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We evaluated the concentrations of chromium and cobalt ions in blood after metal-on-metal 

surface replacement arthroplasty using a wrought-forged, high carbon content chromium-

cobalt alloy implant in 64 patients. At one year, mean whole blood ion levels were 1.61 µg/L 

(0.4 to 5.5) for chromium and 0.67 µg/L (0.23 to 2.09) for cobalt. The pre-operative ion levels, 

component size, female gender and the inclination of the acetabular component were 

inversely proportional to the values of chromium and/or cobalt ions at one year post-

operatively. Other factors, such as age and level of activity, did not correlate with the levels 

of metal ions. We found that the levels of the ions in the serum were 1.39 and 1.37 times 

higher for chromium and cobalt respectively than those in the whole blood.

The levels of metal ions obtained may be specific to the hip resurfacing implant and 

reflect its manufacturing process.

A better understanding of the influence of the
metallurgy and tribology on wear of the com-
ponent and improved manufacturing technol-
ogy have allowed the re-introduction of metal-
on-metal articulations in total hip replacement
(THR).1 Excellent early clinical outcome has
been reported with the new generation of
metal-on-metal components.2-5 Retrieval stud-
ies of previous metal-on-metal bearings and
contemporary implants have shown low rate
of wear.6-13 These hard bearing surfaces are
especially promising for young and active
patients.

Although metal-on-metal bearings produce
significantly less wear debris than metal-on-
polyethylene bearing surfaces, the debris
generated results in the body being exposed to
metal ions for prolonged periods.14-18 Con-
cerns exist over metal hypersensitivity, osteo-
lysis, chromosomal mutation, carcinogenicity
and fetal exposure to high ion levels.17,19 These
matters require further investigation, particu-
larly the long-term exposure in younger
patients and the recognition that some patients
may have unusually high ion levels.20,21

From tribological studies, joint simulation
testing and clinical trials, it has been proposed
that the extent of wear can be reduced by using
components with a larger diameter with a high
carbon content in the alloy (0.2%), well-
adjusted clearance for the components, better
implant sphericity and lower surface rough-
ness.22-27

The main objective of this prospective study
was to measure whole blood chromium (Cr)
and cobalt (Co) ion concentrations in patients
with high carbon content, wrought-forged
metal-on-metal surface replacement arthro-
plasty of the hip.

Patients and Methods

Between August 2003 and September 2005,
all patients aged between 18 and 65 years
scheduled for surface replacement arthro-
plasty were invited to participate. The investi-
gation had ethical approval. Most of the
patients were participants in a randomised
clinical trial comparing THR and surface
replacement arthroplasty.28-30 The exclusion
criteria were single-stage bilateral hip replace-
ment, known metal allergy, pregnancy, renal
insufficiency, and the presence of other metal-
lic implants. This resulted in 64 patients being
included in the study. Their demographic data
are summarised in Table I.
Surface replacement arthroplasty implant.

The Durom resurfacing system (Zimmer,
Winterthur, Switzerland) was used in all cases
(Fig. 1). The femoral and acetabular compon-
ents were made of wrought-forged, high car-
bon content Cr-Co alloy (Co-28 Cr-6Mo,
0.20% to 0.25%C). The surface roughness
(Ra) was less than 0.005 µm, the deviation of
the sphericity less than 10 µm and the radial
clearance was approximately 75 µm (manu-
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facturer’s data; Zimmer, Winterthur, Switzerland). The
acetabular components are available in 2 mm increments
with a constant wall thickness of 4 mm, and match one
femoral head component 8 mm smaller. Hybrid fixation
was achieved with a cemented femoral component and a
press-fit acetabular component with an external titanium
coating applied by plasma spraying in a vacuum to produce
a surface roughness of 20 µm ≤ Ra ≤ 50 µm for secondary
bone integration.
Blood, serum and erythrocyte sampling. Venous whole blood
samples were collected pre-operatively, and at three, six, 12
and 24 months post-operatively. In addition, we collected
serum and erythrocyte samples at 12 and 24 months. One
week before blood collection, the patients were asked not to
modify their exercise routine or to engage in new, strenuous
activities, take new medications, or undergo other venous
sampling. The vein was cannulated with a 22-gauge stainless
steel needle (BD insyte, Ref. No. 381223; Beckton Dickinson
infusion therapy systems Inc., Sandy, Utah), and the outer
plastic cannula was left in place while the needle was dis-
carded. To avoid contamination from the needle, the first 5 ml
of blood withdrawn were discarded. Three 5 ml samples were
collected in individual plastic syringes (BD syringes Luer Lok
Tip, Ref No. 309604; Beckton Dickinson infusion therapy
systems Inc., Franklin Lakes, New Jersey) by a research nurse.
For serum and erythrocyte samples, whole blood was centri-
fuged at 3000 rpm for 15 minutes. All samples were trans-
ferred to individual SARSTEDT polypropylene tubes
(SARSTEDT Inc., St. Leonard, Canada) in a sterile environ-
ment and kept frozen at -20˚C. All samples (whole blood,

serum and erythrocytes) were submitted for blinded analysis
by Trace Element Laboratories, London, Ontario, Canada.
Trace element laboratory analysis. The concentrations of
Cr and Co ions in the whole blood, serum and erythrocyte
samples were measured in an Element 2 High-Resolution,
Sector-Field, Inductively Coupled Plasma Mass Spectro-
photometer (HR-SF-ICP-MS) (Thermo Fisher Scientific
GmBH, Bremen, Germany). The detection limits were
0.1 µg/L for Cr and 0.01 µg/L for Co. The blood samples
were exposed to concentrated nitric acid to digest protein
and concentrated hydrogen peroxide to digest lipids. After
dilution with water and internal standard yttrium 89, the
final sample was introduced into the instrument and com-
pared against aqueous standards with commercial blood
controls to verify the results.
Other outcome measures. An additional questionnaire was
completed by the patients at one year to identify all con-
founding factors that might potentially affect the blood
levels of metal ions (Table II).31,32 The level of patient
activity was assessed by the University California Los
Angeles (UCLA) activity score.33 The Western Ontario
McMasters (WOMAC)34 and the Merle D’Aubigné and
Postel35,36 scores were also calculated pre- and post-operatively.
Anteroposterior radiographs of the pelvis, taken post-
operatively and at the last follow-up, were analysed using a
high-resolution (300 dpi) optical scanner (Vidar VXR-12; Vidar
systems Herndon, Virginia) and processed with Imagika soft-
ware (View Tech, CMC Corporation, New Jersey), which pro-
vided valid and reliable measurements of hip biomechanical
parameters.37 The angle of inclination of the acetabular com-
ponent was measured against the horizontal inter-teardrop
line.38 The inclination of the femoral component (CCD angle)
was measured between the axis of the stem of the femoral com-
ponent and the anatomical axis of the shaft. Femoral offset
was evaluated by the perpendicular distance from the centre
line of the femur to the centre of rotation of the femoral head.39

Table I. Demographic data of the study population 

Number of patients   64

Gender
Men:women   42:22

Mean age in yrs (range; SD)   48.6  (25 to 64; 8.9)

Mean height in cm (range; SD) 172    (150 to 188; 10.0)

Mean weight in kg (range; SD)   80.2 (47 to 131; 17.8)

Mean body mass index in Kg/m2 

(range; SD)
  27.1  (17.6 to 44.9; 5.6)

Femoral head size in mm
Mean (range)   48.9  (40 to 58)
Median; SD   50; 3.97

Pre-operative diagnoses (%)
Primary osteoarthritis   12  (19)
Protrusio     3  (5)
Impinging hip   31  (48)
Hip dysplasia     8  (12)
Perthes’ disease     2  (3)
Inflammation     4  (6)
Post-traumatic osteoarthritis     3  (5)
Post-septic arthritis     1  (2)

Fig. 1

Durom hip resurfacing system.
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Statistical analysis. All statistical analyses were performed
with Systats 11.0 for Windows (Systat Software Inc., Point
Richmond, California). Student’s t-tests and the chi-
squared tests were used to compare the different subgroups
for continuous and categorical variables, respectively.
Repeated-measure analyses of variance (ANOVA) were
used to assess ion levels over time. Simple regression analy-
ses were used to evaluate the relationship of different fac-
tors to the levels of Cr and Co ions. Stepwise multivariate
regression analysis was then performed to identify indepen-
dent predictors of ion levels. Because of the limited number
of subjects, only those demographic factors thought to
influence outcome and pre-operative ion levels were tested
in the model as potential predictors. Concentrations of the

ions in whole blood, serum and erythrocytes were com-
pared with paired t-tests and their hypothesised ratio of 1
was tested with single-sample tests. Levene’s test for equal-
ity of variance was used to confirm the normal distribution
of the data sets in all cases. Continuous variables are pre-
sented as means and ranges, and categorical variables as a
frequency and percentage. The statistical significance was
defined as p < 0.05.

Results

The clinical scores and radiological measurements are
presented in Table III. The pre- and post-operative concen-
trations of Cr and Co in whole blood are summarised in
Table IV and Figure 2. During the period of follow-up we

Table II. Factors possibly affecting concentrations of Cr and Co

Living near a metal processing works
Working in metal processing or with metal-derived products
Working with radioactive products or as a radiology technician
Smoking
Affected by one of the following chronic diseases: haemophilia, thalassaemia, Wilson’s disease, diabetes and 
rheumatoid arthritis
Presence of a dental implant
Taking medication
Chromium or cobalt dietary supplements

Table III. Radiological measurements and clinical scores (mean, range and standard deviation)

Post-operative femoral offset in mm 33.3  (10.2 to 46.7; 6.1)

Post-operative angle of inclination (˚) of the acetabular component  46.7 (31.2 to 61.0; 6.4)

Post-operative angle of inclination (˚) of the femoral component 141    (121 to 154; 8.4)

WOMAC* score 
Pre-operatively 54.4  (12 to 84; 15.7)
At one year post-operatively   8.9  (0 to 73; 14.5)
Mean, pre- vs post-operative value p < 0.0001

Merle d’Aubigné Postel score 
Pre-operatively 10.8  (5 to 18; 2.9)
At one year post-operatively 16.8  (11 to 18; 2.1)
Mean, pre- vs post-operative value p < 0.0001

UCLA† activity score 
At one year post-operatively   7.84  (4 to 10; 1.8)

* WOMAC, Western Ontario McMasters arthritis index
† UCLA, University of California, Los Angeles

Table IV. Whole blood metal ions in µg/L

Pre-operative 3 mths 6 mths 12 mths 24 mths

45/64* 50/62* 51/61* 53/59* 27/55*

Cr Co Cr Co Cr Co Cr Co Cr Co

Mean 0.92 0.15 2.01 0.90 1.89 0.80 1.61 0.67 1.37 0.59

Standard deviation 0.54 0.15 1.12 0.42 0.96 0.32 1.04 0.35 0.65 0.26

Minimum 0.40 0.06 0.60 0.25 0.60 0.25 0.40 0.23 0.60 0.20

Maximum 2.70 1.05 6.50 1.95 4.90 1.61 5.50 2.09 3.00 1.22

*number of samples tested of the remaining patients at each time point
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stopped blood collection in nine patients, eight of whom
had their contralateral hip operated upon or received
another metal implant, and the other underwent revision of
a loose femoral component. Other reasons for incomplete
collection of data at the different periods of follow-up are
presented in Table V.

A statistically significant rise occurred in the concentra-
tions of Cr and Co in the whole blood before operations
and at three-months (paired t-test, p = 0.0006 and
p < 0.001, respectively). A significant decrease in Cr con-
centration was only seen when comparing one- and two-
year evaluations (paired t-test, p = 0.0416). Between the
three- and six-month (paired t-test, p = 0.7848) and six-
month and one year (paired t-test, p = 0.2377) evaluations,
no significant changes of Cr concentrations were observed.
In contrast, the Co concentrations declined significantly
between the three- and six-month (paired t-test, p = 0.0003)
and the six-month and one-year (paired t-test, p = 0.0114)
evaluations, but there was no statistically significant differ-
ence between the one- and the two-year evaluations (paired
t-test, p = 0.1192). The one- and two-year mean levels of Cr
were 1.8 times and 1.5 times higher than the mean pre-
operative values, respectively, and increased by a factor of
4.5 and 3.9, respectively, for the mean values of Co (Table
IV).

All demographic and pre-operative factors, including
side, gender, age, height, weight, body mass index (BMI),

UCLA activity score, WOMAC score, bearing diameter,
offset, acetabular component inclination angle, femoral
component inclination angle as well as pre-operative
Cr and Co ion levels, were tested univariately to assess their
potential influence on Cr and Co ion levels in whole blood
at one year after operation. Univariate results showed that,
with regression analysis, the bearing diameter of the com-
ponent significantly influenced the levels of Cr ions at one
year (Pearson’s correlation coefficient p = 0.0183,
R2 = 0.089 for Cr, Fig. 3) and this correlation was inversely
proportional. It was not significant for levels of Co at one
year (Pearson’s correlation coefficient p = 0.0934, R2 =
0.05). Female gender was significantly associated with
increased levels of Co at one year (ANOVA, p = 0.0501)
and two years (ANOVA, p = 0.0216), but not with levels of
Cr (one year ANOVA, p = 0.1416; and two years p = 0.1556).
Comparing the means for both genders, levels of Co at one-
year were significantly different (0.60 for males and 0.80
for females, ANOVA, p = 0.05), but there was no signifi-
cant difference in Cr (1.46 for males and 1.89 for females,
p = 0.16). Males and females differed significantly in height
(ANOVA, p < 0.0001), weight (ANOVA, p < 0.0001), BMI
(p = 0.0373), mean femoral offset (p = 0.0286) and mean
femoral head component size (ANOVA, p < 0.0001, 44.8 mm
for females and 51.1 mm for males). The mean pre-opera-
tive Cr and Co levels were not significantly different
between genders for Cr and Co (ANOVA, p = 0.9696 and
p = 0.3598). Applying stepwise multivariate analysis, only
female gender, the pre-operative concentration of Co and
the inclination of the  acetabular component were found to
be independent predictors of the concentration of Co in
whole blood at one year in a model yielding a multiple R2 of
0.250 (p = 0.021). No multivariate model attained statisti-
cal significance for levels of Cr ions at one year.
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Box plot chart of the concentrations of chromium (Cr) and cobalt (Co) in
whole blood pre-operatively and at three, six, 12 and 24 months post-
operatively. Box lengths represent the interquartile range (first to third
quartiles). The line in the centre of the boxes represents the median
value. Data represented by ‘o’ are outliers (being more than 1.5 to 3.0
times the interquartile range over the third quartile), and data repre-
sented by ‘*’ are extreme values (being more than three times the inter-
quartile range over the third quartile).
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Analysis of variance regression analysis between chromium ion levels
in whole blood at one year and size of the acetabular component (6 mm
larger than the femoral component diameter).
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A comparison was made of mean Cr and Co concentra-
tions in the whole blood, serum and erythrocytes in the
same patients at the one- or two-year follow-ups (Table VI).
A significant difference was identified between whole blood
and serum concentrations of Cr (paired t-test, p = 0.0176)
and Co (paired t-test, p < 0.0001), and between whole
blood and erythrocyte concentrations of Co (paired t-test,
p = 0.0003). No significant difference was apparent
between the whole blood and the erythrocyte concentration
of Cr (paired t-test, p = 0.0601). The mean ion levels in the
serum exceeded the mean levels in the whole blood by 1.39
times for Cr and 1.37 times for Co. In contrast, the mean
ion levels in the erythrocytes were only 0.98% of the mean
whole blood level for Cr and 0.76% for Co. Pearson’s
correlation coefficient between Cr concentration in whole
blood and serum was 0.552 (Pearson’s correlation
coefficient, p = 0.0026) and 0.087 (p = 0.7163) for whole
blood and erythrocytes. Between the concentration of Co in
the whole blood and the serum, Pearson’s correlation
coefficient was 0.857 (p < 0.0001) and 0.801 (p < 0.0001)
for whole blood and erythrocytes. Equivalent concentra-
tions of ions in the serum and whole blood should have
yielded a ratio of 1.0. A one-sample test comparing the
ratios found to the hypothesised equivalence (ratio of 1.0)
showed significant differences for both Cr (p = 0.0002) and
Co (p < 0.0001), indicating an over-estimation of serum
compared with whole blood.

Except for the patient requiring revision due to femoral
loosening, none had mechanical problems or symptoms.

The single failure had a large cyst pre-operatively in the
femoral head, and complete penetration of the head with
cement was observed at implant retrieval. Plain radio-
logical analysis did not reveal any patient with narrowing
of the femoral neck, lucent lines around the femoral stem or
loosening of the components at a mean follow-up of 32
months (21 to 44).

Discussion

The metal ion levels found after THR have been
reported.18,40,41 These may be related, at least in part, to
wear of the bearing surface and serve as an indicator of the
in vivo performance of metal-on-metal bearing surfaces.
However, comparison within the literature is complicated
by differences in the sampling (whole blood, serum,
erythrocytes or urine), the laboratory methods, the presen-
tation of the results and the various types of combinations
of implant.20,31,40,42,43

To overcome these problems, we sent 41 whole blood
and 34 serum and/or 22 erythrocyte samples for analysis,
obtained at the same time from the same patients at one or
two years of follow-up. By doing so, we were able to ascer-
tain the concentration ratios between the three media
(Table VI) to enable comparison of our results with other
published studies. However, we do not know whether
these correlating factors will be stable over time. For this
reason, we have attempted to confine direct comparison of
data to reports within a similar period of follow-up.

Table V. Reasons for incomplete data at each follow-up interval

 Months post-operatively

Pre-operative 3 6 12 24

Number of subjects still included 64 62 61 59 55

Number of collected samples 45 50 51 53 27

Reasons for missing samples
Twice failed venesection   5   3   4   2   3
Venesection already undertaken on the same day outside the 
protocol*

  4

Patient non-attendance   4   3   1
Follow-up interval not yet reached   1 21
Complication requiring revision   1
Patient received other metal implant   1   1   2   4
Research assistant unavailable for venesection 10   3   2

* blood collection was done for other reasons on the same day

Table VI. Mean chromium and cobalt concentrations in µg/L in whole blood serum and erythrocytes, of the same subjects
at between one or two years after implantation

Whole blood Serum Erythrocytes
Serum: 
whole blood ratio

Erythrocytes: 
whole blood ratio

Number 41 34 22 34 paired samples 22 paired samples

Chromium
Mean (range)   1.33  (0.40 to 4.50)   1.59  (0.61 to 3.23)   0.92  (0.30 to 2.60) 1.39  (0.41 to 2.46) 0.98  (0.11 to 6.50)

Cobalt
Mean (range)   0.63  (0.25 to 1.52)   0.83  (0.33 to 1.45)   0.46  (0.20 to 0.88) 1.37  (0.72 to 1.80) 0.76  (0.47 to 1.57)
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Jacobs et al41 recorded mean serum levels of 2.9 µg/L for
Cr and 3.8 µg/L for Co in a small number of two different
surface replacement arthroplasty implants at various
periods of follow-up. However, no pre-operative ion con-
centrations were recorded. More recently, Back et al20

quantified the pre- and post-operative serum Cr and Co lev-
els of 16 patients with Birmingham Hip Replacements
(Smith and Nephew, Memphis, Tennessee). At one year a
mean level of CR of 4.0 µg/L (0.6 to 9.9) and a mean level
of Co of 2.4 µg/L (1.1 to 6.7) were observed (Table VII).
These values are 12.8 times the mean pre-operative level for
Cr and 7.1 times for Co. A significant decrease in ion con-
centrations was noted between six months and two years
(p = 0.0068). The maximum levels found were up to 9.9 µg/
L for Cr and 6.7 µg/L for Co. Clarke et al31 published
results comparing the median Cr and Co serum concentra-
tions 16 months after Birmingham hip replacement and
Cormet 2000 surface replacement arthroplasty (Corin
Group PLC, Cirencester, United Kingdom). No difference
was apparent between the two types of implant. They
recorded significant post-operative increases in the concen-
trations of Cr and Co (Table VII).

To compare our findings with other published data at a
similar period of follow-up, we converted our mean whole
blood results at one year with the correction factor for
serum/whole blood ratios derived from a proportion of our
patients. This produced mean serum values at one year of
2.2 µg/L and 0.94 µg/L for chromium and cobalt, respec-
tively. These results are much lower than other published
values and represent 1.8 and 4.4 times the pre-operative
levels for Cr and Co, respectively (Table VII).20,31,41 In the
evaluation of ion production in metal-on-metal implants
mean and median values might be of lesser importance than
the range of data. Back et al,20 using the Birmingham hip

replacement, described direct-measurement of serum max-
imum levels of 9.9 µg/L for Cr, and 6.7 µg/L for Co. These
extreme values might have a greater risk of long-term
sequelae to metal ion exposure. In our investigation, at one
year, the maximum derived serum levels were 7.66 µg/L for
Cr and 2.91 µg/L for Co (whole blood converted serum
results).

We were unable to find a significant correlation between
Cr and Co levels with factors such as the activity level, as
represented by the UCLA score, age, weight, BMI and fem-
oral offset. This is similar to the report from Heisel et al,44

who found no correlation between activity and concentra-
tions of serum ions. This observation on large metal-on-
metal bearings might allay some concerns about restricting
their use in young and active subjects requiring hip
replacement.

Different factors such as the quality of the surface
finish,24 component sphericity, radial clearance, manufac-
turing process (forged vs cast metal), and metal carbon con-
tent may influence the wear of metal-on-metal bearings.22

For the same bearing clearance, tribology shows that a
large diameter component would create a thicker fluid film
between the femoral head and the acetabular component
surface.25 With a thicker fluid film, less contact would
occur between the components and wear would be reduced.
However, there are no published in vivo results to confirm
this. The evidence to date reveals high Cr and Co ion levels
with hip resurfacing compared with 28 mm metal-on-metal
articulations.20,31,40,41

In our study, we noted a significant correlation between
the diameter of the components in surface replacement
arthroplasty and Cr ion concentrations at one year after
operation (p = 0.0183). However, this correlation with
R2 = 0.089 should be considered with caution. By univari-

Table VII. Review of recent literature on serum metal ion concentrations after surface replacement arthroplasty

Increase over pre-operative level

Chromium ion level 
(µg/L) (range)

Cobalt ion level 
(µg/L) (range) Chromium Cobalt

Our results*

Durom (n = 53)
Mean at 12 months post-operatively 2.2  (0.56 to 7.66) 0.9 (0.32 to 2.91) 1.8 4.4
Pre-operative level 1.26 0.21

Back et al20

BHR† (n = 16)
Mean at 12 months post-operatively 4.0  (0.6 to 9.9) 2.4  (1.1 to 6.7) 12.8 7.1
Pre-operative level 0.3 0.3

Clarke et al31

BHR  (n = 16). Median 2.6  (1.5 to 8.6) 2.1  (0.8 to 8.5) NA‡ NA
Cormet 2000 (n = 6). Median 16 months post-operatively 4.2 (1.3 to 6.7) 3.0 (1.2 to 6.9) NA NA

Jacobs et al41

Mean of 12.4 months post-operatively for the McMinn 
(n = 4) and Wagner  (n = 2) combined

3.9 (2.6 to 5.7) 3.8 (1.0 to 9.6) NA NA

* Durom serum results are converted whole blood results with ratios of 1.39 for Cr and 1.37 for Co
† BHR, Birmingham hip replacement
‡ NA, not available
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ate analysis, we also noted that females were weakly asso-
ciated with higher Co levels at one year. In the multivariate
model, the effect of female gender, pre-operative ion levels
and the angle of acetabular inclination were significantly
associated with increased Co levels (p = 0.021, R2 = 0.250)
at one year. Our limited number of subjects does not allow
us to draw strong conclusions on the associated factors that
might influence individual post-operative levels of metal
ions. However, a trend toward smaller component size and
female gender as factors increasing metal ion levels seems to
be present with an association between small components
and female gender (Fig. 3). However, the difference in ion
levels found between genders may be secondary to differ-
ences in metal ion metabolism between genders (different
lean body mass, cellular or extra cellular storage or renal
excretion). Another explanation could be limitations in
implant manufacturing precision. When aiming for a spe-
cific component clearance, variations may occur; smaller
components may be more sensitive to such variations. The
other interesting finding is the association of pre-operative
levels of Co ions and the post-operative results at one year.

The mean levels of cobalt ions in serum of 0.9 µg/L at
one year in our investigation were similar to the mean
results of 1.0 µg/L obtained with eight well-functioning
McKee-Farrar implants (Howmedica International Inc.,
Limerick, Ireland) after more than 20 years of
implantation41 or Metasul (Zimmer) 28 mm metal-on-
metal THR (1.0 µg/L at one year, and 0.7 µg/L at a median
of five years).40 Levels in that range were not found to be
associated with any increased risk of cancer over a mean of
15.7 years in a retrospective study by Visuri et al.19

The mean and range of serum Cr and Co ion levels, mea-
sured in patients after wrought-forged high carbon content,
metal-on-metal surface replacement arthroplasty implants
in this study, are lower than have been reported with some
other surface replacement arthroplasty implants.

We acknowledge the clinical work and technical support of Daniel Lusignan,
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