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Background All metal implants—and metal-on-metal
bearings in particular—corrode and cause a release of
metal ions. Because cobalt and chromium have been
shown to be carcinogenic and mutagenic in human and
animal models, systemic toxicity and cancer risk are
considered to be possible disadvantages of the metal-on-
metal articulation.

This study was designed to investigate the serum con-
centration profiles of chromium, cobalt and molybde-
num after implantation of a Birmingham hip resurfacing
arthroplasty (BHR) and a cementless total hip replace-
ment with a 28-mm Metasul articulation (MTHR), over
the first 2 years after implantation.

Methods We analyzed profiles of metal ion serum
levels in 111 patients implanted with a BHR, in 74
patients implanted with an MTHR, and in 130 implant-
free probands control subjects using atomic absorption
spectrophotometry.

Results  Chromium and cobalt concentrations (in
pg/L) of all BHR and MTHR patients differed signifi-
cantly from those of control subjects (chromium: < (.25;
cobalt: 0.25). The median chromium and cobalt concen-
trations in BHR patients had increased to 5.1 and 4.3 pg/
L 2 years after surgery. Concentrations in BHR patient
exceeded those in the unilateral MTHR patients. Molyb-
denum serum concentrations hardly changed over time
in either group and were not significantly different from
the concentrations seen in the control subjects.

Interpretation During the first 2 years after surgery,
the Birmingham hip resurfacing arthroplasty leads to

a significantly greater increase in serum chromium and
cobalt levels than the 28-mm metal-on-metal MTHR.
Observation of patients over a longer period will be nec-
essary in order to evaluate any chronic adverse effects to
the system due to elevated chromium and cobalt serum
concentrations.

Periprosthetic tissue reactions to wear debris, in
particular to polyethylene and cement, are the
major current limitations in joint alloarthroplasty.
In particular, polyethylene debris causes a cascade
of cellular and humoral events that induce a granu-
lomatous foreign body reaction, which often leads
to osteolysis and implant loosening. Thus, reduc-
tion of wear debris became an important issue
for improvement of the long-term results of total
hip replacement, and has re-stimulated interest in
alternative bearing materials. Cobalt, chromium,
and molybdenum alloys, and also ceramics, have
a higher resistance to wear than polyethylene.
Studies of retrieved historical metal-on-metal
prostheses have shown extremely low wear rates,
even 10-20 years after implantation (Amstutz and
Grigoris 1996). Also, only a mild (if any) foreign
body reaction to metal debris was found (Willert
etal. 1996).

Today, several designs of modern-generation
metal-on-metal total hip replacement and hip
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resurfacing devices are available, with satisfying
short- to mid-term results. Only Bachfischer et al.
(2000) reported a higher rate of heterotopic ossifi-
cations and considered the metal-on-metal bearing
to be responsible. The amount of wear found on
retrieved implants turned out to be as low as sug-
gested by hip simulator tests (Schmidt et al. 1996,
Streicher et al. 1996, Kremling et al. 2004).

All metal implants, in particular metal-on-metal
bearings, do however corrode at a rate determined
by their surface area and cause a release of metal
ions. In addition to the corrosion potential of the
implant itself, wear debris elevates the ion release
due to the increased exposure of metal surface.
In a number of studies, the release of metal ions
from total hip arthroplasties (both locally and sys-
temically) has been documented (Betts et al. 1992,
Basle et al. 1996, Doorn et al. 1996, Schaffer et al.
1999, Prohaska et al. 2000, Harding et al. 2002,
Maezawa et al. 2002, Savarino et al. 2002, Adami
et al. 2003, Clarke et al. 2003, Lhotka et al. 2003,
MacDonald et al. 2003).

Because both cobalt and chromium have been
shown to be carcinogenic and mutagenic in human
and animal models, systemic toxicity and cancer
risk have been considered to be possible disadvan-
tages of the metal-on-metal articulation (Rae 1981,
Amstutz et al. 1996, Visuri et al. 1996, Willert and
Semlitsch 1996).

Conservative metal-on-metal hip resurfacing
arthroplasty is an attractive concept, particularly
in young and active patients. Two unique advan-
tages are retention of upper femoral bone stock
and avoidance of stress shielding in the proximal
femoral shaft. Additionally, based on probable
lubrication from the fluid film production of wear
debris is thought to be less likely in metal-on-
metal articulations of large diameter than in con-
ventional 28-mm metal-on-metal bearings (Smith
et al. 2001).

Contrary to what one might expect, Skipor et
al. (2002) did not find lower serum concentra-
tions of cobalt and chromium after hip resurfacing
arthroplasty than in hip replacement arthroplasty
with a Metasul bearing up to 2 years postopera-
tively. Clarke et al. (2003) actually demonstrated
elevation of serum cobalt and chromium levels in
a small group of patients implanted with differ-
ent hip resurfacings, significantly above the levels

measured in a patient group implanted with a
metal-on-metal THR.

We investigated the serum profiles of chromium,
cobalt and molybdenum concentration in patients
with successfully implanted Birmingham hip
resurfacing arthroplasty (clinically and radiograph-
ically) and compared them to those of patients who
underwent uni- and bilateral uncemented total hip
replacement with a metal-on-metal articulation and
to those of an implant-free control group over the
first 2 postoperative years.

Patients and methods
Patients

111 patients implanted unilaterally with a Bir-
mingham hip resurfacing (BHR), and 60 patients
implanted unilaterally and 14 patients implanted
bilaterally with a cementless total hip replace-
ment (Metasul bearing, MTHR), were included
into the investigation after obtaining informed
consent. 56 BHR patients were investigated for 3
months, 50 patients for 12 months, and 23 patients
for 24 months postoperatively (some patients were
measured more than once). Metal ion levels of
MTHR patients were obtained from 18 unilaterally
implanted patients at 3 months, 13 at 12 months
and 34 at 24 months. 6 bilaterally implanted
MTHR patients were investigated 3 months after
surgery of their second hip, 8 at 12 months and 3
at 24 months.

According to established indication criteria for
hip resurfacing arthroplasty, the patient groups dif-
fered in age and sex (Table 1). The BHR patients
had slightly better Harris hip scores than the MHTR
samples, particularly 3 months after implantation.
The BHR implants had a median articulation size
of 50 mm. The cup abduction angles were of com-
parable size in both patient groups (Table 1).

Among this cohort of 111 BHR-implanted
patients with varying assessment times, 18 could
be followed up over the first 2 assessment times,
i.e. metal ion levels were obtained at 3 and 12
months after surgery.

All patients had well-functioning implants,
both clinically and radiographically, without signs
of loosening. None of the patients suffered from
anemia, tumor disease, infection or renal insuf-
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Table 1. Characteristics of control and patient samples (medians and quartiles for con-
tinuous, relative frequencies for categorical outcome variables) and Harris hip score (HHS)

assessment of patients

Controls MTHR, MTHR, BHR
unilateral bilateral

Sample size (n) 130 60 14 111
Women (rate) 0.4 0.3 0.4 0.6

Age > 60 years (rate) 0.6 0.4 0.2 0.1

Age (years) 64 (53-71) 54 (45-62) 54 (43-60) 51 (46-58)
BMI 28 (25-31) 27 (24-29) 27 (24-30)
Ball head size (mm) 28 28 50 (46-54)
Cup abduction angle (°) 44 (39-48) 42 (34-45) 46 (42-50)
HHS (3 months) 69 (60-78) 72 (55-98) 80 (66-93)
HHS (12 months) 91 (86-97) 96 (85—99) 95 (86—99)
HHS (24 months) 92 (78-97) 91 (64-95) 96 (93-100)

ficiency. No chronic occupational exposure to
cobalt, chromium or molybdenum sources was
reported by any of patient.

In addition, 130 patients awaiting hip or knee
joint arthroplasty (with no previous implantation)
served as control subjects for the investigation.

Implants

The prostheses used in this study were either the
Birmingham hip resurfacing device (BHR; Mid-
land Medical Technologies Ltd., Birmingham,
U.K.) or a standard cementless total hip replace-
ment device consisting of a TIAI6Nb7 (ISO 5832-
11) alloy press-fit acetabular and femoral com-
ponent and a metal-on-metal bearing (Metasul;
Sulzer Orthopedics Ltd., Switzerland) with a ball
head size of 28 mm.

Radiographic analysis

For all patients, follow-up radiographs of the pelvis
(a.p.) were analyzed to exclude implant loosening
and to determine the cup position (cup abduction
angle).

Metal ion analysis

Blood samples were collected in 7-mL S-Monovette
tubes (for trace metal analysis; Sarstedt AG, Ger-
many) using a specific steel needle for trace metal
analysis (Sarstedt). Serum was separated by cen-
trifugation at 2,000 g for 10 min. Samples were
stored at —20°C before analysis of chromium,
cobalt and molybdenum content using a graphite
furnace atomic absorption spectrometer (Z-8200)

with polarization-Zeeman absorption (Hitachi
Ltd., Japan). Calibration was performed by the
standard addition method using 0.00 pg/L, 5.00 pg/
L and 10.00 pg/L as calibration points in triplicate
for each element. The samples were diluted 1:2 in
buffer (1% HNO; (Merck AG, Germany), 0.2%
Triton X-100 (Sigma-Aldrich Chemie GmbH, Ger-
many), 0.2% Antifoam B (Sigma-Aldrich); Cr and
Co: additional 0.8% Pd-matrix-modifier (Merck),
0.3% Mg-matrix-modifier (Merck)). The accu-
racy and precision of the method was validated to
< 10% using the control materials Seronorm Trace
Elements Serum (SERO AS, Norway). The detec-
tion limit of the method was estimated to be 0.5 pg/
L for each element (mean + 3 SD from buffer). The
Dixon test was used to eliminate aberrant values.
All probes having ion levels below the detection
limits were adjusted to < 0.25 pg/L.

Data analysis

Metal ion serum levels are expressed using medi-
ans and quartiles (graphically by non-parametric
box plots). Exploratory group comparisons were
performed by means of pairwise two-sample Wil-
coxon tests for continuous endpoints, and by pair-
wise Fisher tests for categorical endpoints. Intra-
individual changes in serum concentrations were
analyzed by means of sign tests and expressed
using medians and quartiles of the intraindividual
differences’ distribution. The results of the explor-
atory significance tests are expressed with p-values,
where p < 0.05 indicates a locally significant dif-
ference.
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Figure 1. Nonparametric box plot for the distribution of
chromium serum concentration (ug/L) 3, 12, and 24
months after total hip replacement surgery, stratified for
the implant (horizontals display medians and quartiles, and
circles/asterisks show statistical outliers/extreme values
with more than 2-times/3-times deviation of the interquar-
tile range from the upper quartile, respectively).

Results
Chromium

The median chromium serum level of the control
samples was < 0.25 pg/L (Figure 1). The high-
est median serum concentrations in unilaterally
implanted MTHR patients were found 1 year
after surgery—median 1.62 pg/L—as compared
to 0.83 pg/L at 3 months. At 2 years, the median
serum levels were intermediate between these
values: 1.22 pug/L. Chromium levels in bilaterally
implanted MTHR patients were highest 3 months
after implantation of the second hip: median 4.42
ug/L. At 1 and 2 years after surgery, chromium
levels became reduced to 3.62 pg/L and 2.50 ug/
L, respectively. In BHR patients, serum chromium
levels rose from median 1.96 pg/L at 3 months
after surgery to 4.20 pg/L after 1 year, and to 5.12
ug/L after 2 years (Figure 1).

Table 2. P-values from exploratory pairwise compari-
sons of chromium serum concentration distributions by
means of two-sample Wilcoxon tests at each assess-
ment time (3, 12 and 24 months after surgery)

MTHR, MTHR, BHR
unilateral bilateral

3 months
Controls p<0.001 p<0.001 p<0.001
MTHR, unilateral p=0.001 p=0.003
MTHR, bilateral p=0.04
12 months
Controls p<0.001 p<0.001 p<0.001
MTHR, unilateral p=0.02 p=0.005
MTHR, bilateral p=0.8
24 months
Controls p<0.001 p<0.001 p<0.001
MTHR, unilateral p=0.1 p < 0.001
MTHR, bilateral p=0.05

There was a statistically significant difference
between each patient’s serum chromium concen-
tration and the concentration of the control individ-
uals. Furthermore, serum chromium levels in BHR
patients exceeded the concentrations in unilaterally
implanted MTHR patients at each assessment time,
and of the bilaterally implanted MTHR patients at
3 and 24 months after surgery (Table 2).

Cobalt

The implant-free control group had a median
serum cobalt concentration of 0.25 pg/L (Figure
2). Cobalt concentrations in MTHR patients were
highest 2 years postoperatively, with a median of
1.70 pg/L for unilaterally implanted patients and
3.18 ug/L for bilaterally implanted patients. Cobalt
profiles in BHR patients rose from median 2.17 pg/
L at 3 months to 4.28 pg/L at 2 years after surgery
(Figure 2).

Serum cobalt levels in patients differed signifi-
cantly from the control levels except for bilaterally
implanted MTHR patients, at the 2-year assess-
ment after surgery. Cobalt levels of BHR patients
exceeded the levels in unilaterally implanted
MTHR patients significantly at each assessment
point. No statistically significant differences were
found when serum cobalt levels of bilaterally
implanted MTHR patients were compared with
those of BHR patients and unilaterally implanted
MTHR patients (Table 3).
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Figure 2. Nonparametric box plot for the distribution of
cobalt serum concentration (ug/L) 3, 12, and 24 months
after total hip replacement surgery, stratified for the implant
(horizontals display medians and quartiles, and circles/
asterisks show statistical outliers/extreme values with
more than 2-times/3-times deviation of the interquartile
range from the upper quartile, respectively.

Table 3. P-values from exploratory pairwise comparisons
of cobalt serum concentration distributions by means of
two-sample Wilcoxon tests at each assessment time (3,
12 and 24 months after surgery)

MTHR, MTHR, BHR
unilateral bilateral
3 months
Control p=0.04 p=0.001 p<0.001
MTHR, unilateral p=0.1 p=0.04
MTHR, bilateral p=0.8
12 months
Control p=0.04 p=0.002 p=<0.001
MTHR, unilateral p=0.1 p =0.002
MTHR, bilateral p=0.3
24 months
Control p<0.001 p=0.3 p < 0.001
MTHR, unilateral p=0.7 p < 0.002
MTHR, bilateral p=0.3

Figure 3. Nonparametric box-plot for the distribution of
molybdenum serum concentration (ug/L) 3, 12, and 24
months after total hip replacement surgery, stratified for
the implant (horizontals display medians and quartiles, and
circles/asterisks show statistical outliers/extreme values
with more than 2-times/3-times deviation of the interquar-
tile range from the upper quartile, respectively.

Molybdenum

The median serum molybdenum level of the con-
trols was 2.11 pg/L. The molybdenum levels of
the patient groups investigated showed no statisti-
cally significant differences from the serum con-
centrations of the controls at any assessment point
(Figure 3).

Intraindividual follow-up

For the subsample of 18 BHR patients with intrain-
dividual follow-up at the 3- and 12-month assess-
ment times, the chromium serum levels increased
significantly between 3 and 12 months postop-
eratively by median 3.36 ug/L (1.10-5.74 pg/L;
n=18; p = 0.008, sign test) and between 1 and 2
years by median 4.40 pg/L (3.49-6.48 pg/L; n =
3). Cobalt serum concentration increased signifi-
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cantly from 3 to 12 months after surgery by median
0.71 pg/L (-0.03-2.52 pg/L; n = 18; p = 0.03, sign
test) and from 1 to 2 years by median 9.84 ug/L
(4.08-10.02 pg/L; n = 3).

Implant- and patient-related factors

Neither the head size of the implant (BHR patients)
and the cup abduction angle nor the patients’ age
and BMI showed an association with the chro-
mium, cobalt or molybdenum serum concentration
profiles in the groups under investigation.

Extreme values

6 BHR patients showed extreme serum levels of
metal ions, with more than three-times deviation
of the interquartile range from the upper quartile
(Figures 1 and 2). 1 male patient had a serum chro-
mium level of 46 pg/L and a serum cobalt level of
49 ug/L at the 3-month assessment after surgery.
2 years after surgery, his levels had normalized to
2.7 pg/L and 1.6 pg/L. 3 years later, he showed a
Harris hip score of 98 points without clinical or
radiographic signs of implant loosening. Metal
ion levels of the other 5 patients were not checked
again, but 4 of them had clinical and radiographic
follow-ups 1-3 years after their respective serum
concentration assessment times without signs of
aseptic loosening. 3 of these patients had Harris
hip scores of 97-100 points. 1 woman showed a
score of 40 points due to nerve palsy. All these
patients had cup abduction angles between 39°
and 61°.

Discussion

We found that metal-on-metal bearings lead to a
significant increase in serum levels of chromium
and cobalt (particularly when implanted bilater-
ally). Also, hip resurfacing arthroplasty showed an
even greater increase in serum chromium and cobalt
levels than a 28- mm metal-on-metal THR. Serum
molybdenum concentration was not affected by the
implants; the corresponding alloy content may to
be too low to cause an alteration in serum levels.
The serum levels of chromium and cobalt for
the 28-mm Metasul bearing were similar to those
found in previously reported investigations for the
modern, second-generation metal-on-metal bear-

ings. Investigations that have been conducted to
date have uniformly shown substantial elevations
in serum, blood, erythrocyte and/or urine serum
levels relative to preoperative values, and/or rela-
tive to levels measured after implant of metal-on-
polyethylene or ceramic-on-polyethylene bearings
(Betts et al. 1992, Basle et al. 1996, Doorn et al.
1996, Schaffer et al. 1999, Prohaska et al. 2000,
Harding et al. 2002, Maezawa et al. 2002, Savarino
et al. 2002, Adami et al. 2003, Clarke et al. 2003,
Lhotka et al. 2003, MacDonald et al. 2003).

There are, however, limited data available on sys-
temic metal concentrations in patients implanted
with hip resurfacing devices. Skipor et al. (2002)
reported substantial elevations in cobalt and chro-
mium serum levels in 25 patients up to 1 year
after metal-on-metal hip resurfacing arthroplasty
(Conserve plus; Wright Medical Technology Inc.,
Arlington, TN, USA), but they did not find statisti-
cally significant differences when comparing them
to levels in patients who had undergone metal-on-
metal total hip replacement. In contrast, Clarke
et al. (2003) described elevations in serum cobalt
and chromium in a group of patients implanted
with different hip resurfacings, median 16 months
postoperatively (16 BHR patients and 6 patients
implanted with a Cormet 2000; Corin Surgical,
Cirencester, UK). Similarly to the above findings,
they reported concentrations that were significantly
higher than the serum levels of a patient group
implanted with a metal-on-metal THR.

While it is certain that the metal ions must be
released because of the combined effect of corrosion
of the implant surface and wear particles, the exact
reasons for the differences in metal ions between
different hip resurfacings and 28-mm articulations
are not yet clear. Large-diameter metal-on-metal
articulations are thought to benefit from fluid film
lubrication and thus reduced generation of wear
particles, in comparison to smaller bearings (Jin et
al. 1997, Smith et al. 2001). On the other hand, hip
simulator studies and BHR explant investigations
have demonstrated wear behavior similar to that
of Metasul bearings (McMinn 2003, Kremling et
al. 2004). In contrast to 28-mm articulations, hip
resurfacing devices (in particular the BHR with the
Porocast structure of the cup) constitute a much
larger surface area of the implant itself, which may
lead to increased ion release. Other possible causes
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may include differences in lubrication regimes due
to metallurgy, diametric clearance, sphericity, sur-
face roughness and different carbide content of the
alloys. The BHR device consists of cast alloy con-
taining a high carbide content of about 5%, which
is responsible for the hardness and thus the wear
resistance of the alloy. However, a problem with
enhanced carbide levels is the reduced corrosion
resistance (Montero-Ocampo et al. 1996).

Retrieval studies of the new-generation metal-
on-metal bearings have reported a higher degree of
running-in wear (15-20 um per year) during the
first year after surgery and a reduction to 2-5 pum
per year after the second or third year (Schmidt et
al. 1996, Sieber et al. 1999). Skipor et al. (2002)
reported an increase in serum chromium and
cobalt concentrations up to 6 months postopera-
tively, followed by a slight decrease 1 year after
surgery—compatible with a higher running-in
wear followed by lower steady-state wear behav-
ior of the articulation. We found the highest levels
at the latest assessment point in the above recall
design (2 years after surgery) complemented with
a significant intraindividual increase at least up to
1 year, possibly caused by a prolonged running-in
phase or an increase of the implant surface due to
solution of the hydroxyapatite coating during that
time period.

6 BHR patients showed extreme (up to 10-fold)
elevated serum levels of chromium and cobalt ions
with more than 3-times deviation of the interquar-
tile range, usually 3 or 12 months postoperatively.
A temporarily higher amount of wear due to epi-
sodes of third-body wear or a higher degree of run-
ning-in wear with these pairings may be possible
explanations.

Historical McKee-Farrar
implants were manufactured of carbide-rich as-cast
alloy and were of similar size to BHR implants.
Jacobs et al. (1996) showed very low serum levels
of chromium and cobalt in a group of patients with
McKee-Farrar implants in situ for over 20 years.
Thus, a decrease in previously elevated chro-
mium and cobalt serum concentrations in patients
implanted with the BHR may be expected after the
first 2 years, but this has not been proven yet. Fur-
thermore, it should be noted that only a few BHR
patients in our series showed cobalt serum concen-
trations in excess of the exposure limits for indus-

metal-on-metal

trial carcinogens (5 pg/L whole blood) (Forschungs-
gemeinschaft 2004). It should be borne in mind
that these exposure limits relate to blood levels fol-
lowing respiratory exposure, and cannot therefore
be automatically translated to the levels produced
by implants and wear within the body.

These findings are important since there is con-
cern that chronic increases in serum chromium and
cobalt may result in long-term adverse biological
effects such as immune modulation, chromosomal
damage and carcinogenesis (Vahey et al. 1995,
Visuri et al. 1996, Savarino et al. 1999, Granchi
et al. 2000). On the other hand, cobalt, chromium
and molybdenum are cofactors for a number of
enzymes and are essential trace metals, but can
become toxic after a minimal increase in con-
centration (Rae 1981, Vyskocil and Viau 1999).
Despite the concern that chronically elevated serum
chromium and cobalt concentrations may result
in adverse long-term biological effects, the issue
of clinical relevance must be critically discussed.
Although total hip replacement and hip resurfacing
arthroplasty using a metal-on-metal articulation
are widely used procedures with well-documented
clinical success, patient observation over a longer
period will be necessary to evaluate any evidence
of adverse chronic systemic effects in patients due
to prolonged, elevated chromium and cobalt serum
concentrations.

Our investigation lacked intraindividual follow-
up of patients (except for the subsample of 18 BHR
implanted patients, the results of which coincided
very well with those found in the overall sample).
From a methodological point of view, a longitudi-
nal study design seems desirable. In addition, the
choice of follow-up period of the latter should be
sufficiently large to allow monitoring of long-term
developments in serum concentrations, and possi-
bly associated changes in the health of patients.
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