clinical wear factor with liner thickness rank.

with large heads. Indeed, studies involving other
head sizes show similar penetration rates; Hernan-
dez et al. reported a penetration rate of 0.22 mm/y
with cementless femoral components [13) and Kabo
et al. observed a value o 0.23 mm/y [7}; both were
for 28-mm-diameter heads. Similarly, for Charnley
prostheses (22-mm-diameter heads), Hall etal. [11]
and Atkinson et al. [14] both reported linear wear
rates of 0.20 mm/y for explant studies.

The similarity in penetration rates may be re-
garded as coincidental; attention should be focused
on the corresponding volumetric wear rates. From
Figure 1, it can be seen that the creep component of
the penerration is minimal, as evidenced by the zero
intercept. Thus, the penetration into the liner is
caused mainly by wear. This is reflected in the high
mean volumetric wear rate of the PCA, 96 mm?/y.
Similarly high volumetric wear rates for 32-mm-
diameter heads are reported by Kabo er al. [7]: 88
mm?/y; however, smaller heads show lower rates of
wear: 75 mm?/y for 28 mm [7] and 55 mm?/y for 22
mm [11].

The variation in wear rate is in part attributable to
the greater sliding distance associated with the
larger femoral head sizes. A 32-mm-diameter head
has a 45% greater sliding distance than a 22-mm
head per cycle; hence, as wear is proportional to
sliding distance, the wear should be 45% larger per
cycle. The volumetric wear rate we obtained, how-
ever, is approximately twice that of studies on
22-mm heads. This further increase may be attribut-
able to the many differences in the prostheses and
the patient groups.

At this point, it is advantageous to consider the
clinical wear factor. The great benefit of this param-
eter is the ability to compare the wear performance
of prosthetic designs directly despite different pa-
tient groupings. Hence, for a given prosthesis de-
sign, a heavy, sedentary patient should achieve the .
same Keinicat @s @ light, active patient. Conversely, if
two joint types, say a cemented and an uncemented
design both with 32-mm-diameter heads, have the
same Kginicar then any difference in the wear rate is
atrributable to variations in patient activity and
weight between the two groups and not the fixation
method.

The mean dlinical wear factor found in this study of
1.93 X 107¢ mm?*/N-m and those for Charnley joints
reported by Hall et al. [11] and Atkinson et al. [14] of
2.1 X 107%and 1.96 X 10~°mm?/N-m, respectively, are
very similar. We have already established that approxi-
mately half the increase in wear rate is attributable to
the 32-mm head size over the 22-mm size of the
Chamnley. The equivalence in clinical wear factor indi-
cates that the remaining increase in wear rate found in
our study is attributable to the younger, more active,
patient group.

Further, the similarity in clinical wear factors
between the PCA and Charnley designs suggests
that the wear performance of these two joints is
similar; the metal backing and cementless system of
the PCA have little effect on the wear, nor does the
possibility of cement ingression in the Charnley.
Hence, if the PCA was to adopt a 22-mm head and
have the same patient profile as the Charnley, then
their volumetric wear rates would be comparable.
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Surface topography of retrieved PCA acetabular liners: proposal of a

novel wear mechanism
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[t is commonly accepted that the long term loosen-
ing, and subsequent failure, of a total hip replace-
ment is due an osteolytic response to particulate
wear debris [1]. Moreover, this immunological
response seems to be dependent on the morphology
of the debris produced [2]. Studies on wear debris
have indicated that the distribution of particle size
may be bimodal with particles of tens of micro-
meters in size in addition to sub-micrometer
particles [3]. Thus, the contribution of the larger
particles to the wear volume may be substantial
despite a lower frequency [4]. The influence of
femoral head roughness on the wear of the socket is
widely recognized [5]. However, the effect of the
socket surface topography on debris production has
had little investigation.

This study assesses the surface of the acetabular
liner using a combination of techniques. The use of
differential interference contrast (DIC) microscopy
and scanning electron microscopy (SEM) allows a
qualitative examination, while non-contacting pro-
filometry gives quantitative information on the
topography.

The porous coated anatomic (PCA) total hip
replacement (Howmedica) was chosen as it gave
the opportunity to study the mechanisms of wear
without the influence of cement ingression. Twenty
explanted acetabular liners were retrieved at revision
surgery; ten were of the one-piece design and ten of
the modular “snaplock” type. The patient group
consisted of 11 men and 9 women with a mean age
0of 41.2 & 12.9 y. The mean life of the prosthesis was
5.7+ 1.9y. The reasons for primary surgery were
rheumatoid arthritis in 8 cases, osteoarthritis in 4
cases, congenital displaysia of the hip (CDH) .and
ankylosing spondylitis accounted for a further 6
cases, with the remaining being for trauma.

A preliminary study was undertaken using a non-
contacting interference profilometer to assess the
surface (Zygo NewView 100). A ten times objective
lens was used, giving a coverage of 730 um by
550 um which represents a horizontal resolution of
2.3 um per pixel. The vertical resolution of this
instrument was 0.1 nm. Form error was removed as
twin orthogonal cylinders. The information obtained
was used to define a filtering wavelength of 50 yum.
The two topographical parameters selected to
describe the waviness and roughness of the surface

0261-8028 © 1998 Kluwer Academic Publishers

were the root mean square deviation and maximum
peak height values: these are defined in Fig. 1. The
explanted liners were measured quantitatively at six
positions in the articulating region and three in the
periphery.

Descriptive examination of the cups at low
magnifications was conducted using a differential
interference contrast microscope (Ziess Axiotech).
Magnifications of 100 and 200 times allowed the
wear features over large areas to be assessed.

Selected cups were gold sputter coated prior to
microscopic studies using a Joel JSM 1IC848
scanning electron microscope. A range of magnifica-
tions up to X 10,000 was used to ascertain the nature
of the nanometre scale surface features.

Prior to (?icroscopic assessment it was noted that
the worn surface exhibited a highly polished nature.
The microscopy provided valuable information on
the nature of the ultra heavy medium weight
polyethylene (UHMWPE) surface. The grain struc-
ture of the UHMWPE was easily distinguishable
using the DIC microscope (Fig. 2), however the
SEM seemed less capable in this regard (Fig. 3). The
width of the grains ranged from under 50 um to
approximately 250 um. No variation in the distribu-
tion of grain sizes was observed between the two
liner varieties.

Light scratching was observed in the worn region
with no dominant orientation. Occasional deep
scratches in the worn region were thought to be
attributable to damage sustained during surgery. The
unworn region often displayed evidence of deep
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Figure | Schematic diagram of roughness parameters.
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cycles would be needed to achieve the fatigue limit
of the UHMWPE. It is doubtful whethcr this would
happen prior to the removal of this material by
microadhesion or abrasion. Cooper’s wear model
would also be self-limiting in that once the asperities
are detached the surface would be devoid of any
long wavelength asperities. Therefore, the mechan-
ism by which this mode of wear is created has been
removed.

The treatment of UHMWPE as a homogenous
continuum by Cooper’s model may not be justified.
The presence of intergranular defects in both
finished components and the bulk UHMWPE prior
to manufacture has been reported by many authors
[10]. The microscopic investigation reported in this
paper clearly shows the grain structure at the surface
of the UHMWPE and thus the fatigue model of
Cooper et al., which does not exploit the inter-
granular weaknesses of the UHMWPE, must be
limited.

The large particle dimensions are strikingly
similar to those of the depressions seen in the
topographical studies presented in this paper. This
suggests that the depressions observed are caused by
the release of a platelet wear particle from the
surface. The mechanism by which this would happen
is illustrated in Fig. 6. The bulk of the UHMWPE is
removed by microadhesion or abrasion, creating the
sub-micrometer sized wear particles. However, when
only a portion of an individual grain remains it is
vulnerable to fatiguing of the grain boundary region
by shear stresses. This may quickly result in the
failure of the mechanical interlock between the
grains which would facilitate the removal of the

»
LAY

1. Very Smooth.
Material removed
through
abrasion/adhesion.

surface especially at
grain boundaries.

Fatiguing of
material close to \\

remaining portion of the grain by a plucking or
rolling motion.

The failure to observe the depressions in all the
liners may reflect the random nature of the selection
of sites assessed. This mode of wear may be
restricted to a certain set of tribological conditions
or region of the liner. Alternatively, the variation in
the quality and granular integration of the
UHMWRPE could explain this phenomenon.

This model exploits the granular structure of the
UHMWPE by fatiguing the bulk material at its
weakest point, it is capable of producing the surface
topography observed and the wear debris predicted.

Further work, including wear debris analysis and
finite element analysis of the stresses imposed on the
UHMWPE asperities, is needed to substantiate this
hypothesis.
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The frictional behaviour of explanted PCA hip

prostheses
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Abstract: The frictional characteristic of 22 explanted and two unused PCA total hip arthoplasties
were assessed using the Durham hip simulator. The friction of the cxplanted joints was not found to
be significantly different from that of the unused joints. In contrast, explanted Charnley joints often
exhibit increased frictional characteristics. This discrepancy is accounted for by the lack of cement

ingression in the PCA design.

Keywords: friction, retrieval, total hip replacement
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frictional torque
entraining velocity
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1 INTRODUCTION

One of the most commonly employed artificial joint
procedures at present is the Charnley low friction arthro-
plasty. It was designed such that the shear stress at the
bone—cement interface of the acetabulum was low, and
therefore the life of the prosthesis maximized. Three stra-
tegies were employed to achieve these design goals: the
materials were chosen to give a low coefficient of friction;
the diameter of the femoral head was small (22 mm);
and the fixation diameter of the acetabular component
was large, thereby keeping the stresses to a minimum [1].

The primary differences between the Charnley and PCA
designs are in the fixation methods and the diameter of the
articulation. The Charnley is cemented into the bone and
has a stainless steel head, while the PCA uses cementless
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* Present address: Academic Department of Orthopaedic Surgery,
Clinical Sciences Building, St James's University Hospital, Leeds.
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fixation and a larger diameter (26, 28 or 32 mm) cobalt—
chrome-molybdenum alloy (CoCrMo) femoral head.

It has been shown previously [2, 3] that the friction of
Charnley joints increases after implantation. Theoretically,
the cyclical nature of the torque consequently imposed on
the bone—cement interface may well contribute to the loos-
ening of the prosthesis through a fatiguing mechanism.
However, Hall et al. [3] showed that the torques were not
of sufficient magnitude for friction to have any effect on
loosening rate. The aim of this study was to assess the
eflects of time of implantation on the friction of PCA joints
and compare these to those of Charnley joints.

2 EXPERIMENTAL PROCEDURE

2.1 Materials

The 22 hip joints used in this study came from a larger
cohort of 100 explanted joints. The selection of joints used
was random, though joints were excluded if they showed
signs of fracture or delamination of the ultra-high molecu-
lar weight of polyethylene (UHMWPE) within the articul-
ating region of the socket. All the joints selected had a
femoral head diameter of 32 mm. Two unused joints were
also tested for comparison (supplied by Howmedica). The
original PCA design utilized a one-piece acetabular compo-
nent while later examples used a snaplock mechanism to
provide modularity of the acetabular component. This
study used seven joints of the snaplock type, while the
remainder were of the one-piece design. The two new joints
tested were of the snaplock type.
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Fig. 1

Box (median and interquartile range) and whisker (upper/lower adjacent values) plots, including

individually plotted outliers, of friction factor against viscosity by joint type

5 CONCLUSION

By omitting cement fixation {rom the PCA design, one
source of third-body damage to the femoral head has
been removed. This has been shown to reducc the fric-
tional force generated by articulation. However, the
large femoral head size of the PCA negates any benefit
in terms of frictional torque that may otherwise be
attained.
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