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The validity of serum levels as a surrogate
measure of systemic exposure to metal ions

in hip replacement

Metal ions generated from joint replacements are a cause for concern. There is no
consensus on the best surrogate measure of metal ion exposure. This study investigates
whether serum and whole blood concentrations can be used interchangeably to report
results of cobalt and chromium ion concentrations.

Concentrations of serum and whole blood were analysed in 262 concurrent specimens
using high resolution inductively-coupled plasma mass-spectrometry. The agreement was
assessed with normalised scatterplots, mean difference and the Bland and Altman limits of

agreement.

The wide variability seen in the normalised scatterplots, in the Bland and Altman plots
and the statistically significant mean differences between serum and whole blood
concentrations suggest that they cannot be used interchangeably. A bias was
demonstrated for both ions in the Bland-Altman plots. Regression analysis provided a
possible conversion factor of 0.71 for cobalt and 0.48 for chromium. However, even when
the correction factors were applied, the limits of agreement were greater than £67% for
cobalt and greater than +85% for chromium, suggesting that serum and whole blood
cannot be used interconvertibly. This suggests that serum metal concentrations are not
useful as a surrogate measure of systemic metal ion exposure.

All joint replacements are subject to wear. In
conventional hip replacement it has been
shown that wear is a function of use! and that
joint survival is diminished in young® and
active’ patients. Metal-on-metal replacements
are showing good medium-term survival in
young, active patients.*® The main concern
regarding these bearings relates to the metal
ions generated from wear and their passage
into the systemic circulation. The young
patients who have undergone joint replace-
ment will require a functional prosthesis for
the rest of their life. The long-term effects of
systemic exposure to metal ions are not yet
fully understood.” There is a need for contin-
ued monitoring of these products.

In blood, metal ions are transported both in
the plasma and within the blood cells. In the
case of chromium, it has been shown that the
ions within the cells are not in dynamic equilib-
rium with extracellular chromium and that the
ratio of metal in the intra- and extracellular
compartments is widely variable.® The concen-
tration of metal ions in the serum correspond
only to the extracellular component. There-
fore, determination of whole blood concentra-

tions are a better measure of systemic exposure
to metal ions.

Monitoring has been performed’ using
whole blood, plasma, serum and erythrocytes,
in addition to urine and other body fluids. The
confusion surrounding the issue of metal expo-
sure is confounded by this multiplicity of spec-
imens used in different studies and a paucity of
evidence relating to the most appropriate spec-
imen. A panel of experts has recently conceded
this inadequacy stating “to date, no study has
reported a comparison of whole blood, serum,
and erythrocyte levels on the same specimens
in patients with metal-on-metal bearings” and
that serum analysis is recommended only “due
to the relative ease of analysis”” rather than on
the basis of a scientific comparison of concur-
rent specimens. We have reviewed a large
group of concurrent serum and whole blood
specimens to determine if serum can be reliably
used as a surrogate measure of metal ion expo-
sure.

Patients and Methods
We have several ongoing cross-sectional and
longitudinal studies involving metal ion analy-

THE JOURNAL OF BONE AND JOINT SURGERY



THE VALIDITY OF SERUM LEVELS AS A SURROGATE MEASURE OF SYSTEMIC EXPOSURE TO METAL IONS IN HIP REPLACEMENT

737

Table I. Variability of metal ion levels between serum and whole blood readings of concurrent specimens

Whole blood concentration

Cobalt Type of replacement* Duration of follow-up (yrs) pg/l

Unilateral Bilateral CORIN BHR <1 1 2to9 10 <1 1to2 >2
Number of specimens (169) (77) THR (41) resurfacing (47) (158) (563) (85) (74) (34) (87) (76) (83)
Paired mean 0.6 1.3 0.8 1.4 0.7 1.9 1.2 0.4 1.7 0.5 0.6 1.4
differences (ug/l)
t-test-value < 0.0001 <0.0001 <0.005 <0.005 <0.0001 <0.0001 <0.0001 <0.0001 <0.01 <0.0001 <0.0001 <0.0001
B-A variability (%) +72 +51.3 +72.2 +81.1 +59.5 +78.2 +71.6 +42.8 +68.6 +85.9 *454 +55.6
B-A variability with +76.5 +53.2 +74.3 +87.2 +62.9 +82.1 +75.8 +44.4 +74.5 +94.0 +46.8 +54.2
correction (%)

Chromium
Number of specimens Unilateral Bilateral THR (39) CORIN resurfac- BHR <1 1 2to9 10 <1pg/l 1to2pg/l>2pg/l

(168) (80) ing (47) (162) (62) (80) (72) (34) (82) (84) (82)
Paired mean 1.6 35 1.4 3.0 2.0 25 25 1.5 1.2 1.0 1.4 3.9
differences (ug/l)
t-test-value < 0.0001 <0.0001 <0.0001 <0.005 <0.0001 <0.0001 <0.0001 <0.0001 < <0.0001 <0.0001 < 0.0001

0.0001

B-A variability (%) +94.3 +59.2 +78.6 +79.2 +87.7 +102.9 826 625 £52.7 +123.6 +£60.5 +52.4
B-A variability with +101.3 +60.9 +84.2 +83.2 +93.8 +96.4 +90.8 +70.6 £51.3 135 +60.5 +50.8

correction (%)

* THR, total hip replacement; CORIN, McMinn Hybrid resurfacing; BHR, Birmingham hip resurfacing

sis at our centre in patients at different stages before and
after metal-on-metal replacement. They include pre-opera-
tive patients, those with unilateral and bilateral hip resur-
facings and replacements through to ten years after
operation and those with failed metal-on-metal replace-
ment. Between September 2003 and September 2005, we
obtained 262 concurrent serum and whole blood specimens
from these patients. All were included in the study in order
to get a heterogeneous group, which would ensure a wide
range of concentration values and provide an unselected
cross-sectional sample that would be representative of
patients with metal-on-metal arthroplasties. This group
includes smaller more homogeneous subsets depending on
the type of replacement, unilateral or bilateral replacement
and the duration of follow-up as shown in Table I.

The mean age of the patients from whom these speci-
mens were obtained was 56 years (30.2 to 73.4). Of these
189 were men and 73 women. Within this number, 154 had
unilateral replacements, 80 had bilateral procedures and
the rest were pre-operative controls or followed revision.
The implants used in these patients included hip resurfac-
ings and replacements, with large or small diameter bear-
ings and with conventional or short stems (Smith and
Nephew Orthopaedics, Warwick, United Kingdom;
Midland Medical Technologies, Birmingham, United King-
dom; Corin Medical Industries, Cirencester, United King-
dom; Sulzer Orthopaedics, Winterthur, Switzerland).

The BD Vacutainer system was used in all cases (Beckton
Dickinson Medical Pharmaceutical Systems, Oxford,
United Kingdom). Whole blood specimens were drawn
into two 6 ml lithium heparin Vacutainer tubes and stored
at -18°C. In order to obtain serum, blood was drawn into a
plain Vacutainer tube and centrifuged almost immediately
at 5000 rpm for ten minutes and the supernatant stored fro-

VOL. 89-B, No. 6, JUNE 2007

zen at -18°C in two separate 2 ml microtubes (Sarstedt Ltd.,
Leicester, United Kingdom). One of each frozen tube was
kept as a reserve and the other forwarded to the laboratory
for analysis. Any delay in centrifuging introduces a poten-
tial source of variability in serum analysis through haemo-
lysis. Hence, a biomedical scientist (HZ), ensured that there
was no delay in the centrifugation of any of these speci-
mens. De-ionised water flushed through two unused
needles and tubes from each batch was analysed to ensure
that there was no trace of metal contamination as previ-
ously outlined.!”

Analysis of metal ions was performed with high resolu-
tion inductively coupled plasma mass spectrometry with
the reporting limits of 0.06 pg/l for serum cobalt and chro-
mium, and 0.1 pg/l and 0.2 pg/l for whole blood cobalt and
chromium respectively. The variability between serum and
whole blood levels was initially plotted as a normalised
scatter to visualise the actual variability between the two
measurements. In this scatter, whole blood measurements
were normalised to one and the equivalent serum measure-
ments plotted as a scatter. The relationships between serum
and whole blood levels were studied using Student’s paired
t-test and agreement was tested using the Bland and Altman
limits of agreement.!' R language was used for statistical
analyses.'? A p-value of < 0.05 was considered significant
and all confidence intervals (CI) are quoted at the 95%
level. Where regression was used, a simple linear model of
the form blood = (o+Bserum+e) was applied. Analysis of
the regression residuals for influential data was performed
using standard methods.

Results
In 16 specimens the whole blood cobalt levels were below
the reporting limit of 0.1 pg/l and in 14 specimens the chro-
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Scattergraphs showing variability of concentration of a) cobalt and b) chromium in serum per unit concentration in whole blood. The scatter demon-
strates that the variability between serum and whole blood is not uniform throughout the range of measurements. At higher concentrations (i.e. on
the right of the scale on the X-axes, blood concentrations tending towards > 20) there is less variability, but at lower concentrations (left of the scale,
blood concentrations tending towards 0) the variability is greater. The scale on the Y-axes are truncated at the values shown for better appreciation
of the detail. Extreme outliers lie beyond the range shown. Their absence does not influence the data displayed.
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Scattergraphs showing Bland and Altman limits of agreement between measurements in serum and whole blood for a) cobalt and b) chromium). Only
values above the reporting limits have been included (> 0.1 ug/l for cobalt, n = 246 and > 0.2 ug/l for chromium, n = 248). Amongst these six cobalt
data points and seven chromium data points lie outside the range displayed but are included in the calculation. The displayed range has been trun-
cated for better appreciation of the detail. Expressed as a percentage of the averages, the limits of agreement for cobalt are -35.2% to +97% and those

for chromium are -25% to +144.2%.

mium levels were below the reporting limit of 0.2 ug/l.
These were excluded leaving 246 specimens of cobalt con-
centrations and 248 specimens of chromium for study.
The mean difference between serum and whole blood
concentrations of cobalt was 0.84 pg/1 (-3 to 17.2), and of
chromium was 2.1 pg/l (-4.4 to 22.7). The differences for
both were statistically significant (¢-test, p < 0.0001). The
normalised scatter (Fig. 1) showed that the variability was
greater in the lower range of concentrations compared with
the higher ranges. Bland and Altman analyses (Fig. 2)
show the limits of agreement were 3.8 ug/l to 4.2 ug/l and
8.4 ug/l to -4.2 pg/l for cobalt and chromium respectively.
Considered as a percentage of the mean, the limits of
agreement were 97% and -35.2% for cobalt and 144.2%
and -25% for chromium. The difference plots of Bland and

Altman (Fig. 2) suggest that there is a trend which is con-
centration dependent; therefore a linear regression model
was fitted to the data (Fig. 3). For the cobalt data, a linear
regression model was fitted giving coefficients of o = -0.36
(95% CI -0.53 to -0.18) and B = 0.86 (95% CI 0.83 to
0.88). After an analysis of the residuals ten points were
found to be influential. Following their removal the coeffi-
cients became oo = 0.01 (95% CI = -0.10 to 0.13) and B =
0.71 (95 CI = 0.67 to 0.75). Similarly, the model gave coef-
ficients of o = -0.12 (95% CI, -0.26 to 0.01) and B = 0.54
(95 CI, 0.52 to 0.56) for chromium. An analysis of the
residuals suggested 16 measurements were influential. If
these are removed the coefficients then become o = 0.08
(95% CI, -0.02 to 0.17) and B = 0.48 (95% CI, 0.46 to
0.51).
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Scattergraphs showing regression analysis of a) cobalt and b) chromium concentration in whole blood and serum. The solid line represents the
regression of whole blood on serum. The broken lines represent the confidence limits for prediction. The potentially over-influential observations

have been removed.
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Scattergraphs showing Bland and Altman limits of agreement for the serum and concurrent whole blood values as in Figure 2, but with correc-
tion factors obtained from a linear regression model of the data applied for a) cobalt and b) chromium. These factors are 0.71 for cobalt and 0.48
for chromium (five cobalt data points and seven chromium data points lie outside the displayed range but are included in the calculation). It is
obvious that applying these correction factors reduces the mean difference and brings it closer to zero but does not influence the interval
between the limits of agreement showing that the degree of variability is not affected.

Applying the correction factors (f = 0.71 cobalt and B =
0.48 chromium) obtained from the adjusted regression
analyses reduces the mean difference between serum and
whole blood concentrations of cobalt and chromium (Figs
4 and 5) and positions the limits of agreement more sym-
metrically on either side of zero. However their application
does not reduce the width of the interval between the limits
of agreement (-73% to 67% for cobalt and -94% to 85%
for chromium). Analysis of the limits of agreement in
smaller more homogeneous subsets (Table I) also does not
reduce the variability to an acceptable range.

Discussion
The concentration of metal ions in the blood can be inter-
preted as a measure of systemic exposure to them. There is
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great variability in the distribution of metal ions between
serum and blood cells. However, in the past, serum metal
ion analysis has been performed with graphite furnace
atomic absorption spectrometry because of the difficulty in
analysing whole blood. With the advances made in high
resolution inductively coupled plasma mass spectrometry,
poor instrument sensitivity is no longer a problem. Not
only is it more sensitive, it is also able to overcome the inter-
ference caused by the complex matrix in whole blood'"
making it more reliable.

The unreliability of serum measured with atomic absorp-
tion spectrometry is highlighted in a metal ion study'* com-
paring 28 mm metal-on-metal total hip replacements
(THRs) with ceramic against polyethylene THRs. Serum
cobalt levels were assessed with atomic absorption spec-
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Scattergraphs showing Bland and Altman limits of agreement for the same data points as in Figure 4, expressed as a percentage of the average

for a) cobalt and b) chromium. This gives an estimate of the varibility

as a function of the mean difference. Six cobalt data points and ten

chromium data points lie outside the displayed range but have been included in the calculation.

trometry and nearly two-thirds of the specimens were
below the limit of detection and had to be given an arbi-
trary figure (half the limit of detection).

The clinical importance of the unreliability of serum
analysis with graphite furnace atomic absorption spectrom-
etry is brought into sharp focus in a second study,'> which
considered the pivotal issue of transplacental metal transfer
in pregnant women with hip replacements. This study, in
which serum levels were used, led to the conclusion that
metal ions do not cross the placenta, which is contrary to
current evidence obtained from whole blood analysis using
high resolution inductively coupled plasma mass spectrom-
etry.'® The completely different results question the appro-
priateness of serum measurements as a surrogate measure
of systemic metal levels.

It may still be justified to use serum measurements if the
two results are interchangeable or at least interconvertible
through the full range of clinical measurements. A surro-
gate measure can be used interchangeably with a known
complete measure if the readings obtained with the surro-
gate approximate closely with those obtained with the
existing measure. If the data do not approximate closely
but can be made to conform to the existing measure after
the application of a correction factor, it may not be inter-
changeable but can still be used interconvertibly. If such an
agreement is not possible even after the application of
appropriate correction factors the value of such a surrogate
measure is doubtful.

Interchangeability. In order to use serum and whole blood
measurements interchangeably, the mean difference
between adequately powered homogeneous or heteroge-
neous groups of readings should not be statistically signifi-
cant, and more importantly, the differences between
individual readings obtained with the two specimens
should not be large. Both cobalt and chromium fail on the
paired mean differences. The mean differences were

0.84 pg/l and 2.1 pg/l for cobalt and chromium respectively
in the overall heterogeneous group and both were statisti-
cally highly significant (¢-test p < 0.0001). The mean differ-
ences between readings obtained with the two specimens
were statistically significant even in smaller, more homoge-
neous subsets (Table I).

A significant mean difference in itself does not necessarily
rule out the suitability of serum as a surrogate measure,
provided a close enough agreement exists between whole
blood and serum levels so that one can be used to predict
the other. The normalised scatter (Fig. 1) and the Bland and
Altman limits of agreement visually illustrate the differ-
ences between the individual readings obtained with the
two measures (serum and whole blood).

The normalised scatter is essentially a ratio of metal
levels in concurrent specimens of serum and whole blood
and is a simple method of displaying the variability between
individual readings in the two specimens before subjecting
the data to statistical analysis. Ratios have been employed
in the past by others to highlight the variability of metal ion
levels between the different compartments of blood® in in
vivo studies and between cells and supernatant in in vitro
studies.!” The scatter (Fig. 1) shows that the variability
between individual readings with the two different speci-
mens is particularly large at the lower range, both for
cobalt and chromium. This lower part of the range is criti-
cal to distinguish a low wear bearing from a high wear
bearing.

Bland and Altman'' propose a simple visual approach
based on quantifying the differences found between read-
ings obtained from two different measurements (serum and
whole blood in our study). Their method consists of a scat-
ter of data points which represent the differences between
individual readings obtained with the two specimens plot-
ted against the average of those two readings. The mean of
these data points is shown by a horizontal ‘line of agree-
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ment’ drawn across the graph (solid line in Figs 2, 4 and 5).
There are two other parallel lines (interrupted lines in Figs 2,
4 and 5) which are drawn at = 1.96 times the standard devi-
ations above and below the first line and are termed the
‘limits of agreement’. The interval between these two lines
contains 95% of the differences between the two methods
of measurement under comparison and is a measure of the
degree of disagreement between the readings. If it can be
judged that the interval between these two boundaries is
not clinically important, we can use readings obtained from
the two specimens interchangeably.

The only criticism that has been levelled against the
Bland and Altman method!® is that it depends on an expert
to make a judgement whether the range of differences evi-
dent in their analysis is acceptable or not. However this
criticism could equally be applied to every other method of
agreement measurement. The lines of agreement were
0.73 pg/l and 2.1 pg/l for cobalt and chromium respectively
and the disagreement for both metal ions by the Bland and
Altman technique was too wide to be acceptable (Fig. 2). In
the present study in order to allow for the different units of
measurements (lg/l, nmol/l etc) employed by different lab-
oratories, we plotted the differences as a percentage of
the means as well. The percentage limits of agreement were
-35.2% to 97% for cobalt and -25% to 144.2% for chro-
mium.

The significant mean differences between groups of

patients and the differences between individual readings as
seen from the Bland-Altman test, show that readings
obtained from serum and whole blood should not be used
interchangeably.
Interconvertibility (interchangeability with a conversion fac-
tor). Regression analysis provided correction factors for
cobalt and chromium. If after application of these factors,
the existing mean difference can be reduced and the limits
of agreement can be narrowed down to an acceptable level,
whole blood and serum levels can be used interconvertibly
and serum can still be used as a surrogate measure of metal
exposure. Application of correction factors did reduce
the mean difference to approach zero (-3.5% for cobalt and
-4.2% for chromium) (Figs 4 and 5). However, this linear
correction factor obviously does not influence the variabil-
ity and the limits of agreement exceed a range of = 65% for
cobalt and = 85% for chromium (Fig. 5) and remains too
wide to accept serum and whole blood analyses as intercon-
vertible measurements. The limits of agreement do not
reduce to acceptable levels even when the heterogeneous
group is subdivided into smaller more homogeneous
groups (Table I). Furthermore, the variability shows large
differences between each of the individual subsets in the dif-
ferent groups adding an additional element of uncertainty.
This suggests that the hypotheses of agreement for both
metal ions is rejected on the basis of the limits of agreement
of Bland and Altman.
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Our results show that the measurement of serum and
whole blood metal ion concentrations should not be used
interchangeably or interconvertibly. This finding calls into
question the appropriateness of using serum as a surrogate
measure of systemic exposure to metal ions and the validity
of such studies in hip replacement.

Although none of the authors has received or will receive benefits for personal
or professional use from a commercial party related directly or indirectly to the
subject of this article, benefits have been or will be received but will be directed
solely to a research fund, foundation, educational institution, or other nonprofit
organisation with which one or more of the authors are associated.
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