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Changes in Metal Levels and Chromosome
Aberrations in the Peripheral Blood of Patients

After Metal-on-Metal Hip Arthroplasty

Dariusz Ladon, PhD,* Ann Doherty, PhD,* Roger Newson, PhD,† Justine Turner, PhD,‡
Manjit Bhamra, MD,§ and C. Patrick Case, MD*

Abstract: A prospective study was performed to investigate changes in metal levels
and chromosome aberrations in patients within 2 years of receiving metal-on-metal
hip arthroplasties. There was a statistically significant increase of cobalt and chro-
mium concentrations, with a small increase in molybdenum, in whole blood at 6, 12,
and 24 months after surgery. There was also a statistically significant increase of both
chromosome translocations and aneuploidy in peripheral blood lymphocytes at 6,
12, and 24 months after surgery. The changes were generally progressive with time,
but the change in aneuploidy was much greater than in chromosome translocations.
No statistically significant correlations were found in secondary analyses between
chromosome translocation indices and cobalt or chromium concentration in whole
blood. Although the clinical consequences of these changes, if any, are unknown,
future epidemiological studies could usefully include direct comparisons of patients
with implants of different composition. Key words: hip arthroplasty, chromosomal
translocation, aneuploidy, metal ions, cobalt, chromium, molybdenum.
© 2004 Elsevier Inc. All rights reserved.
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he metal alloys that are used in orthopaedic sur-
ery include potential mutagenic metals such as
hromium, cobalt, nickel, and vanadium. It is not
nown whether there are any adverse clinical ef-
ects after very long term exposure to these metals
n the alloys used in total joint arthroplasties. In a
revious study we showed that there was an in-
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rease of chromosome aberrations consisting of an-
uploidy (gain or loss of chromosome) and chro-
osome translocations- (exchange of part of

hromosome arm from 1 chromosome to another)
n the peripheral blood of patients at revision sur-
ery of metal-on-polyethylene prostheses [1].
It was therefore of interest to test whether

imilar changes were occurring with metal-on-
etal implants. In this study we have performed
prospective study of individual patients before

nd after total hip arthroplasty using metal-on-
etal bearings, in order to assess changes in
etal concentrations and chromosome aberra-

ions over time more exactly. We have used the
ame cytogenetic biomarkers such as chromo-
ome aberrations (ie, aneuploidy and chromo-
omal translocations) as they have been sug-
ested to be useful as indicators of exposure to
nvironmental mutagens [2]. As in our previous

tudy [1] we used the technique of chromosome
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ainting (Fluorescence in situ hybridization),
hich is known to be an improvement over clas-

ical cytogenetics [3] to score these aberrations.

Materials and Methods

atients

A total of 95 patients with the Metasul� (Zimmer
mbH, Zimmer, Winterthur, Switzerland) metal-
n-metal total hip arthroplasty (head and articulat-
ng surface: wrought cobalt chrome high carbon;
cetabular cup: polyethylene; stem: protasul S30
tainless steel) were recruited to provide the data
or this study with patient informed consent and
ith Institutional Ethical Committee approval.
here were 20 patients from Colchester, Essex and
5 from Rotherham, Yorkshire, UK. The patients,
edian age 69.3 years (range, 50.9–83) had re-

eived their implants for osteoarthritis and all im-
lants were functioning well. Patients with an ex-
sting prosthesis or previous radiotherapy or
hemotherapy were excluded from the study. Ten
l of peripheral blood was withdrawn into plastic

ials containing lithium-heparin for metaphase
preads. Blood samples were obtained not only
mmediately prior to operation but also 6 months
fter (80), 1 year after (89), and 2 years after (54)
otal hip arthroplasty to allow a successful compar-
son. Only samples with optimal preparations were
sed. Another 5 ml of blood was collected into a
eflon plastic container (Teklab, Inc, Durham, UK)
uitable for trace metal analysis. These samples
ere immediately frozen at �80°C. Preoperative

amples were used as the internal control in this
tudy. Cultures for cytogenetics were set up within
4 hours of sample collection.

hromosome Preparation

Whole blood cultures were initiated by the addition
f 5 ml RPMI 1640 medium containing10% Fetal
ovine Serum, (Sigma Ltd, Gilliaman, UK) 25mM
epes, penicillin (100 U/ml) and streptomycin (100
/ml), 25mM L-glutamine and phytohemagglutinin

1.25%). Duplicate cultures for each patient were
arried out for 72 hours at 37° C. Colchicine (final
oncentration 10 �g/ml) was added and incubated for
5 minutes before the end of the culture. The cells
ere harvested and slides prepared in standard con-
itions as previously described [4].

hromosome Painting

Fluorescent in situ hybridization was performed

n freshly made slides “aged” with ethanol at 94° C i
or 20 sec as described by Henegariu et al. [5] Each
lide was evaluated for chromosomal aberrations
translocations and aneuploidy) by simultaneous
ainting of chromosomes 1, 2, and 3. The method
as performed with the use of commercially avail-

ble human painting probes (Cambio, Cambridge,
K) according to the supplier’s protocol. Three
undred metaphase spreads were examined per
atient. The evaluation was performed with the use
f an Olympus BX41 microscope equipped with
ingle band-pass filter (Olympus, Southall, UK) to
isualize the green and red fluorochromes and a tri
and-pass filter, which allows the simultaneous de-
ection of DAPI, FITC, and Texas Red. A Cytovision
igital-imaging system was used to capture multi-
olor images (Applied Imaging Ltd., Richmond,
K). Two observers performed the cytogenetic
nalysis. One of these observers performed a more
etailed study of chromosome loss and gain.

etal Analysis

Whole blood metal measurements, in nano-
rams/ml (ng/ml), were obtained using high-resolu-
ion inductively coupled plasma mass spectrometry of
hromium (Cr), cobalt (Co), and molybdenum (Mo)
s described previously [6]. The detection limits were
.2 ng/ml for all 3 metals.

tatistical Methods

For the purposes of statistical analysis of metal
evels, we recoded the measurements that were
elow the detection limit to the detection limit. This
s conventional practice for this type of analysis. For
ach postoperative measurement, we measured the
ifference between the postoperative measurement
nd the corresponding preoperative measurement,
nd estimated the median difference, with conser-
ative 95% confidence limits calculated by the in-
erted binomial method [7].
Loglinear Poisson regression models were used to

nalyze the repeated aberration index measure-
ents on the patients, using Huber variances clus-

ered by patient to calculate confidence intervals for
ean aberration indices and ratios between these
ean indices. For each combination of chromo-

omal aberration index (translocation or aneu-
loidy) and postoperative measurement time, we
dentified patients with measurements (made by
he same scorer) both at that time and at the pre-
perative-operative baseline, and fitted to these
easurements a log-linear Poisson regression
odel whose parameters were a mean preoperative

aseline index and a ratio of mean postoperative

ndex to mean preoperative baseline index.



t
h
l
a
d
i
(
m
m
m
r
d
m
r
d

b
f
i
1
i
p
e
1
o
0
m

s

a
T
p
t
e
d
w
c
t
w
p
T
a
m
t

m
n
t
l
a
n
c
c

a
i
(
r

F
o
9
t
a
y
i
s
a
p
p
a
2
s
s

80 The Journal of Arthroplasty Vol. 19 No. 8 Suppl. 3 December 2004
In a secondary set of analyses, we measured the
endency for patients with higher metal levels to
ave higher aberration indices than patients with

ower metal levels when assessed at the same time
fter the operation by the same scorer. This was
one by fitting a model for each combination of
ndex (translocation or aneuploidy gain) and metal
Cr, Co, and Mo). Each model contained a baseline
ean index for preoperative measurements, 3
ean index ratios for the 3 postoperative times (6
onths, 1 year, and 2 years), and a mean index

atio per doubling of metal concentration. The per-
oubling ratio was calculated by including in the
odel, as a continuous covariate, the binary loga-

ithm of the metal concentration divided by its
etectability limit.

Results

The changes in metal concentration in whole
lood are shown in Figure 1. Preoperative values
or chromium, cobalt, and molybdenum are shown
n Figure 1A and postoperative changes in Figure
B. The levels of chromium and cobalt were signif-
cantly altered at all time intervals up to 2 years
ostimplantation. The level of chromium was high-
st at 2 years and the level of cobalt was highest at
year. For example at 1 year the median increase

f Cr level was from .2–1.23 ng/ml and of Co from
.2–1.51 ng/ml. There was a smaller increase of
olybdenum.
Two observers performed the cytogenetic analy-

ig. 1. Median differences
f metal concentration (with
5% confidence limits) be-
ween postoperative levels
fter 6 months, 1 year, and 2
ears and the correspond-
ng preoperative levels (right
ide). The median preoper-
tive values for each set of
atients that generated the
ostoperative measurements
t 6 months, 1 year, and

years, respectively, are
hown on the left hand
ide (**P�.01; ***P�.001).
is in this study. Both observers obtained similar m
nd statistically significant results (Figs. 2 and 3).
he mean preoperative measurements for these
atients are shown in the Figures 2A and 3A, and
he ratios between mean postoperative and preop-
rative aberration indices, with their 95% confi-
ence limits, are shown in Figures 2B and 3B. There
as a significant increase of chromosome translo-

ations postoperatively compared to baseline values
aken immediately prior to operation (Fig. 2). There
as also a statistically significant increase of aneu-
loidy compared with preoperative values (Fig. 2).
he aneuploidy involved both chromosome loss
nd gain (Fig. 3). The increase in aneuploidy was
uch greater than that of chromosome transloca-

ions and both were progressive with time.
The levels of aberrations were compared with
etal concentration. Patients with higher molybde-
um concentrations had higher chromosomal
ranslocation indices than patients with lower mo-
ybdenum concentration score by the same scorer
nd at the same time during follow-up. There were
o statistically significant correlations between
hromosome translocation indices and cobalt or
hromium concentrations (Table 1).

Discussion

Our study has shown an increase in chromium
nd cobalt levels (at least 6- to 7-fold) and an
ncreased incidence of chromosomal translocations
1.5-fold) and aneuploidy (2- to 4-fold) in the pe-
ipheral blood of patients within 2 years after

etal-on-metal joint arthroplasty compared with
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reoperative values. Our previous research investi-
ated the effect of metal-on-polyethylene joint ar-
hroplasty at revision arthroplasty at an average of
1.5 years (range, 3–21) after primary arthro-
lasty [1]. There was an increase of asymmetrical
lethal) aberrations (breaks and gaps, 2- to 3-fold)
n bone marrow [8] and an increase of symmetrical
nonlethal and cumulative) aberrations in periph-
ral blood, whose type depended on the metal
lloy. Patients with worn cobalt chrome implants

ig. 2. Combined cytoge-
etic data of the 2 observ-
rs: The ratios (95% CI) of
he post/preoperative mean
berration indices (chromo-
ome translocations, aneu-
loidy gain) for the patients
ho were assessed at 6
onths, 1 year, and 2 years

ostoperatively are shown
n the right side. The mean
reoperative levels for each
et of patients who gener-
ted data at 6 months,1 year,
nd 2 years postoperatively
s shown on the left hand
ide (**P�.01; ***P�.001).

ig. 3. Cytogenetic data of
he single observer who re-
orded both aneuploidy
ain and loss: The ratios
95% CI) of the post/preop-
rative mean aberration in-
ices (chromosome translo-
ations and aneuploidy gain
nd losses) for the patients
ho were assessed at 6
onths, 1 year, and 2 years

ostoperatively are shown
n the right side. The mean
reoperative levels for each
et of patients who gener-
ted data at 6 months,1
ear, and 2 years postoper-
tively is shown on the left
ide (**P�.01; ***P�.001).
howed a 2- to 3-fold increase in both chromosome
ranslocations and aneuploidy whilet patients with
orn titanium implants showed a 5-fold increase of

neuploidy with no increase in translocations [1].
he increase of metal levels and chromosome aber-
ations for metal-on-metal implants in this study is
ot quite as great as that which we previously
eported for the metal-on-polyethylene prosthe-
es [1], but the postoperative intervals are much
horter and observations were made from patients
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ith well-functioning implants rather than worn
mplants at revision surgery.

The cause for the increased aberrations is not
nderstood. Any effects due to ageing (from a mean
ge of 69–71) years during this prospective study
ould be minimal [9]. Potential additional effects of
iagnostic x-rays have been discussed theoreti-
ally [8] and practically in previous publications
nd are not likely to explain the magnitude of these
hanges. Smoking habits showed very little change
uring the confines of this study. There are 4 rea-
ons why the increase in chromosomal aberrations
ight in theory be caused by the particulate and

oluble metal wear debris from the prosthesis. First,
he type of chromosome aberration is different in
ivo in patients with worn cobalt chrome compared
o titanium alloy metal-on-polyethylene prostheses
nd is therefore less likely to be a nonspecific effect
f surgery [1]. Second, the same difference between
obalt chrome and titanium vanadium aluminium
mplants is noted in vitro if wear debris is extracted
rom periprosthetic tissues and applied to cells in
issue culture [10]. Third, an increase of both chro-
osome translocations and aneuploidy appears to

e present in patients with cobalt chrome prosthe-
es (unlike titanium alloy implants) whether they
re metal-on-metal or metal-on-polyethylene. Fi-
ally the types of aberrations can be theoretically
xplained by an action of the metals Cr, Co, and V.
r(VI) leads to DNA adduct formation [11], DNA-
NA cross-links, DNA-protein cross-links [12], and
NA strand breaks while Co(II) inhibits the incision
nd polymerization step of excision DNA re-
air [13]. Both Cr(VI) and Cr(III) lead to chromo-
ome breakage [14]. The combination of Cr and
o(II) would in principle be sufficient to cause the
NA damage that underlies the chromosomal

ranslocations that we have observed. Likewise
(V), Cr(VI), and Cr(III) have been reported to

Table 1. Index Ratios per Doubling of Elem
(Adjusted for

ssociation Sample Size

ranslation index and:
Cr 95
Co 95
Mo 95

neuploidy index and:
Cr 95
Co 95
Mo 95

Abbreviations: Cr, chromium; Co, cobalt; Mo, molybdenum.
ause aneuploidy in higher concentrations [14,15]. w
However, and this is a very important however,
his study has shown only a statistically significant
orrelation between molybdenum concentration
nd chromosome translocations in the blood and no
orrelation between metal levels and aneuploidy. If
hromosome aberrations were indeed caused by
etals, it would have to be argued that measure-
ents of chromosome aberrations and metal in the

lood offer only a limited view of changes in the
one marrow (from where these types of aberra-
ions in the blood originate). The metal in the bone
arrow is particulate and soluble but the measure-
ents in the blood are likely to grossly emphasize

he soluble fraction. Absolute concentrations of
etals may not be meaningful. Metal ions and

articles may have quite different effects [18]. Low
oncentrations of metals may induce genomic in-
tability [16,17], which would lead to aberrations in
he blood. High concentrations might have addi-
ional toxic effects, which would not [8]. Cobalt and
hromium ions may act in synergy [11–14] so that
ingle measurements do not reflect their activity.

In summary these results have shown an increase
f chromosome aberrations and metal level in the
eripheral blood within 2 years of receiving a metal-
n-metal hip arthroplasty. Only the molybdenum
evel could be correlated with chromosome trans-
ocations. To what extent chromosome aberrations
ere increased by soluble or particulate metal [18]

n the bone marrow (not measured in this study) or
o some other aspects related to joint arthroplasty
urgery is not known and has not been addressed in
his study. The long-term effects of joint arthro-
lasty are uncertain [19]. The clinical consequences
f the increase in chromosome aberrations are un-
nown [20]. These results re-emphasize the need
or epidemiological studies in which direct compar-
sons can be made between patients with metal-on-

etal and metal-on-polyethylene prostheses as

oncentration From the Secondary Models
and Scorer)

ex Ratio (95% CI) P Value

1.02 (0.97, 1.07) .43
1.06 (1.00, 1.13) .071
1.10 (1.02, 1.19) .013

1.01 (0.95, 1.07) .69
1.03 (0.95, 1.11) .53
1.01 (0.88, 1.14) .94
ent C
Time

Ind
ell as between patients with implants of different
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etal alloy composition and at long postoperative
urvivals [19,20].
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