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Abstract

One of the most important mandates of physical joint simulators is to provide test results
that allow the implant manufacturer to anticipate and perhaps avoid clinical wear problems with
their new products. This is best done before market release. The present study gives four steps to
follow in conducting such wear simulator testing. Two major examples involving hip wear
simulators are discussed in which attempts had been made to predict clinical wear performance
prior to market release. The second one, involving the DePuy ASR implant systems, is chosen
for more extensive treatment by making it an illustrative example to explore whether wear
simulator testing can anticipate clinical wear problems. It is concluded that hip wear simulator
testing did provide data in the academic literature that indicated some risk of clinical wear
problems prior to market release of the ASR implant systems. This supports the idea that
physical joint simulators have an important role in the pre-market testing of new joint

replacement implants.
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Introduction

“Physical joint simulators™ is a rather broad topic for a special issue of the Journal of
Engineering in Medicine. It could include the cadaveric simulators used to investigate joint
loading, contact stress and risk of loosening such as the shoulder simulator described by Giles et
al [1]. It could also include the whole joint natural knee simulator that may be used to assess
cartilage or meniscal repair interventions as described by Liu et al [2]. However, most physical
joint simulators are designed and used to investigate the wear of joint replacement implants that
involve the articulation of various combinations of non-biological components. The surfaces of
these components can be made from materials such as polyethylene, ceramic or metal. Therefore,
the present study provides a focus on these simulators and their role in anticipating clinical wear
problems.

Clinical wear problems are caused by the volume of wear particles and the reaction of the
body to these particles. It is not enough to design components to achieve low levels of
volumetric wear. The number, size, shape and biological reactions to the wear particles must be
considered [3-6]. However, in the present study, only volumetric wear rate is considered and it is
assumed that most wear simulator investigations try to address the issue of reducing volumetric
wear rates. The reaction of the body to wear particles would eventually be considered when
looking at the risk associated with a particular volumetric wear rate.

While it may seem that a progression to a rather narrow scientific field is occurring, the
study of wear itself is quite complex. For example, when two hip or knee implant components
articulate, nano-scale interactions occur over a large macro-scale contact zone. Depending on
local conditions (geometry, contact stress, micro-hardness and so on) a wear particle may be
produced. This local micro/nano-contact may or may not cause progressive damage that
produces further particles. Thus, wear can be a cascading process. Furthermore, a second pair of
nominally identical components may articulate without producing as extreme a local contact and
may ‘“‘cascade to” much lower, less progressive wear. As a result, volumetric wear rates are very
scattered and abnormally high wear rates can occur unexpectedly for some component pairs.

To address the above issues, simulator wear testing involves the testing multiple specimen

pairs of nominally identical features. Statistical comparisons are made and often design features
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can be identified that cause higher wear rates. However, when two or more sample groups are
compared and wear rate differences are not found, they are frequently interpreted as giving
strong support for the idea that wear rate differences do not exist. This, of course, is wrong and
leads us to the classic limitation of statistical analysis.

If statistically significant differences are not found, you are left with a conclusion that there
is no statistically significant evidence to support either a difference or a lack of difference
between the samples. Does the science of statistics have a solution to this problem? Yes, you
need more “power” which essentially means you need to have large sample sizes to seek out
differences and then, if you do not find differences, you can finally say (with the help of further
statistical analysis) with some confidence that there are indeed no differences.

For simulator wear of joint replacement implants the sub-populations that the simulator
results are trying to sample are massive and full of uncontrolled, often unknown variables that
can influence wear. The only way to address this problem is to build large databases of wear
simulator results so that findings of “lack of differences” can be supported by statistical theory
that says they are likely to be valid. However, in this process, it may be found that there actually
are differences.

This means that in the business of seeking out risks of high clinical wear rates, it is
necessary to conduct extensive comparisons and explorations of simulator wear rates. It is never
sufficient to test two groups of say six implants of different designs in one “standard” wear test
protocol and finding no statistically significant differences in wear rates conclude that their
design differences will not influence clinical wear rates.

Now, it is true that not all simulator studies are looking to identify risks. Often, they are
explorations of wear behaviour to provide explanations for the in vivo performance of the
implants with regards to wear. In other words, they are scientific investigations and they are
essentially trying to advance our understanding of clinical wear phenomena. However, new joint
replacement designs involving complex contact mechanics, lubrication and new materials are
continually emerging from orthopaedic implant manufacturers and start-up companies. In the
development of these new designs, simulator wear testing is performed to identify the risk of
wear that might be high enough to cause clinical problems when the new product is released. It is
this aspect of “physical joint simulators” that the present study seeks to explore. Can a wear

simulator be used reliably in new product development to assess the risk of high volumetric wear
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that can cause clinical wear problems prior to product release? This issue of pre-market testing is
perhaps the most important philosophical question associated with all types of physical joint
simulators. If an affirmative answer cannot be supported, the whole physical joint simulator
“research industry” begins to collapse and one is left with relying on “trial-and-error” clinical

trial approaches for new product development.

The Steps

It is recognized that specifying steps to identify the role of wear simulator testing in new
product development is treading on “dangerous ground”. However, the following steps are to be
considered as general guidelines rather than exact recipes. An illustrative example is eventually
presented in order to provide some more specific detail.

A good approach would involve multiple institutions performing a “suite” of very similar
multi-implant tests to produce large and comprehensive data bases. Then, it would be necessary
to compare data extensively. The whole procedure would probably have to be mandated by
regulatory bodies with support from standards associations. This may seem impossible but a
group of major automobile manufacturers (including Honda and General Motors) have
collaborated in developing a “numerical human model” with finite element analysis and tissue
properties provided by extensive multi-institution studies to be used to assess the various designs
of safety devices in their automobiles under “vehicle crash” impact conditions [7, 8]. If this level
of collaboration can occur in the automotive industry, why not in the orthopaedic industry?

In any case, the proposed steps are as follows.

1.  Use wear simulators to establish the average wear rates under ideal (ID) conditions that
are likely to be mild for wear. This should be done using prototype implants (or
implants that are as close as possible to the new product in design). This was also called
for by Fisher [9] in his stratified approach to pre-clinical tribological evaluation.
Support for the average wear rates under these ID conditions can be obtained by
showing that on average they have less wear than similarly designed implant retrievals.
This identification of the average wear rates under ID conditions can be quite difficult

and can involve simplifying assumptions, data exploration and correlations.
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There is an obvious role for standard testing here because data comparisons are less
meaningful when test conditions vary. However, such standard tests should not be

“acceptance tests” for product release.

Select various clinically relevant (CR+) conditions that are likely to be adverse for wear
(and thus a plus sign is included in the acronym). Apply them in simulator tests. These
CR+ conditions could include stop-start, microseparation (or microlaterization as it is
now called), poor surgical positioning, cup micromotion due to poor fixation and so on.
Once again, this was called for by Fisher [9] and he suggested a series of these
conditions for simulator wear testing. Sequential duty cycle testing can be very useful in
rapidly exploring the wear under various CR+ conditions [10, 11]. Eventually some
additional standard tests could be developed that apply CR+ conditions but just well-
documented wear testing that avoids “averaging out" the more pertinent high wear
sample pairs would be useful in this step.

Some “device-specific” testing should also be performed in an attempt to anticipate
high wear scenarios. For example, studies of cup deformation were performed for the
ASR metal-on-metal implants [12, 13] because their original design had thin cup walls
in comparison with other similar products but unfortunately no simulator wear studies
were published for deformed ASR cups in the academic literature. It is unlikely that
standard tests can be developed for device-specific testing and each new design feature

of the implant product that is likely to influence wear should be specifically targeted.

Identify wear rates under CR+ conditions that suggest the risk of high clinical wear by
comparing their wear rates with those under ID conditions and also comparing their
wear rates and surface features with those of retrievals of similar implants. Previous
simplifying assumptions and correlations may influence these comparisons. However,

any identification of “risk” should elicit further study before product release.

If the risk levels are judged to be too high, new designs with fewer modifications
compared with existing products should be considered. Besides modifications to
implant design, surgical procedures and patient selection should be studied if they are

likely to cause increases in clinical wear.
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Clearly, it is easy to specify these steps and not so easy to follow them effectively. Some
general advice is available. According to Fisher [9], the development of new products should
move slowly with much more wide-ranging simulator test conditions and careful examination of
the tissue response to wear particles of new implant materials. Zywiel et al [14] also called for a
slow development with close monitoring of early clinical retrievals for new implant products.
They also expressed some concern that innovation might be stifled by too rigorous an approval
process while, at the same time, pointing out that the approval process for orthopaedic implants

is much less rigorous than that faced by drug companies.

Reputation Issues

It is now interesting to consider the “track record” of wear simulator testing in the
development of new hip implants over the last 25 years or so. Two major cases for hip wear
simulator testing in pre-market new product development can be identified and considered. The
first one is not considered in as much detail as the second one.

The first one, then, is the development of highly crosslinked polyethylene (HXPE) acetabular
cup liners. This development involved considerable wear simulator testing at various institutions.
However, when the first clinical retrievals were examined the articulating surfaces looked very
different from those produced in simulator wear testing [15]. This was a distinct failure in wear
simulation. It seemed that the CR+ condition of hard particle ingress into the joint space had not
been included in the pre-market simulator testing (and it was more common than previously
thought). Subsequent wear simulator testing suggested that, although considerable deformation
occurred at the surface, the wear of the HXPE actually remained quite low in comparison with
conventional polyethylene liners [16]. Thus, HXPE was not withdrawn from the market and they
have apparently performed very well up to some 20 years in a wide variety of patients and hip
implant designs. So, wear simulator testing had not identified the clinical surface appearance but,
fortunately, crosslinked polyethylene liners still performed well in terms of low wear rates.
However, there was some decline in the general reputation of physical joint simulator research in

the orthopaedic community because the simulator tests did not simulate clinical conditions

properly.
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The next major case involving the efficacy of pre-market hip simulator testing was in the
development of the DePuy ASR metal-on-metal hip implant systems. Without launching into the
huge and controversial topic of the ASR problems, the present author thinks that there were some
clinical wear issues with the ASR implant systems [17-19]. At a glance, it seems that wear
simulator testing had not anticipated the various CR+ conditions that caused high wear in some
patients. However, the ASR design was based on and apparently supported by quite extensive
hip simulator testing but most of it was with similar products rather than ASR bearings [20].
Were the four steps described above followed? The present author would say that they were to
some extent followed. So, at what stage did the simulator testing for the ASR development run
into difficulty? The answers to these questions are very important and they are addressed in the
subsequent sections of the present paper because it would appear that, once again, the reputation

of “physical joint simulators” research had declined in the orthopaedic community.

lllustrative Example

So far in the present study, some general opinions have been given and it could be said that
some rather obvious statements have been made. In this illustrative example, a much more
specific treatment is given, particularly in describing what could have happened in the four step
procedure regarding the identification of the risk of high clinical wear for the ASR implant
systems prior to market release. The intent is not to examine why the ASR implants had high
wear in some patients or if high wear is the only factor involved in the “higher than expected
revision rate at five years” that is mentioned in the August 24, 2010 letter [21] to clinicians in
which announced the ASR recall.

The year 2004 is taken as the approximate market release year for the ASR systems (actually
it was July 2003 for Australia, March 2004 for the United Kingdom and December 2005 for the
stemmed ASR XL in the United States). To address the requirements of steps 1 — 4, a fairly
comprehensive “pre-market data set” for hip wear simulator studies of metal-on-metal implants
has been obtained exclusively from the academic literature published up to 2004. Also, a second
representative (and less comprehensive) “post-market data set” has been obtained exclusively

from the academic literature published after 2004. The second post-market data set is only used
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to consider whether the risks identified in the pre-market release testing actually manifested into
a clinical wear problem. The pre-market data set is sufficient to develop the average wear rates
under ID conditions and some considerations of CR+ conditions but unfortunately device-
specific testing is not represented.

The pre-market data set is quite extensive but very difficult to formulate in a way that
permitted following the above specified four steps. A number of assumptions have been made to
get all the data into a single type of correlation that allows a comparison of simulator and

retrieval wear rates.

Assumptions

e Let 2 million cycles (Mc) in a simulator be equivalent to 1 year in vivo.

e Estimate in vivo wear rate from simulator wear results by dividing the simulator wear
(mm°) by the number of cycles (Mc) at the end point of simulator testing and then divide
this number by 2 to get the in vivo wear rate (mm’/yr). This ignores the different run-in
and steady state wear rates that many implant exhibit in simulator wear testing.

e If volumetric wear is available from retrieval studies, it can simply be divided by the
implantation time (yr) to get a wear rate (mm>/yr). Note that run-in and steady state wear
rates are not readily available for implant retrievals.

e Linear wear (which is most often reported in retrieval studies) can be converted to
volumetric wear using a correlation based on the academic literature published prior to
2004 (Appendix A).

e Plots of wear rate (V) versus the reciprocal of the effective radius (1/R) with effective

radius (R) defined as

R=RuRe ()
Rc - Ry
where Ry = radius of head surface (m)

R¢ = radius of cup surface (m)

can be used to obtain “positive” correlations that will identify average wear rates under

ID conditions and higher wear rates under CR+ conditions.
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The selection of 1/R for the above plots is motivated by its likely influence on lubrication and
contact stress. Estimated fluid film thickness increases with R and the average contact stress
(when the surfaces are not in motion) decreases with increasing R. This suggests that when 1/R
is low, fluid films are thicker and average contact stresses are lower and because of both of these,
the wear rate should be lower. Thus, as 1/R increases, the wear rate should increase thus giving a
“positive” correlation. It is not essential that 1/R is the only variable influencing the wear rate; it
must only capture enough of the wear rate variation to allow the identification of high wear
caused by certain CR+ conditions. This will be demonstrated in the subsequent data exploration.

The correlation of wear rate with variables such as 1/R is not exactly new. A number of
early studies correlated wear with film thickness estimates that were proportional to R [22, 23]
or with R directly [24, 25]. However, these early efforts did not have, or did not identify, testing
under CR+ conditions. They had more focus on the general understanding of metal-on-metal hip
implant wear rather than attempting to identify the risk of higher clinical wear. As mentioned
above, 1/R (rather than say R) is correlated in the present study to allow simple linear fits of the
data and thus permits easier identification of groups with higher wear rates.

To provide an overview of the data used in the present study, a single plot with all the
studies considered has been assembled (Figure 1) and supporting tables give some details of
these studies (Appendix B and C). The data values were obtained directly from tabulated values
in some of the studies but mostly using digitizer software (GetData Graph Digitizer 2.26, Digital
River GmbH, Cologne, Germany) on plots presented in the various studies. All plots in the
present study were developed using specialized software (Grapher 10.5, Golden Software Inc.,
Golden, CO, U.S.A)).

Both pre-market and post-market studies are included, although the pre-market studies are
the only ones needed to follow the previously specified four steps to identify risks of high
clinical wear. The data points that are red in Figure 1 are for simulator wear studies conducted
with CR+ conditions [26-29, 10, 30-33]. The wear rates under CR+ conditions do not seem to be
a strong function of 1/R, given that various high levels of wear rate occur over small ranges of
1/R. However, it may be that CR+ conditions cause cup edge contact wear or other types of wear
which once established have wear rates that are not governed by the 1/R value. In addition,

retrieval study data are included [34-38, 19] and tend to show higher wear rates than many of the
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simulator studies, including those conducted under CR+ conditions. Digital data in tabular form
was provided for the Rieker et al [37] study as a personal communication from its first author.
While there is considerable overlapping data and trends are difficult to identify, the first step can

be performed.

Step 1

Only the pre-market data set is considered and since most metal-on-metal implants had 1/R
< 0.3 m”, the 1/R values are clipped at this limit to focus and clarify the presentation. In all
graphs of the present study, clipping is only related to 1/R; the corresponding V’ values are not
clipped. Also, for some of the subsequent graphs, the 1/R clipping is removed because the data
correlation is strengthened by considering the full range of 1/R.

The resulting plot (Figure 2a) shows the data more clearly. Despite considerable overlap of
simulator and retrieval data [34, 36, 37], it is apparent that some simulator studies [24, 39, 40-42]
at low 1/R values have higher wear rates than is suggested by the retrieval data. Assuming that
the retrieved implants had been subjected to various CR+ conditions, it is expected that their
wear rates should be higher.

On this basis, a number of simulator studies, including two early studies involving the
present author [39, 24], are identified as having unrealistic wear rates for the ID conditions
apparently applied (Figure 2b). In the two studies involving the present author, implant
specimens had some variation in sphericity and initial surface roughness that gave some quite
high run-in wear and many of the early tests were of relatively short duration. Consequently,
with the assumption that clinical wear rates could be estimated by simply dividing the endpoint
wear volumes by cycle time in the conversion process to wear rates tended to produce
unrealistically high wear rates. It is not known why the other studies [40-42], that have been
judged as unrealistic, had high wear rates, although they (like our two studies) did show
considerable scatter in wear rate when plotted against 1/R.

To make the judgement that the results in these studies [24, 39, 40-42] are all unrealistic is
perhaps too harsh a judgement. For example, the data presented in Dowson et al [42] included
some ASR implants that, as a sub-group, did have very low wear rates. However, it has been
decided that rest of the data presented had unrealistically high wear rates and for this reason the

entire study is categorized as unrealistic. Fortunately, other data existed with ID conditions that
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had lower more “realistic” wear rates [22, 43-46] which could be used to establish the average
wear rate under ID conditions.

The “unrealistic” data is subsequently removed and the remaining “ID condition” data fell
within and towards the lower side of the retrieval data. When this ID condition data is correlated

over the entire 1/R range, a strong positive correlation results (Figure 3a) as shown below

V'=4.331(1/R)-0.288  [R*=0.73] )

where V' = wear rate (mm’/yr)
R = effective radius (m)

R>= coefficient of determination

When the retrieval data is added into the correlation, it weakens and the slope increases (Figure

3b) as shown below

V'=8.057 (1/R) - 0.593  [R*=0.09] (3)

It is noted that the retrieval results of Scott and Lemons [35] have not re-appeared in Figure 3b or
in any figure in the rest of the present study because they were obtained for Sivash implants with
a constrained head and thus are considered to have a very different tribology from all other
metal-on-metal hip implants.

The increase in slope and weakening of the correlation (with R’ dropping from 0.73 to 0.09)
in Figure 3b suggests that many of the retrieved implants had sustained wear under some CR+
conditions. The retrieval implant wear rates, in general, fall above the simulator wear rates under
ID conditions. Thus, if the simulator wear rates under CR+ conditions follow the retrieval wear

rates, risk can be identified.

Step 2

Wear simulator results from tests with CR+ conditions (that are likely to occur in vivo to
varying extents for all patients) are included in the pre-market data set. The CR+ conditions are

stop-start motion [26] and microseparation [27-29]. Unfortunately, device-specific testing to
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identify anticipated high wear scenarios is not available in the academic literature up to 2004.
Thus, the present study cannot compare any wear rates that could have been obtained from such
testing. For the ASR implant systems, simulator testing involving deformed cups,
microseparation, high angles of cup inclination and various combinations could have addressed

this aspect of the requirements of Step 2.

Step 3

This step requires the identification of wear rates under CR+ conditions that suggest the risk
of high clinical wear. Thus, the available simulator wear results under CR+ conditions are added
in for the range, 1/R < 0.3 m”', and their resulting higher wear rates can be clearly identified
(Figure 4). This identification would have been more distinct if wear rates for each implant had
been published for the CR+ condition data under microseparation conditions [27-29]. Also, it is
unfortunate that more wear simulator testing under CR+ conditions had not been available in the

academic literature before ASR market release in about 2004.

Step 4

Although none of the simulator testing under CR+ conditions used ASR implants and much
of the retrieval data was for smaller diameter components, there is a clear indication that the
wear rates of metal-on-metal hip implants are quite sensitive to certain CR+ conditions (Figure
4). With the adopted data treatment, some level of risk of high clinical wear is shown by the wear
rates found in the CR+ condition simulator studies. Thus, wear simulator testing could have

identified risk prior to the 2004 market release.

Clinical Performance of ASR Implant Systems

The ASR implant systems were released to the market in about 2004. Hip wear simulator
studies continued, some using ASR implants [31, 47] and both ID [31, 48] and CR+ [30-33]

conditions were applied. Also, some new retrieval data was obtained [38] but this did not include
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ASR implant systems. Eventually, a study with retrieval data for one of the ASR implant systems
was conducted by Lord et al [18].

All of the above data is placed into a post-market data set and plotted. Essentially, a very
similar pattern to Figure 4 is revealed except wear rates are all much higher (Figure 5). In
particular, the retrieval wear rates for one of the ASR implant systems [18] are very high (up to
96 mm’/yr).

The wear rates of the ASR retrievals follow the high wear rates of the hip simulator testing
under CR+ conditions (involving high inclination angles and/or microseparation) thus
confirming that the risk of high clinical wear has been realized for some ASR implants. The
post-market data set is not comprehensive and, in particular, there may be more ASR retrieval
data available from Campbell et al [49] but they have not yet revealed the component radii and
implantation times corresponding to the measured volumetric wear of their retrieved implants.

Such data values are needed for the present analysis.

Conclusions

There is a need for the steps described in the present study to be followed to allow wear
simulator testing to anticipate and hopefully avoid clinical wear problems. It is important to
develop and use correlations in data comparisons to guide the interpretation of simulator wear
and implant retrieval results. In the particular case of the ASR implant systems, the hip wear
simulator data did provide a warning of the risk of high clinical wear for the ASR implant
systems using data from pre-market studies. This provides evidence to support the idea that, in
general, physical joint simulator testing can anticipate clinical wear problems of new joint

replacement implants prior to market release. Physical joint simulators should be used for this

purpose.
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Appendix A

Development of a Formula for Converting Linear to Volumetric Wear

Data values are taken from both early analytical [39, 50, 44] and early experimental [34]

studies and fit by a power relationship to produce the following conversion formula (Figure A1).

V =0.0702 L' [R?=0.88] (A1)

where L = linear wear which is the sum of maximum head and cup
surface deviations from their original spherical shape that
are caused by the wear (um)
V = volumetric wear (mm°)

R?>= coefficient of determination

Some later studies [51, 52] produced experimental data that, although scattered, is quite well

represented by the conversion formula based on the early data.
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Appendix B

Details of the Simulator Studies Used in the Present Study

The simulator studies are listed in chronological order with some details of the test
components and conditions (Table B1). The studies are identified by the first author and date of
publication here and in the legends of the graphs in the figures of the main body. The reference

numbers for these studies are included in Table B1.
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Appendix C

Details of the Retrieval Studies Used in the Present Study

The retrieval studies are listed in chronological order with some details of the components,
implantation times and whether linear or volumetric wear was measured (Table C1). The studies
are identified by the first author and date of publication here and in the legends of the graphs in

the figures of the main body. The reference numbers for these studies are included in Table C1.
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Captions

Table B1. Details of the wear simulator studies considered in the present study. See Legend

below for definitions of the acronyms.

Table B1. Details of the wear simulator studies considered in the present study (continued).

See Legend below for definitions of the acronyms.

Table C1. Details of the retrieval studies considered in the present study. See Legend below

for definitions of the acronyms.

Figure 1. Correlation of all the data considered in the present study. The data points that are
coloured red are for simulator wear under CR+ conditions (such as stop-start, microseparation,
high inclination angle, “jogging” conditions). See Tables B1 and C1 for further details of the
studies listed in the graph legends. The reference numbers for the various studies are found in
Tables B1 and C1. The * superscript indicates a second data set from the same publication.

Figure 2. A focus in the region of interest (1/R < 0.3 m™) for the studies published up to 2004:
(a) showing all of the data and (b) showing classified simulator data with the omission of data
obtained for CR+ Conditions. Note that the 1/R axis limit is reduced to 0.3 m™ and the V’ axis

limit can then be reduced to 20 mm?/yr.

Figure 3. Linear fits for data from studies published up to 2004: (a) for ID conditions and (b) for
ID Conditions and Retrievals together. Note that the 1/R axis limit is 1 m™ (as in Figure 1) which
allows the higher 1/R values to strengthen the correlations. The V’ axis limit can remain at 20

mm’/yr (as in Figure 2).

Figure 4. The identification of higher wear rates in simulator testing under CR+ conditions for
studies published up to 2004. Note that the 1/R axis limit returns to 0.3 m™' (as in Figure 2) and

the V’ axis limit can remain at 20 mm*/yr (as in Figures 2 and 3).



Page 26 of 35

Figure 5. The simulator wear rates under ID and CR+ conditions and wear rates from one
retrieval study, all studies published after 2004. Note that the 1/R axis range remains at 0.3 m”
(as in Figures 2 and 4) but the V’ axis limit must increase to 100 mm’/yr (as in Figure 1). The *

superscript indicates a second data set from the same publication.

Figure Al. Formula for converting linear (L) to volumetric (V) wear. In the order listed in the

legends, the early data was from [39, 50, 34 and 44] and the recent data was from [51, 52].
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Table B1. Details of the wear simulator studies considered in the present study. See Legend below for

definitions of the acronyms.

Study Year Ref Sim/ Alloy Dia Rc-Ry n  Fox Notes
Cycles ASTM (mm) (pm) (kN)
(Mc)
28 18-87 6 ) :
Mediey 1996 [39] MATCO pis37(L0), F75 2 - Customimplants
1.4-3.1 45 45315 8 - some high run-in wear
MATCO - custom implants
Chan 1996 [24] 31 F1537(LC), F75 45 89-315 5 2.1 add cycles to some implants from [1]
MATCO - 2 implants with Rc-Ry; not included
Farrar 1997  [43] 20 F1537 28 7-161 10 2.0 wide range of Rc-Ry;
MATCO F1537(HC) - Sulzer: HC
Medley 1998 [44] 1.5 F1537(LC) 28 4546 21 custom implants: LC
MATCO F1537(HC) - custom implants
Chan 1999a [22] 3.0 F1537(LC), F75 28 155322 21 smooth, low sphericity
MATCO F1537(HC) - custom implants
Chan 1999 261 7 10 Fis3LC)Fs 2B O 6 34 CR+ conditions: stop-start motion
: 28 46-68 4 - Sulzer
Goldsmith 2000 [45] LTOSM  pis537(HC) 2.9
34-50 36 58-86 6 - DePuy: smooth,low sphericity
o Physiol  F1537(HC) - custom implants
Firkins 2001a [40] 55 F1537(LC) 2822333 - mix HC and LC heads and cups
Lo Physiol F1537(HC) - custom implants
Firkins 20016 [41] 55 F1537(LC) 28 29313 - LC heads against HC cups
Scholes 2001 [46] Custom F1537(LC) 73 2240 4 20 - did not find a relationship between
5.0 wear and clearance
ProSim - CR+ conditions: microseparation
Butterfield 2002 [27] 5.0 ) 28 30 3 " - wear not considered high
Fisher 2002 [28] Physiol ) 3 30 ) _ - CR+ conditions: microseparation
5.0 - caused increased wear
o ProSim F1537, HC head, - CR+ conditions: microseparation
Williams 2004 [29] 5.0 LC cup 28 30 > 20 - wear “significantly increased ”
ProSim  F1537 (HC) 16- 30.5- - include 5 ASR’s (54.5 mm Dia)
Dowson 2004 [92] » 50 75 545 1435 20 27 _\ide range of head sizes
Custom  F75 as cast 104- - CR+ testing: 1.75 Hz for 1 Mc
Bowsher 2006 [10] F75 HIP+SA 40 144 >o4s part of a duty cycle
Vassilion 2006  [48] g‘(‘f“’m F75 so SIS 5 50 - ls‘izbféz‘if;’;a‘i‘;gsmo“ly low wear
. ProSim 38.5- - all ASR’s, averaged values
Leslie 2008 [47] 15.0 F75 54.5 33-63 1030 more run-in wear for the smaller size
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Table B1. Details of the wear simulator studies considered in the present study (continued). See

Legend below for definitions of the acronyms.

Study Year Ref Sim/ Alloy Dia Rc-Ry n  Fox Notes
Cycles ASTM (mm) (pm) (kN)
(Mc)

Custom  F1537(LC) - CR+ conditions: high angle

Williams 2008 [30] 5, Fis37c) 25 30 4 © _LC head against HC cups
as above 28 30 5 _ Sy :
Williams* 2008 [30] Custom i CR+ condlthns. high angle with
2.0-5.0 F1537 39 63 6 microseparation
. ProSim - CR+ conditions: high angle
Leslie 2009  [31] 20 F75 375 63 5 30 ASR’s
Leslie* 2009 [31] Physiol F75 375 63 5 30 CR+ condltlgns: high ’angle with
2.0 microseparation, ASR’s
; 28 40-43 3 . T ;
Al-Hajjar 2013 [32] Physiol F75 30 CRf cpndltlons. microseparation
[33] 3.0 36 40-57 3 - Corin implants
: 28 40 3 ) e i ;
Al-Hajjar* 2013 [32] Physiol F75 3.0 CR+ condltlgns. hlgh apgle with
[33] 3.0 36 40-51 3 microseparation, Corin implants
Legend
Ref = reference number Sim = simulator Mc = millions of cycles
Dia = nominal head diameter Ry =radius of head surface  R¢ = radius of cup surface
n = number of implants tested Fax = peak load

F75, F1537 = ASTM alloy designations
HC = high carbon (> 0.20%) LC =low carbon (<0.07%)

* indicates a second data set from the same publication (involving different CR+ conditions)
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Details of the retrieval studies considered in the present study. See Legend below for

definitions of the acronyms.

Study Year Ref Implant n Dia Rc-Ry  Time Notes
Name (mm) (nm) in situ
(yn)
McKee-Farrar - convert linear to volumetric wear
MeKellop 1996 [34] Ring (1 only) 9 34l 64-193  1-25 - measured head volumetric wear
Scott 1998  [35] Sivash 13 28 60-115 1.8-22 - head held within the cup
Campbell 1999 [36] Metasul 3 28 48-60 2.2-4 - convert linear to volumetric wear
Rieker 2004 [37] Metasul 110 28 35-78  0.3-8.5 - convert linear to volumetric wear
McMinn, BHR - convert linear to volumetric wear
Medley 2007 [38] Wagner, Cormet 19 398558 92275 0210 iface replacement but not ASR’s
Medley* 2007 [38] Biomet, Accis 2 27.8-42.0 45-136 42-46 - convertlinear to volumetric wear
- stem-type implants
Lord 2011 [18] ASR 22 40.5-50.5 50 0.7-48 - measured volumetric wear
- surface replacement
Legend

Ref = reference number

Ry = radius of head surface

n = number of implants

R¢ = radius of cup surface

Dia = implant diameter

* indicates a second set of retrieval data from the same publication (for a different type of implant)
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Figure 1. Correlation of all the data considered in the present study. The data points that are
coloured red are for simulator wear under CR+ conditions (such as stop-start, microseparation,
high inclination angle, “jogging” conditions). See Tables B1 and C1 for further details of the
studies listed in the graph legends. The reference numbers for the various studies are found in
Tables B1 and C1. The * superscript indicates a second data set from the same publication.
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Figure 2. A focus in the region of interest (1/R < 0.3 m™) for the studies published up to 2004:

(a) showing all of the data and (b) showing classified simulator data with the omission of data

obtained for CR+ conditions. Note that the 1/R axis limit is reduced to 0.3 m™ and the V’ axis

limit can then be reduced to 20 mm”/yr.
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Figure 3. Linear fits for data from studies published up to 2004: (a) for ID conditions and (b) for
ID Conditions and Retrievals together. Note that the 1/R axis limit is 1 m™ (as in Figure 1) which
allows the higher 1/R values to strengthen the correlations. The V’ axis limit can remain at 20

mm’/yr (as in Figure 2).
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Figure 4. The identification of higher wear rates in simulator testing under CR+ conditions for
studies published up to 2004. Note that the 1/R axis limit returns to 0.3 m™' (as in Figure 2) and

the V’ axis limit can remain at 20 mm’*/yr (as in Figures 2 and 3).
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Figure 5. The simulator wear rates under ID and CR+ conditions and wear rates from two
retrieval studies, all studies published after 2004. Note that the 1/R axis range remains at 0.3 m™
(as in Figures 2 and 4) but the V’ axis limit must increase to 100 mm®/yr (as in Figure 1). The *

superscript indicates a second data set from the same publication.
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Figure Al. Formula for converting linear (L) to volumetric (V) wear. In the order listed in the

legends, the early data was from [39, 50, 34 and 44] and the recent data was from [51, 52].
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