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Abstract The failure of metal on polyethylene total
hip replacements due to wear particle induced osteol-
ysis and late aseptic loosening has focused interest
upon alternative bearings, such as metal on metal
implants. A recent advance in this field has been the
development of a novel ceramic on metal implant. The
characteristics of the wear particles generated in this
low-wearing bearing have not been previously deter-
mined. The aims of this study were to characterise
metal wear particles from metal on metal and ceramic
on metal hips under standard and adverse (microsep-
aration) wear conditions. Accurate characterisation of
cobalt-chrome wear particles is difficult since the
reactive nature of the particles prevents them from
being isolated using acids and bases. A method was
developed to isolate the metal wear particles using
enzymes to digest serum containing lubricants from
metal on metal and ceramic on metal hip simulations.
High resolution scanning electron microscopy was then
used to characterise the wear particles generated by
both metal on metal and ceramic on metal implants
under standard and microseparation wear conditions.
The wear particles isolated from all simulations had a
mean size of less than 50 nm with a rounded and
irregular morphology. No significant difference was
found between the size of wear particles generated
under any conditions.
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1 Introduction

In the UK there are approximately 50,000 total hip
replacements (THR) carried out every year and world
wide the number is as great as 800,000. The most
commonly implanted prosthesis type consists of an
ultra high molecular weight polyethylene (UHMWPE)
cup articulating upon a highly polished metal or
ceramic femoral head [1]. Initially, this was believed
to be a more than adequate replacement for damaged
joints however, some studies have reported a failure
rate of 60% due to periprosthetic osteolysis at 12 years
[2]. Conversely, a significant number of metal on metal
implants survived for over 20 years with little inci-
dence of osteolysis or late aseptic loosening [3]. These
findings coupled with the need to find a replacement
for implants with UHMWPE bearings has rekindled
interest in the use of metal bearing surfaces.

One advantage of metal on metal prostheses is
their low wear rates with implants shown clinically to
be capable of producing wear rates as low as
0.3 mm*/10° cycles [4]. Studies have also indicated
that the size of wear particles produced by metal on
metal implants in vivo is in the nanometre size range
thus reducing the potential for the induction of
osteolysis [5]. However, the small size of the wear
particles may facilitate their dispersal via the
lymphatic system to sites distant from the implant
and it has been reported that cobalt-chrome particles
can accumulate in the liver, spleen, lymph nodes and
bone marrow of patients [6, 7]. This, together with
the reactive nature of metallic particles has led to
concerns about their potential to cause cytotoxicity
[8-10], hypersensitivity [11, 12] and neoplasia
[13-15].
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In addition to particle size, another important factor
that may influence the biological effects of wear
particles in vivo is the volume of particles generated.
Thus, any reduction of wear will be highly favourable
in the longer-term. To this end, a novel ceramic on
metal implant has been developed [16]. Firkins et al.
[16] reported on the wear of the ceramic on metal
prosthesis in a hip joint simulator and found a wear
rate of 0.01 mm?/10° cycles. Thus, this bearing has the
potential for a greater than 10-fold reduction of wear
compared to metal on metal implants. This is thought
to be a result of the differential hardness of the ceramic
on metal bearing, the benefits of which are a reduction
in adhesive wear and that wear only occurs to one
bearing surface. To date, however, there has been
limited study of the wear particles produced by ceramic
on metal implants [16].

The majority of cobalt-chrome wear particles that
were isolated by Doorn et al. [5] from metal on metal
retrieval tissues were round in shape, with some shard or
needle-like particles observed, and ranged in size from
51-116 nm with a mean size of 81 nm. The size of
particles generated in vitro in metal on metal hip
simulations, 25-36 nm [17], has been shown to be similar
to those seen in vivo, however the morphology of
particles generated in vitro differs to those produced in
vivo. Firkins et al. [17] used TEM and showed that the
morphology of particles produced in a physiological
simulator by metal on metal articulations displayed little
variation and was mostly oval or rounded in shape with
no shard-like debris observed. One explanation for this
difference in morphology provided by the author was
that the simulator testing only provided a best case wear
scenario [17]. Hip simulator studies have been designed
to incorporate microseparation in order to produce wear
rates and patterns in vitro that compare with those
observed in vivo for ceramic on ceramic bearings [18, 19]
and metal on metal bearings [20]. For ceramic on
ceramic bearings, microseparation resulted in the pro-
duction of particles with a bimodal size distribution [21].
For metal on metal, the introduction of microseparation
resulted in no change in the particles which were
6-15 nm in size [20]. However, in this study particles
were analysed using TEM which as indicated below may
have limitations. There have been no previous studies of
the particles produced by ceramic on metal bearing
under adverse simulation conditions.

The study of particles generated by metal on metal
implants is further complicated by the reactive nature
of metal particles. Catelas et al. [22; 23] demonstrated
that the use of alkaline digestion to isolate metal
particles could significantly alter the size of particles
generated in simulators and pin-on-plate wear tests
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whilst the use of enzymes to isolate particles was not
found to alter the particle’s chemical composition [23].
Yanez et al. [24] also highlighted the problems asso-
ciated with trying to resolve small particles by SEM.
They showed that the use of high accelerating voltages
(kV) to improve the resolution of SEM can cause
errors in particle area measurement. Doorn et al. [5]
used TEM to analyse the metal wear particles gener-
ated in vivo whilst Williams et al. [20] used TEM to
analyse metal particles from hip joint simulations.
There are a number of considerations, though, that
must be taken into account when using TEM for
particle analysis. Wear particles may be unevenly
distributed and only a small amount of the sample is
investigated leading to inaccurate sampling. The meth-
ods used to prepare the particles for TEM can cause
them to aggregate making accurate analysis difficult
and also larger particles can be removed from the
sample completely.

The aims of this study were to develop a novel method
for the isolation and comparison of wear particles from
metal on metal and ceramic on metal hip simulations by
combining the use of a novel enzymatic digestion
technique with a field emission gun scanning electron
microscope (FEGSEM) capable of producing high reso-
lution images. In addition, wear particles generated by
metal on metal and ceramic on metal prostheses under
standard and adverse (microseparation) wear conditions
were isolated and compared in order to investigate
whether these factors influenced particle size.

2 Materials and methods
2.1 Metal on metal articulations

The prostheses used in this study were manufactured
from medical grade wrought cobalt chrome alloy
(ASTMF1537) and comprised 28 mm femoral heads
and acetabular cups (De Puy International, Leeds,
United Kingdom). The femoral heads were made from
low carbon content alloy (< 0.07 %) whilst the
acetabular cups comprised high carbon content alloy
(> 0.2 %). These cups were mounted into titanium
shells which in turn were mounted into simulator cup
holders and had an identical mean diametrical clear-
ance of 50 pm. The articulating surface of each bearing
was finished to give a mean surface roughness (R,) of
approximately 0.02 pm.

2.2 Ceramic on metal articulations

The femoral heads used in this study were manufac-
tured from medical grade HIPed alumina (ISO 6474)
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BIOLOX FORTE (Ceramtec) and had a diameter of
28 mm. The heads were coupled with 28 mm acetabular
cups made from medical grade high carbon (> 0.2 %)
wrought cobalt chrome alloy (ASTMF1537, De Puy
International, Leeds, United Kingdom). The heads and
cups were mounted in an identical manner to the metal
on metal prostheses. The femoral heads were mounted
onto tapered spigots of the femoral stems. The bearings
had a diametrical clearance of 60 pm whilst the artic-
ulating surface of each bearing was finished to give a
mean surface roughness (R,) of 0.02 um.

2.3 Wear particle generation under standard wear
conditions

Wear particles were generated under standard wear
conditions in the Leeds Mark II Physiological Ana-
tomical (PA) hip simulator for both ceramic on metal
and metal on metal bearing combinations. Barbour
et al. [25] and Firkins et al. [17] have both shown that
this simulator can produce wear rates similar to those
observed in vivo for UHMWPE on metal and metal on
metal respectively.

The simulator was a 3-axis machine in which the
inserts were positioned superiorly to the heads at an
incline of 45° to the vertical axis. The vertical load
applied through the simulator had a twin peak and
followed a ‘‘Paul-type” loading cycle. This loading
cycle demonstrated two peaks of 3 kN which corre-
sponded to heel-strike and toe off. These peaks were
separated by a 1 kN trough which represented stance
phase and was smoothly applied for 65% of the cycle
time. A residual force of 270 N, during swing phase,
was applied for the remainder of the cycle. The vertical
load was combined with two independently controlled
axes of motion: internal/external rotation and flexion/
extension. These cycles were simplified in order to
generate multi-directional motion between the acetab-
ular cup and femoral head.

The simulations were run for five million cycles at a
frequency of 1 Hertz in a lubricant comprising 25% (v/
v) bovine calf serum (BCS). Sodium azide (0.1%; v/v)
was added to the lubricant to limit the level of bacterial
growth. At every 0.33 million cycles the lubricant was
removed and then stored at —18°C.

2.4 Wear particle generation under
microseparation wear conditions

Microseparation wear conditions were implemented to
replicate a small amount of separation of the hip
during swing phase of gait. A full description of the
method can be found in Williams et al. [20]. Wear

particles were generated under microseparation wear
conditions in a ten station Prosim (Manchester, UK)
hip simulator for both ceramic on metal and metal on
metal bearing combinations. The simulator had two
independently controlled axes of rotation and a single
axis of loading. A flexion-extension motion was applied
to the femoral head in a modified sine wave with
amplitude of +30-15°. Internal-external rotation was
applied to the acetabular cup as a sine wave with
amplitude of +10°. Both motions were applied at
identical frequencies but 270° out of phase [20].

The loads applied to this simulator were of a ““Paul-
type” as described in above. However in order to
achieve microseparation it was necessary to modify the
loading cycle. An actuator was used to apply an
inferior load to the femoral head. During swing phase
this caused the femoral head and acetabular cup to
separate by approximately 0.8 mm. The separation of
the two components led to contact of the head with the
inferior rim of the cup. In turn, this caused lateral
displacement of the femoral head as it tracked around
the rim. Upon heel strike a load was applied again
which resulted in the head translating superiorly and
making contact with the rim of the cup before
relocating into the centre of the cup [20].

The simulations were run for five million cycles at a
frequency of 1 Hertz in a lubricant comprising 25%
(v/v) BCS. Sodium azide (0.1%; v/v) was added to the
lubricant to limit the level of bacterial growth. At every
0.33 million cycles the lubricant was removed and then
stored at —18°C.

2.5 Isolation of wear particles from serum
containing lubricant

Three samples of serum lubricant (200 ml) were taken
from each hip joint simulation and centrifuged at
15,000 g for 20 min. The supernatant was removed and
the pellets (containing particles, precipitated proteins
and microbes) were rehydrated for 18 h in 5 ml of
0.05% sodium azide (w/v) in 3-(N-morpholino) pro-
panesulphonic acid (MOPS; 0.1 M, pH 6.5) buffer.
The proteins were denatured by boiling the samples
for 10 min in 5 ml of MOPS containing 5% (w/v)
p-mercaptoethanol and 2% sodium dodecyl sulphate
(w/v, SDS). The samples were then centrifuged at
11,000 g for 10 min and the supernatant containing
denatured proteins was removed. The pelleted samples
were then boiled for 10 min in 5 ml of 2 % (w/v) SDS
in MOPS only and were then washed sequentially in
5 ml of MOPS, 5 ml of 80% (v/v) acetone and then
5 ml of MOPS solution. The samples were sonicated in
a sonic bath for 30 min in 1 ml of MOPS buffer
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containing Tris(2-carboxyethyl)-phosphine (TCEP;
9 mM) before 7.6 ul of papain (P-3125, Sigma-Aldrich)
was added giving a final concentration of 0.21 mg.ml™.
Samples were digested for 3 h at 55°C and this step was
repeated 3 times. The samples were then boiled in 2%
(w/v) SDS in MOPS for 10 min and then washed in
MOPS solution prior to being sonicated for 30 min in
Sml of 50 mM Tris-HCl (pH 7.8). Proteinase K
(1.7 mg, 39037, VWR International) was then added
to the samples to give a final concentration of
0.34 mg.ml™! and the samples were subjected to enzy-
matic digestion at 55°C for 3 h This step was repeated
three times. The samples were then boiled in 2% (w/v)
SDS for 10 min and were then washed in MOPS
solution. Samples were then resuspended in 1 ml of
1.1 M sorbitol in HEPES buffer (pH 7.4) containing
yeast lytic enzyme (20 U.ml™, YLE, 155270, ICN
Pharmaceuticals) and digested for 2 h at 37°C. This
step was repeated 3 times. The samples were then
boiled in 2% (w/v) SDS for 10 min and then washed in
MOPS buffer prior to being digested in 1 ml of
Zymolyase 100 T (250 U.ml™", 12049371, ams Biotech-
nology (Europe)) in 0.1 M sodium phosphate buffer
(pH 7.0) containing 50 mM (v/v) f-mercaptoethanol.
The samples were digested for 2 h at 37°C. This was
repeated three times. The samples were then boiled in
2% (w/v) SDS for 10 min and then washed in MOPS
buffer prior to being digested for 2h in 1 ml of
proteinase K solution at 55°C. This was repeated three
times. Particles were then washed five times in filtered
deionised water and sonicated for 1 min in 5 ml of
filtered deionised water before being heated to 180°C
for 4 h Particles were then sonicated for 1 min in
Elmaclean 65 solution and then washed three times in
filtered deionised water. Following digestion, the par-
ticles were sequentially filtered onto 5, 1 and 0.1 pm
polycarbonate 25 mm diameter filters and dried for 4 h.

2.6 Characterisation of wear particles from hip
simulations

A section approximately 0.5 cm? was taken from an area
between the edge and the middle of each 5,1 and 0.1 pm
filter for each sample of wear particles. These portions
were then coated with 5 nm of Pt/Pd and viewed and
analysed by EDX using a LEO FEGSEM. Images were
generated and were then analysed using Image Pro
Plus® imaging software whilst Link ISIS® software was
used to perform EDX. Three replicates were analysed
for each material combination and measurements from
all filter sizes were combined to generate size distribu-
tions. Only images of magnifications greater than
125,000 x magnification were assessed.
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2.7 Statistical analyses

Maximum diameter measurements were taken for 150
particles per sample to generate size distributions. The
size of the particles generated under each of the
various conditions was compared by one-way ANO-
VA. The minimum significant difference (MSD;
p < 0.05) between group means was calculated using
the T-method.

3 Results

3.1 Characterisation of wear particles by high
resolution microscopy

The use of the FEGSEM allowed resolution of
particles to 5 nm. The wear particles isolated from
metal on metal implants under standard wear condi-
tions at one million cycles in serum containing
lubricant were found to range between 8 and 116 nm
in size with a rounded and irregular morphology
(Fig. 1a; 1b). The wear particles isolated from metal
on metal implants under microseparation wear condi-
tions in serum containing lubricant after 1.5 million
cycles were found to range between 8 and 107 nm in
size with a rounded and irregular morphology
(Fig. 1c). The wear particles isolated from metal on
metal implants under microseparation wear conditions
in serum containing lubricant after four million cycles
were in the same size range (6-146 nm) with a similar
morphology (Fig. 1d). Under standard conditions, the
wear particles isolated from ceramic on metal implants
at one million cycles were between 8 and 139 nm in
size and also had a rounded and irregular morphology
(Fig. 1e).

Under microseparation, the wear particles isolated
from ceramic on metal implants after 1.5 million cycles
were in the same size range (7-156 nm) with the same
morphology (Fig. 1f).

The wear particles isolated from ceramic on metal
implants under microseparation wear conditions in
serum containing lubricant after four million cycles
were 8-140 nm in size again with a rounded and
irregular morphology (Fig. 1g).

3.2 Distribution of wear particles as a function of
size

The frequency distributions as a function of size of the
particles generated under the different simulations are
presented in Fig. 2. The wear particles isolated
from metal on metal implants under standard wear
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Fig. 1 FEGSEM Images of
Particles. (a, b) Particles
generated by a metal on metal
implant under standard wear
conditions in serum
containing lubricant after one
million cycles. Viewed at
182,820 x and

320,640 x magnification
respectively. (c) Particles
generated by a metal on metal
implant under
microseparation wear

conditions in serum
containing lubricant after 1.5
million cycles. Viewed at
134,640 x magnification. (d)
Particles generated by a metal
on metal implant under
microseparation wear
conditions in serum
containing lubricant after four
million cycles. Viewed at
216,140 x magnification. (e)
Particles generated by a
ceramic on metal implant

SigraAn
under standard wear Fhaoi,

15 Cww 29 Mar 2004
=47 Teme 120500

conditions in serum
containing lubricant after one
million cycles. Viewed at
400,710 x magnification. (f)
Particles generated by a
ceramic on metal implant
under microseparation wear
conditions in serum
containing lubricant after 1.5
million cycles. Viewed at
149,340 x magnification. (g)
Particles generated by a
ceramic on metal implant
under microseparation wear

Tagra A = inkaey
Photo Mo, =

Dt 25 Fabs 2004
Tera 152047

conditions in serum
containing lubricant after four
million cycles. Viewed at
230,860 x magnification.

A = CoCr particles

conditions at one million cycles had a mode of
distribution in the 30-39 nm size range with a mean
size of 34.72 nm (Fig. 2a).

The wear particles isolated from metal on metal
implants under microseparation wear conditions after
1.5 and 4 million had a mode of distribution in the

20-29 nm size range with mean sizes of 35.62 and
31.16 nm respectively, (Fig. 2b and 2c¢).

The wear particles isolated from ceramic on
metal implants under standard wear conditions at one
million cycles had a mode of distribution in the 20—
29 nm size range with a mean size of 36.67 nm (Fig. 2d).
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The wear particles isolated from ceramic on metal
implants under microseparation wear conditions after
1.5 and 4 million had a mode of distribution in the
20-29 nm size range with mean sizes of 41.29 nm and
33.59 nm respectively (Fig. 2e and 2f).
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Fig. 2 Frequency distribution as a function of particle size for
wear particles generated by: (a) metal on metal implants under
standard wear conditions in serum containing lubricant after one
million cycles. (b) Metal on metal implants under microsepara-
tion wear conditions in serum containing lubricants after 1.5
million cycles. (c) Metal on metal implants under microsepara-
tion wear conditions in serum containing lubricants after four
million cycles. (d) Ceramic on metal implants under standard
wear conditions in serum containing lubricant after one million
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3.3 Characterisation of wear particles by EDX

Analysis by EDX of the wear particles isolated from all
of the simulations showed the particles to be cobalt,
chromium and molybdenum. Examples of the data for
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cycles. (e) Ceramic on metal implant under microseparation
wear conditions in serum containing lubricant after 1.5 million
cycles. (f) Particles generated by a ceramic on metal implant
under microseparation wear conditions in serum containing
lubricant after four million cycles. One hundred and fifty
particles were analysed from each of three replicate samples of
lubricant. Data (%) was arcsin transformed and 95% confidence
limits calculated. Data was back-transformed to percentages for
presentation.
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Fig. 3 EDX of Particles Generated by: (a) Metal on metal
implants under standard wear conditions in serum containing
lubricant. (b) Ceramic on metal implants under standard wear

metal on metal and ceramic on metal are presented in
Fig. 3.

3.4 Comparison of wear particles generated by
metal on metal and ceramic on metal implants
under standard and microseparation wear
conditions in serum containing lubricants
and water

A summary of the results for each simulation condition
for the metal on metal and ceramic on metal articu-
lations is presented in Table 1. The data was analysed
by one-way ANOVA which revealed no significant
difference in the particle size generated by the two
bearing types when tested under standard or microsep-
aration wear conditions (p > 0.05).

4 Discussion
This study has been the first to successfully isolate and

characterise the wear particles from both metal on
metal and ceramic on metal implants generated under

conditions in serum containing lubricant. Spectra show presence
of CoCr particles

both standard and microseparation wear conditions
from hip simulators in serum lubricants. The develop-
ment of a novel enzymatic digestion technique to
isolate the metal particles avoided the use of acids or
bases thus preventing damage of the particles during
isolation and wear particles could be clearly resolved
and characterised. The use of the FEGSEM generated
images at magnifications in excess of 100,000 times at
accelerating voltages as low as 3 kV. The high resolv-
ing power of the FEGSEM allowed for particles to be
accurately characterised whilst distortion of the size
and shape of particles was reduced by the low
accelerating voltages.

Characterisation of the wear particles generated in
hip simulators revealed no significant difference in
particle morphology or size distribution for any of the
bearing combinations regardless of the wear conditions
or number of wear cycles. Particles were found to be
rounded and irregular in shape and were typically less
than 40 nm in size with more than 95 percent of
particles under 100 nm in size. This study has shown
that there is no significant difference between the metal
wear particles generated by either metal on metal or

Table 1 Comparison of wear particles generated by metal on metal and ceramic on metal implants under standard and microsepa-

ration wear conditions in serum containing lubricants and water

Bearing Combination Lubricant Wear Condition No. of Cycles Mean Size P-value vs.
(million) (nm) +95% CL other groups
Metal on metal Serum Standard 1 3472 £1.29 ns
Metal on metal Serum Microseparation 1.5 35.62 +1.47 ns
Metal on metal Serum Microseparation 4 31.16 +1.82 ns
Ceramic on metal Serum Standard 1 36.67 +1.76 ns
Ceramic on metal Serum Microseparation 1.5 4129 +2.25 ns
Ceramic on metal Serum Microseparation 4 3359 +1.47 ns

Mean particle size is shown in nanometres (nm; n = 3). Data was analysed by one-way ANOVA and calculation of the MSD by the
T-method. Wear particles with a mean not significantly different from the other groups are indicated by ‘ns’
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ceramic on metal under standard or microseparation
wear conditions. This is in contrast with the results of
studies of the effects of microseparation upon ceramic
on ceramic implants in which it was found that
microseparation in vitro produced particles with a
bimodal size distribution with both nanometre and
micrometre particles being generated [21]. The differ-
ence between these two bearings is possibly due to the
differing material properties. Ceramics are more brittle
than metal and may fracture under harsh wear regimes
due to joint laxity whereas, with ceramic on metal even
under microseparation conditions, wear occurs on the
softer, metallic component. The lack of a difference in
particle size distribution between metal on metal and
ceramic on metal implants under standard and
microseparation wear conditions suggests that ceramic
on metal implants may be better suited than ceramic on
ceramic implants for use by young and active patients as
they fail to generate particles in the critical size range
for macrophage activation [26] and have a lower
potential to induce osteolysis.

Previous studies that have characterised the wear
particles present in the tissues surrounding metal on
metal implants have found these wear particles to
range from 10 nm to 5 um in size [5, 6, 27-30]. The
wear particles observed in these studies were often
rounded granules less than 50 nm in size. However, the
authors also noted larger shards and needle-like
particles. The most recent of these studies, Doorn
et al. [5], used TEM to characterise metal wear
particles generated in vivo. They reported that the
majority of particles were rounded and ranged in size
from 51-116 nm with a mean size of 81 nm. In contrast
the particles generated by the metal on metal implants
under standard and microseparation wear conditions
were found to range from 6-149 nm in size with mean
sizes less than 40 nm. Also, the particles were found to
have a round morphology and no shard or needle-like
particles were observed. The disparity in these results
may be due to a number of reasons. Firstly, the use of
TEM by Doorn et al. [5] would not produce images
with as high a resolution as the FEGSEM. This could,
therefore, have resulted in less accurate sizing of
particles which may have aggregated. Secondly, even
under microseparation wear conditions the hip simu-
lators may still result in a best case wear scenario as
described previously by Firkins et al. [16]. The shard
and needle-like particles observed in ex vivo studies
may be due to ranges of motion in vivo that are not
replicated by the hip simulators. Thirdly, the large
particles observed in previous studies may have been
due to the use of acids and bases in the isolation of
these particles. Catelas et al. [22, 23] found that the use
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of these chemicals to isolate metal particles could alter
the morphology of the wear particles and it may also
have caused the particles to become aggregated. The
particle isolation technique used in this study avoided
acids or bases in order to minimise morphological
changes. The repeated boiling of the particles in MOPS
containing 5 % (w/v) f-mercaptoethanol and 2% (w/v)
SDS did not have an adverse affect, as the particles
isolated in this study displayed no significant difference
in size or morphology to those observed without
isolation from serum containing lubricant [16]. A final
explanation for the disparity between the two results
maybe the difference in grain size present in wrought
and cast bearings. It has been suggested that wear
particle generation in metal on metal implants may be
due to fatigue of martensitic bands and at high contact
pressures the grain size of the bearing surfaces could
influence the aspect ratio of the particles generated
[31]. This study has investigated metal on metal
prostheses manufactured from wrought cobalt-chrome
whilst Doorn et al. [5] investigated tissues from
patients with implants manufactured from cast cobalt-
chrome. As the grain sizes in cast cobalt-chrome are
larger than those present in the wrought material the
martensitic bands are also larger and so shard-like
particles are more likely to be produced by the cast
bearings. High carbon content wrought cobalt-chrome
also has a smaller grain size than the low carbon
wrought alloy and so may produce fewer needle shaped
particles. The combination of a low carbon cobalt
chrome femoral head and high carbon acetabular cup
in metal on metal implants leads to wear originating
from the low carbon alloy. Although no difference was
found between metal on metal and ceramic on metal
implants in this study the use of high carbon content
cobalt chrome as a bearing surface in ceramic on metal
implants may result in some difference in particle
morphology by the two types of implants in vivo.
However, clinical studies with ceramic on metal are at
an early stage and there are no studies of the wear
particles generated by these implants in vivo.

In simulator studies ceramic on metal implants have
been found to have wear rates of 0.01 mm? per million
cycles compared with 0.1 mm? per million cycles found
in metal on metal implants [16]. As metal on metal and
ceramic on metal implants have been shown to
generate wear particles of a similar shape and size,
the concerns about cytotoxicity, hypersensitivity and
neoplasia which are associated with metal particles will
also apply to ceramic on metal implants. However, the
ten-fold lower wear rate of ceramic on metal implants
would have a great advantage over metal on metal
implants, as over a given time period, they would be
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expected to produce 10-fold fewer wear particles than
metal on metal implants. Therefore, the potential for
long-term problems with ceramic on metal implants
will be greatly reduced.
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