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Objectives

The aims of this piece of work were to: 1) record the background concentrations of blood
chromium (Cr) and cobalt (Co) concentrations in a large group of subjects; 2) to compare
blood/serum Cr and Co concentrations with retrieved metal-on-metal (MoM) hip
resurfacings; 3) to examine the distribution of Co and Cr in the serum and whole blood of
patients with MoM hip arthroplasties; and 4) to further understand the partitioning of
metal ions between the serum and whole blood fractions.

Methods

A total of 3042 blood samples donated to the local transfusion centre were analysed to
record Co and Cr concentrations. Also, 91 hip resurfacing devices from patients who had
given pre-revision blood/serum samples for metal ion analysis underwent volumetric wear
assessment using a coordinate measuring machine. Linear regression analysis was carried
out and receiver operating characteristic curves were constructed to assess the reliability of
metal ions to identify abnormally wearing implants. The relationship between serum and
whole blood concentrations of Cr and Co in 1048 patients was analysed using Bland-Altman
charts. This relationship was further investigated in an in vitro study during which human
blood was spiked with trivalent and hexavalent Cr, the serum then separated and the
fractions analysed.

Results

Only one patient in the transfusion group was found to have a blood Co > 2 ug/I. Blood/
Serum Cr and Co concentrations were reliable indicators of abnormal wear. Blood Co
appeared to be the most useful clinical test, with a concentration of 4.5 pug/l showing
sensitivity and specificity for the detection of abnormal wear of 94% and 95%, respectively.
Generated metal ions tended to fill the serum compartment preferentially in vivo and this
was replicated in the in vitro study when blood was spiked with trivalent Cr and bivalent Co.

Conclusions

Blood/serum metal ion concentrations are reliable indicators of abnormal wear processes.
Important differences exist however between elements and the blood fraction under study.
Future guidelines must take these differences into account.
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Cr and Co concentrations in the serum and whole
blood fractions are closely related to the wear rates of
explanted prostheses

Co appears to be a more reliable indicator of abnor-
mally wearing prostheses

Strengths and limitations
Most of the results have been drawn from a single
area of the United Kingdom. It is unclear whether the
results can be extrapolated to areas further afield
There was a relatively small number of ‘normally
wearing’ prostheses that had failed

Introduction

Adverse reaction to metal debris (ARMD) is a term used to
describe a range of local pathologies seen in association
with metal-on-metal (MoM) hips that include soft-tissue
necrosis, large sterile joint effusions, metal staining of tis-
sues, pseudotumours and osteolysis."”?> Rates of ARMD-
related failure of up to 49% have been reported at six years,>
but others have reported failure rates as low as 0.10%.*

Although the extent of soft-tissue lesions does not
appear to be dose-related to metal debris exposure,?
there is accumulating evidence to show that such reac-
tions are far more likely to develop if a MoM prosthesis is
wearing at a greater rate than expected.?> There is cur-
rently no convincing evidence in the literature document-
ing a severe tissue reaction to a well-functioning (in
tribological terms) MoM prosthesis.

At present there is no consensus as to what blood con-
centrations are indicative of an abnormally wearing
metal hip. Nor is there consensus as to the interchange-
ability of serum and whole blood results for the detec-
tion of abnormal wear, or even whether chromium (Cr)
or cobalt (Co) is the most useful element to measure.
This has led to confusion among surgeons and patients.
Normal background concentrations of Cr and Co have
not even been documented in a large sample size of
patients using modern analytical techniques. Further-
more, while the long-term effects of systemic exposure
to high concentrations of Cr** and Co?* metal ions are
unknown, Cr®" (hexavalent chromium) is a proven car-
cinogen,® and it is also unknown whether or not MoM
joints generate this species of Cr.

The purposes of this study were: 1) to record back-
ground concentrations of blood Cr and Co concentra-
tions measured using the latest techniques in a large
number of healthy subjects; 2) to compare blood metal
ion concentrations with the measured volumetric wear of
retrieved prostheses in order to identify levels indicative
of poorly functioning hip resurfacings; 3) to examine the
distribution of Co and Cr in serum and whole blood of
patients with MoM hip arthroplasties; and 4) to further
understand the partitioning of Cr ions between the
serum and whole blood fractions and investigate the
potential release of hexavalent Cr.

Materials and Methods

Background concentrations of Co and Cr in a healthy
population. A study was begun in 2007 to analyse the
background environmental exposure to various heavy
metals in the North of England, which has reported to the
sponsor but not published data as of yet. We obtained the
Cr and Co blood results from this study to use as a refer-
ence point to compare with those obtained from patients
with MoM joints. Blood samples were taken from a ran-
dom sample of informed volunteers from the National
Blood Service (NBS), which is part of the NHS Blood and
Transplant (NHSBT) service. The population under study
was from the areas of Northumberland, Tyne & Wear,
Cumbria and Durham. The total population is approxi-
mately 2.5 million people (2001 census data’), although
only a small proportion of the population donate blood
(estimated to be around 4% by the NBS®). The study pop-
ulation consisted of subjects aged between 17 and 70
years who had passed the screening health protocols for
the NBS. Pregnant women and those with children up to
nine months old were excluded, as were transient popu-
lations. It was not known whether individuals had metal-
lic implants at the time of venesection. When a blood
donation was taken, the first 8 ml to 12 ml were diverted
into a sample pouch and then in to two BD Vacutainer
Plus Blood Collection Tubes (Beckton Dickson, Franklin
Lakes, New Jersey) containing K2EDTA (ethylenediamine-
tetraacetic acid). Cr and Co analysis was performed using
inductively coupled plasma mass spectroscopy (ICPMS)
(X-Series Il; Thermo Electron Corporation, Bremen, Ger-
many) with Collision Cell Technology (CCT) using 7.5%
(v/v) hydrogen (H,) in helium (He) as the collision gas,
with in-sample switching between CCT and normal
modes. ICPMS is currently accepted to be the preferred
mode of blood metal ion measurement.” Limits of detec-
tion (LoD) were 0.63 pg/l and 0.11 pg/l for Cr and Co,
respectively. These analyses were carried out at a centre
that participates in the Trace Element Quality Assurance
Scheme (TEQAS).'® This scheme is a collaboration
between seven centres in the United Kingdom that per-
form trace element analysis using the same techniques
and regularly monitor results between units to ensure
reproducibility.'® Additionally the laboratory takes part in
the Quebec Multielement External Quality Assessment
Scheme (QMEQAS)."" Both include Cr and Co and perfor-
mance in these schemes is consistently within the accept-
able ranges quoted. Ethical approval was sought and
given through the National Research Ethics Service
(NRES), part of the National Patient Safety Agency (ref: 07/
Q0901/20).

How do metal ion concentrations relate to volumetric
wear of retrieved MoM hip resurfacing prostheses?. In
2008 a prospective study was commenced at the School
of Mechanical and Systems Engineering at Newcastle
University to analyse failed MoM hip prostheses. The
study was conducted after approval from the Local
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Fig. 1

Plot showing the measurement error of our volumetric wear assessment
compared with the gold-standard gravimetric test.

Research Ethics Committee of County Durham and Tees
Valley. All mated (head and acetabulum) components
retrieved from patients between 2008 and 2012 with
failed unilateral hip resurfacings and pre-revision sur-
gery whole blood samples were included in this analy-
sis. Blood samples were taken using an intravenous
catheter (Insyte-WTM; Becton Dickinson). After the cath-
eter had been introduced, the metal needle was
removed in order to avoid contamination from the
needle. A second 5 ml were collected using a Venflon
vacuum tube. Blood was placed into EDTA tubes. Con-
centrations of Cr and Co were determined using ICPMS
at the Biochemistry Department, Royal Surrey County
Hospital. The quantification limits for both elements
were less than 0.2 pg/l and the within assay reproduc-
ibility was 2% at a concentration of 8 pg/l. This labora-
tory demonstrates excellent accuracy in international
trace elements external quality assessment schemes and
is one of the participants of the United Kingdom TEQAS.
Exclusion criteria were: the presence of other metallic
implants; loose CoCr backed components; gross immo-
bility at the time of the blood test (University of Califor-
nia, Los Angeles (UCLA) activity score'? of 1) and or
abnormal renal function tests (blood urea nitrogen and
creatinine).

The bearing surfaces of the retrieved components
underwent volumetric wear assessment using a Legex
322 coordinate measuring machine (CMM; Mitutoyo,
Tokyo, Japan). The CMM has an accuracy of 0.8 pym.
Between 4000 and 7000 points were taken from each
component and the total material loss in volumetric
terms was calculated using a dedicated Matlab program
(Mathworks, Natick, Massachusetts) that has been vali-
dated previously.'

The relationship between metal ion concentrations and
bearing surface wear rates was examined using linear
regression after the data had been log normalised.
Receiver operating characteristic (ROC) curves were con-
structed to assess the sensitivity and specificity of

different blood fractions and different metals to detect
abnormal wear. ‘Abnormal wear’ was defined for the pur-
poses of this paper after consideration of two factors:

1. Heisel et al'* showed that the volumetric loss during
the ‘running in’ phase of hip resurfacings is approxi-
mately 1.5 mm3. Thereafter, wear rates are believed to
decelerate and it is generally accepted that a well-func-
tioning MoM bearing surface should produce < 1 mm? of
volumetric wear per year once the steady state is
achieved.'® Our own analysis of the wear of explanted
large-diameter MoM joints showed that this is a reason-
able assumption.3

2. In addition to our previous published examination of
the accuracy of the method of volumetric wear assess-
ment, we performed a further 30 gravimetric tests on a
resurfacing head and acetabular component as we had
further enhanced our scanning techniques since the previ-
ous publication. This showed that the median error was
+0.034 mm? per component and the limits of the measure-
ment data were +0.530 to -0.283 (Fig. 1). The limits were
calculated in a standard way for non-parametric data as
follows: Lower limit of data (maximum under measure-
ment) = quartile (Q) 1 — 1.5(Q3 — Q1); Upper limit (maxi-
mum over measurement) = Q3 + 1.5(Q3 — Q1).

Taking into account the above factors, and given the

variation in patient mobility (patients with higher activity
levels may subject their joints to 6 million cycles per
year'®), we conducted several ROC analyses defining an
‘abnormal wear’ rate first at a value of 2.0 mm?3/year for
the steady state phase (comfortably above what is gener-
ally considered normal) and then 3.0 mm?/year (a figure
based on our previous work'®) in an attempt to accom-
modate patients with high activity levels. We conducted
further analyses in order to determine the effects of max-
imum over and under estimates of wear to give worst out-
come sensitivity and specificity values.
The relationship between Cr and Co concentrations in
serum and whole blood samples of patients with MoM
arthroplasty of the hip. Metal ion analysis of whole
blood and serum samples is carried out as part of routine
follow-up of patients with MoM hip implants at the Univer-
sity Hospital of North Tees. We collected all available corre-
sponding serum/whole blood samples taken from patients
with MoM joints at the hospital up to 2011. Patients had
been implanted with Articular Surface Replacement hip
resurfacings (ASR; DePuy, Leeds, United Kingdom), Bir-
mingham Hip Resurfacings (BHR; Smith and Nephew, War-
wick, United Kingdom), the ASR XL total hip replacement
(THR) (DePuy) or the Pinnacle MoM THR system (DePuy).
All these devices are manufactured from a similar high-car-
bon CoCr alloy. Blood samples were collected as previ-
ously described. No patients were excluded.

Bland-Altman plots were constructed to assess the
agreement between serum and whole blood concentra-
tions of Cr and Co. The calculated difference between
serum and whole blood concentrations was plotted for
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Graph showing the distribution of whole blood cobalt concentrations in
3042 healthy volunteers.

both Co and Cr. The ratio of serum to whole blood Cr
concentration was then plotted against the mean of the
two values, as the variability between the calculated dif-
ferences was found to increase as ion concentrations
increased. Finally, the ratio of serum to whole blood in Cr
was then plotted against whole blood Cr in order to
examine the partitioning of Cr between the two fractions
as the overall Cr concentration increased. All the above
tests were conducted initially with the samples from
patients with hip resurfacings separate from those with
THRs in order to identify differences in the metal ion gen-
eration between the two arthroplasty systems.

In vitro study of Cr species distribution in human blood.
Blood was collected from a healthy adult volunteer into a
container with EDTA as anticoagulant and also into a plain
container. The anti-coagulated blood was divided into a
series of portions and each was spiked with solutions of
Cr¥*, Cr%* or Co?*, so as to increase the concentration by 0,
2, 5,10 or 40 ug/l. These samples were further divided into
four aliquots that were separated into plasma and washed
red blood cells (RBCs) after 45 minutes and four, 24, and
48 hours at room temperature in order to investigate the
effect of time of sample collection to sample analysis. The
non-anti-coagulated blood was immediately divided into
portions, similarly spiked with Cr’+, Cr®*, or Co?*, allowed
to clot and the serum separated. The concentrations of Cr
and Co were measured in RBCs and serum by ICPMS. The
blood was collected as a requirement for the trace elements
external quality assessment scheme organised by the Bio-
chemistry Department, Royal Surrey County Hospital,'® and
had approval from the Surrey Research Ethics Committee.

Statistical analysis. Windows SPSS v15.0 (SPSS Inc.,
Chicago, lllinois) was used for statistical analysis through-
out and XLSTAT (Addinsoft, New York, New York) was
used for graphical representation. A p-value < 0.05 was
considered to denote statistical significance.

Results

Background metal ion concentrations. A total of
3042 patients gave samples. There were 1527 males and
1515 females with a mean age of 45 years (16 to 72). The
median Cr concentration was 1.5 pg/l (0.6 (below detec-
tion limit) to 8.6), and for Co was 0.5 pg/l (0.3 to 6.7). The
Shapiro-Wilk test for normality showed that neither Cr nor
Co was normally distributed (p = 0.001 and p = 0.002,
respectively). A total of 98 patients (3.22%) were found to
have blood Cr concentrations > 2 ug/I, whereas only one
patient (0.033%) was found to have a blood Co concentra-
tion > 2 pg/l. The majority of patients (2831 of 3042,
93.1%) had a Co < 1 pg/I. Figure 2 shows the distribution of
Co concentrations. When patients were sub-divided by
gender and age, median concentrations of Cr and Co in
the various sub groups varied by no more than 0.1 pg/I.
How do metal ion concentrations relate to wear of MoM
prostheses?. In total, there were 91 retrieved resurfacings
with corresponding pre-revision blood Cr and Co values.
Of these, 13 patients did not have corresponding serum
values, as the patients had been referred from hospitals
where the serum fraction was not routinely tested. The
indication for revision was ARMD in 82 hips (90.1%),
loose titanium-backed acetabular components in two
(2.2%), avascular necrosis (AVN) in two (2.2%), pain with
an unknown cause in two (2.2%), and one case each of
infection, painful impingement and uncomplicated fem-
oral fracture (Table I).

Neither volumetric wear rates nor blood ion concen-
trations were normally distributed (p < 0.001, Shapiro-
Wilk test).

Linear regression using logged values of bearing sur-
face wear rates as the independent variable and logged
blood/serum concentrations as the dependent variables
returned adjusted R? values of 0.855 for blood Co
(p < 0.001) (Fig. 3), 0.756 for blood Cr (p < 0.001), 0.813
for serum Co (p < 0.001) and 0.785 for serum Cr
(p < 0.001). The equation of the best-fit line was used to
normalise the logged values in order to translate the
results into real clinical values. The results of the Co calcu-
lations are illustrated in Figure 4 and reported in Table Il.

ROC analysis showed whole blood Co to have the most
clinically appropriate sensitivity and specificity for the
detection of abnormal wear. A whole blood Co concen-
tration of = 4.5 ug/l appeared to be the most reliable clin-
ical threshold value after the consideration of the
sensitivity and specificity as well as the confidence limits.
Whole blood Co 2 4.5 pg/l had a sensitivity of 90.4%
(95% confidence interval (Cl) 81.1 to 95.5) and specificity
of 94.4% (95% Cl 72.0 to 100.0) for detecting abnormal
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Table I. Explant patient demographics

Characteristic

Implants (n) 91

Mean age (yrs) (range) 54 (29 to 68)
Male:female (n) 38:53

Mean time to revision (mths) (range) 54 (8 to 108)
Device (n, %)"

ASR 73 (80.2)
BHR 12 (13.2)
Durom 3.3
Conserve Plus 2.2
Cormet 1(1.7)
Reason for revision (n, %)
ARMDT 82 (90.7)
Avascular necrosis 22.2)
Loose acetabular component 22.2)
Unexplained pain 2(2.2)
Painful impingement 1(1.7)
Infection 1(1.7)
Uncomplicated femoral fracture 1(1.1)

Mean blood concentration (ug/l) (range)

Chromium 14.7 (1.24 t0 123.2)
Cobalt 16.0 (0.63 to 271.0)
Mean serum concentration (ug/l) (range)*

Chromium 17.9 (1.9t0 186.7)
Cobalt 15.2(0.96 to 235.4)
Mean volumetric bearing surface wear rate 7.35(0.50 to 138.1)

(mm?/yr) (range)

* ASR, Articulating Surface Replacement; BHR, Birmingham Hip Resurfacing
1 ARMD, adverse reaction to metal debris
} serum concentration values were only available for 78 patients
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Fig. 3

Graph showing the linear regression of blood cobalt (Co) concentration and
rates of surface wear (using logged values).

wear of > 2.0 mm3 per year (Fig. 5, Table Ill). When
‘abnormal wear’ was defined as that > 3 mm?3 per year,
clinically the most useful threshold level appeared to be a
blood Co concentration of 5.04 pg/l. This value showed a
sensitivity of 92.8% (95% Cl 83.7 to 97.2) and specificity
of 95.5% (95% Cl 76.2 to 100.0) (Table IV).

1401

120+

100t

80

60 T

40 ¢

Predicted wear rate (mm?/year)

100 150 200 250 300

Blood Co concentration (ug/I)
Fig. 4

Graph showing the prediction of wear rates for given whole blood concentra-
tions of cobalt (Co), using the equation derived from the regression model
(Fig. 3) with values normalised to provide clinically relevant figures (Table II).
The broken lines represent the 95% confidence interval.

Table I1. Relevant clinical values of blood
cobalt (Co) and their relationship to the volu-
metric bearing surface wear rate of the metal-
on-metal joint (Cl, confidence interval)

Whole blood Co 95% Cl rate of wear

(ng/l) (mm?/year)
0.5 0.47 to0 0.64
1 0.77 to 1.16
2 1.26 to 2.10
3 1.68 to 2.96
4 2.07 to 3.79
5 2.43t04.58
10 4.00 to 8.28
15 5.35t0 11.7
20 6.58 to 14.9
30 8.80 to 21.1
40 10.8 to 27.01
50 12.7 to 32.7
100 20.9 t0 59.0
150 28.0t0 83.4
200 34.4to 107
250 40.3 to 129
300 46.0 to 151

We performed further ROC analyses this time using the
maximum possible over and estimates of wear from the
wear calculations combined with the maximum and min-
imum reproducibility error from metal ion analysis. There
were only marginal changes in the results. The full data
can be seen in Table V.

As wear rates increased, there was a highly significant
trend towards a disproportionate increase in serum Cr con-
centrations compared with the whole blood Cr concentra-
tion (Spearman Rank correlation =-0.646, p < 0.001).
The distribution of metal ions in whole blood and
serum fractions: in vivo study. A total of 1048 patients
gave blood samples. Patient demographics are included
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Fig. 5

Graphs showing the sensitivity and specificity of whole blood cobalt (Co) and chromium (Cr) to identify abnormal wear defined as > 2 mm?/year (top row)

and > 3 mm?/year (bottom row).

in Table VI. The Bland-Altman limits of agreements
between serum and whole blood samples were -16.5 ug/I
to 16.6 ug/l for Co, and -15.4 pg/I to 18.71 pg/l for Cr.
The difference between Cr serum and whole blood
became larger as Cr concentrations increased. The ratio
of serum Cr to whole blood Cr stabilised at approxi-
mately 1.6 once an equivalent blood Co concentration
of 20 pg/l was reached, the level above which gross
metallosis (metal staining of peri-prosthetic tissues) is
apparent (Fig. 6).>'7 This relationship was almost iden-
tical to that observed in the resurfacing patients, imply-
ing there was no difference in the underlying
mechanisms of metal ion transport between hip resur-
facing and THR patients (Spearman correlation =-0.656,
p < 0.001).

The distribution of metal ions in whole blood and
serum fractions: in vitro study. Blood samples spiked
with Cr3* showed a preferential increase in Cr concentra-
tion in the serum fractions. This was in contrast to blood
samples spiked with Cr®*, where there was a preferential
increase in Cr in the RBCs (Fig. 7). Blood samples spiked
with Co?* also showed preferential increases in Co con-
centrations in the serum fraction. The regression line
equation for samples stored in EDTA tubes was calculated
to be [Co**]serum = [Co? + 14] x (1.6301 + 0.2323),
which gave an R? value of 0.993.

The time from sampling to centrifugation had a very
small effect on overall measured Cr concentrations and
the distribution of the Cr species between the RBCs and
serum, as did the type of tube used to collect the samples.
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Table I1. Sensitivity and specificity of whole blood cobalt (Co) and chromium (Cr) for identifying abnormal wear
defined as a wear rate > 2 mm? per year. The area-under-curve (AUC) value for Co was 0.971 (95% confidence
interval (Cl) 0.965 to 0.977) and 0.959 (95% Cl 0.935 to 0.982) for Cr. The most clinically useful values after con-
sideration of sensitivity and specificity are bolded (PPV, positive predictive value; NPV, negative predictive value)

Whole blood (ug/l) Sensitivity (95% ClI) Specificity (95% ClI) PPV NPV

COBALT

1.900 0.973 (0.898 to 0.998) 0.667 (0.435 to 0.837) 0.922 0.857
2.290 0.959 (0.880 to 0.990) 0.667 (0.435 to 0.837) 0.921 0.800
2.420 0.959 (0.880 to 0.990) 0.722 (0.487 to 0.876) 0.933 0.813
2.470 0.959 (0.880 to 0.990) 0.778 (0.541 t0 0.913) 0.946 0.824
2.500 0.945 (0.862 to 0.982) 0.833 (0.598 to 0.948) 0.958 0.789
2.800 0.945 (0.862 to 0.982) 0.889 (0.657 to 0.979) 0.972 0.800
3.210 0.932(0.845 t0 0.973) 0.889 (0.657 to 0.979) 0.971 0.762
3.260 0.918 (0.828 to 0.964) 0.889 (0.657 to 0.979) 0.971 0.727
3.540 0.904 (0.811 to 0.955) 0.889 (0.657 to 0.979) 0.971 0.696
4.500 0.904 (0.811 t0 0.955)  0.944 (0.720 to 1.000) 0.985 0.708
4.700 0.890 (0.795 to 0.945) 0.944 (0.720 to 1.000) 0.985 0.680
CHROMIUM

5.720 0.945 (0.862 to 0.982) 0.722 (0.487 to 0.876) 0.932 0.765
5.800 0.945 (0.862 to 0.982) 0.778 (0.541 to 0.913) 0.945 0.778
6.000 0.945 (0.862 to 0.982) 0.833 (0.598 to 0.948) 0.958 0.789
6.280 0.932(0.845 t0 0.973) 0.833 (0.598 to 0.948) 0.958 0.750
6.860 0.932 (0.845 t0 0.973) 0.889 (0.657 to 0.979) 0.971 0.762
6.920 0.918 (0.828 to 0.964) 0.889 (0.657 to 0.979) 0.971 0.727
7.180 0.904 (0.811 to0 0.955) 0.889 (0.657 to 0.979) 0.971 0.696
7.220 0.890 (0.795 to 0.945) 0.889 (0.657 to 0.979) 0.970 0.667
7.630 0.877 (0.779 to 0.935) 0.889 (0.657 to 0.979) 0.970 0.640
7.850 0.863 (0.763 to 0.925) 0.944 (0.720 to 1.000) 0.984 0.630
8.250 0.849 (0.747 to 0.915) 0.944 (0.720 to 1.000) 0.984 0.607
8.370 0.849 (0.747 to0 0.915) 1.000 (0.789 to 1.000) 1.000 0.621
8.420 0.836 (0.732 to 0.904) 1.000 (0.789 to 1.000) 1.000 0.600

Discussion

Adverse reactions to metal debris (ARMD) are an increas-
ingly recognised problem. There is a growing body of evi-
dence to suggest that the vast majority of these reactions
are seen in association with abnormally wearing MoM
devices.?* There are currently no clear guidelines on how
to interpret metal ion results, aside from preliminary rec-
ommendations issued by the Medicines and Healthcare
Products Regulatory Agency (MHRA).'® A review on the
current state of MoM hips also acknowledged that there is
no current cut-off level at which poorly functioning hips
can be identified."

There are several reasons why it is desirable to identify
abnormally wearing joints:

1. ARMD may be a silent (pain-free) process.?° It is
therefore inappropriate to design studies and formulate
guidance where joints are labeled ‘well-functioning’ sim-
ply if the patient has no pain. True ‘control’ patients
should also have evidence that their prosthesis is func-
tioning well in a tribological sense.

2. Our previous work,? which included assessment of
the largest cohort of patients who had experienced failure
of their joints secondary to ARMD, suggested that accel-
erated wear leaves patients at greatly increased risk of
subsequent development of a catastrophic immune cas-
cade, which can culminate in extensive soft-tissue injury

and/or osteolysis. The apparent tolerance of some
patients to higher concentrations of metal debris may
only be temporary. Notably, in our previous work where
we had failed to identify any BHR patients with ARMD in a
single-surgeon comparison series,?! four asymptomatic
patients in this group with elevated blood metal ions
went on to be revised for gross osteolysis within two years
of the study.

3. Normal, expected wear of MoM bearing surfaces is
thought to lead to the removal of surface imperfections,
generally considered as a self-polishing process occurring
in vivo.?? It is believed that the resulting smoother sur-
faces can harness a naturally occurring lubricating film,
which leads to improved wear characteristics.?> In con-
trast, abnormal wear processes lead to roughening of the
bearing surfaces and impairment of lubrication.?? In this
way, increased wear leads to further wear. Increased wear
leads to greater host exposure to elevated concentrations
of metal debris, and the long term systemic sequelae are
unknown.

This paper provides data to facilitate the development of
guidelines for the interpretation of blood results in order to
identify abnormally wearing implants in vivo. It includes
comprehensive wear analysis of the largest collection of
failed contemporary MoM bearings at an independent
centre. This paper also includes analysis of the largest
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Table IV. Sensitivity and specificity of whole blood cobalt (Co) and chromium (Cr) for identifying abnormal
wear defined as a wear rate > 3 mm? per year. The area-under-curve (AUC) value for Co was 0.979 (95% confi-
dence interval (Cl) 0.968 to 0.989) and 0.958 (95% Cl 0.930 to 0.980) for Cr. The most clinically useful values
after consideration of sensitivity and specificity are bolded (PPV, positive predictive value; NPV, negative predic-

tive value)

Whole blood (pg/1) Sensitivity (95% Cl) Specificity (95% CI) PPV NPV

COBALT

2.500 0.957 (0.874 to 0.989) 0.727 (0.515 to 0.870) 0.917 0.842
2.800 0.957 (0.874 to 0.989) 0.773 (0.560 to 0.901) 0.930 0.850
3.210 0.957 (0.874 to 0.989) 0.818 (0.607 to 0.931) 0.943 0.857
3.260 0.957 (0.874 to 0.989) 0.684 (0.656 to 0.959) 0.957 0.964
3.540 0.942 (0.855 to 0.981) 0.684 (0.656 to 0.959) 0.956 0.826
4.500 0.942 (0.855 to 0.981) 0.909 (0.707 to 0.985) 0.970 0.833
4.700 0.928 (0.837 to 0.972) 0.909 (0.707 to 0.985) 0.970 0.800
5.040 0.928 (0.837 to 0.972) 0.955 (0.762 to 1.000) 0.985 0.808
5.640 0.928 (0.837 to 0.972) 1.000 (0.821 to 1.000) 1.000 0.815
6.310 0.913 (0.819 to 0.962) 1.000 (0.821 to 1.000) 1.000 0.786
CHROMIUM

6.000 0.957 (0.874 to 0.989) 0.727 (0.515 to 0.870) 0.917 0.842
6.280 0.957 (0.874 to 0.989) 0.773 (0.560 to 0.901) 0.930 0.850
6.860 0.957 (0.874 to 0.989) 0.818 (0.607 to 0.931) 0.943 0.857
6.920 0.957 (0.874 to 0.989) 0.864 (0.656 to 0.959) 0.957 0.864
7.180 0.942 (0.855 to 0.981) 0.864 (0.656 to 0.959) 0.956 0.826
7.220 0.928 (0.837 to 0.972) 0.864 (0.656 to 0.959) 0.955 0.792
7.630 0.913 (0.819 to 0.962) 0.864 (0.656 to 0.959) 0.955 0.760
7.850 0.899 (0.801 to 0.952) 0.909 (0.707 to 0.985) 0.969 0.741

8.250 0.884 (0.784 to 0.942) 0.909 (0.707 to 0.985) 0.968 0.714
8.370 0.884 (0.784 t0 0.942) 0.955 (0.762 to 1.000) 0.984 0.724
8.420 0.870 (0.767 to 0.931) 0.955 (0.762 to 1.000) 0.984 0.700

database of matched serum and whole blood samples in
the published literature as well as the largest data set of Cr
and Co blood concentrations in a healthy population.
Background blood metal ion concentrations. The back-
ground metal ion data shown in this report is included to
provide context to clinicians. The data obtained from
these healthy volunteers are not intended to be inter-
preted as a control group, as they were neither age- nor
gender-matched and it was unknown whether these
patients had metallic implants in their bodies. Despite
this, the results show little variation in metal ion concen-
trations with an even smaller variation in Co compared
with Cr concentrations. We speculate that this may be
due to dietary variations?* or other factors such as smok-
ing.?® Co has been shown to vary dynamically in response
to exercise and it is therefore unsurprising that this ele-
ment appears to be the more reliable indicator of
wear.2627 Analysis of Co is more easily conducted than Cr,
and our own review of the literature from the last five
years shows blood median ion levels of Co are well-
matched irrespective of the laboratory or the country in
which studies were performed. The same cannot be said
of Cr (Table VI1).28-3

Use of metal ions to detect abnormal wear. A whole blood
Co concentration = 5.04 pg/l was found to be 93% sensi-
tive and 96.0% specific for detecting abnormal wear
(defined at the generous arbitrary value of 3 mm?3/year).

Serum Co concentrations > 6.30 ug/I also showed high
sensitivity and specificity for the detection of abnormal
wear. We believe therefore that either serum or whole
blood Co can be used for metal ion screening tests. How-
ever, the use of whole blood eliminates the need for the
separation of serum, an extra step for a lab technician and
one in which contaminants can be introduced, and also
provides a truer representation of systemic exposure. As
our results suggest, wear products appear to fill the
serum compartment preferentially (see below). The mea-
surement of whole blood metal ion concentrations there-
fore ‘dilutes’ the effect of transient increases in wear.
However, the major limitation in studies of this kind is
that the data are drawn from are an inherently biased
sample, in that all of the examined prostheses failed early.
It would be ideal to examine and compare with a control
group, such as those implants that have outlasted their
recipient. This could only be done practically with the
establishment of an autopsy bank.
Interchangeability of whole blood and serum. While
serum and whole blood metal ion concentrations
showed significant and strong correlation with each
other, one fraction could not reliably predict the other;
our results substantiate the conclusions of Daniel et al*?
and Smolders et al>* who concluded that whole blood
and serum concentrations cannot be used interchange-
ably due to the unacceptably wide limits of agreement.
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Table V. Sensitivities and specificities of various blood fractions after maximal measurement errors were taken into account

(Cl, confidence interval)

BLOOD METAL ION TESTING IS AN EFFECTIVE SCREENING TOOL TO IDENTIFY POORLY PERFORMING METAL-ON-METAL BEARING SURFACES

Fraction

Value (ug/I)

Sensitivity (95% ClI)

Specificity (95% CI)

Abnormal wear defined as > 2 mm?3/year
(maximum over measurement)

Blood cobalt 4.50
Blood chromium 7.85
Serum cobalt 6.30
Serum chromium 7.30
Abnormal wear defined as > 2 mm?3/year
(maximum under measurement)
Blood cobalt 4.50
Blood chromium 7.85
Serum cobalt 6.30
Serum chromium 7.30
Abnormal wear defined as > 3 mm?/year
(maximum over measurement)
Blood cobalt 5.04
Blood chromium 8.37
Serum cobalt 6.30
Serum chromium 7.70
Abnormal wear defined as > 3 mm?3/year
(maximum under measurement)
Blood cobalt 5.04
Blood chromium 8.37
Serum cobalt 6.30
Serum chromium 7.70

0.904 (0.811 to 0.955)
0.863 (0.763 to 0.925)
0.859 (0.751 to 0.926)
0.891 (0.787 to 0.948)

0.929 (0.839 t0 0.972)
0.886 (0.787 to 0.943)
0.902 (0.797 to0 0.957)
0.902 (0.797 t0 0.957)

0.928 (0.837 to 0.972)
0.884 (0.784 to 0.942)
0.917 (0.814 to 0.967)
0.917 (0.814 to 0.967)

0.941 (0.853 to 0.981)
0.897 (0.799 to 0.951)
0.932 (0.832 t0 0.977)
0.932 (0.832 t0 0.977)

0.944 (0.720 to 1.000)
0.944 (0.720 to 1.000)
0.929 (0.661 to 1.000)
0.929 (0.661 to 1.000)

0.905 (0.696 to 0.984)
0.905 (0.696 to 0.984)
0.941 (0.707 to 1.000)
0.824 (0.580 to 0.944)

0.955 (0.762 to 1.000)
0.955 (0.762 to 1.000)
0.944 (0.720 to 1.000)
0.889 (0.657 to 0.979)

0.957 (0.770 to 1.000)
0.957 (0.770 to 1.000)
0.947 (0.732 to 1.000)
0.895 (0.671 to 0.981)

Table VI. Patient demographics of those who gave matched samples for serum and whole blood metal ion

analysis

Implant”
Characteristic ASR/ASR THR BHR/BHR THR Pinnacle
Patients (n) 416 165 467
Male:female 245:171 97:68 127:340
Mean time in situ (mths) (range) 32 (1to 82) 55.4 (18 to 79.2) 66 (12 to 109)

Mean age (yrs) (range)

Median whole blood (ug/l) (range)

Cobalt
Chromium

Median serum (ug/l) (range)

Cobalt
Chromium

56 (25 to 83)

2.53(0.13 to 271)
5.82(0.36 to 108)

2.99 (0.20 to 228)
5.31 (0.42 to 115)

51 (32 to 68)

1.82 (0.63 to 147)
6.19 (0.78 to 53.5)

2.29 (0.65 to 190)
5.48 (1.30 t0 92.9)

63 (21 to 83)

2.13 (0.22 to 215)
5.30 (0.47 to 67.3)

2.63 (0.37 to 204)
4.45 (0.62 to 108)

92

* ASR, Articulating Surface Replacement; THR, total hip replacement; BHR, Birmingham Hip Resurfacing

Compared with these two studies, our current study con-
tains a wider range of ion data due to the poor perfor-
mance of the ASR prosthesis. This allowed us to observe
the trend of Cr preferentially storing in the serum
compartment as ion concentrations increased in vivo
(Fig. 6). This phenomenon prompted us to design an in
vitro study to investigate the distribution of Co and Cr
ions in serum and whole blood with increasing concen-
trations of metallic load.

The results of the in vitro study showed that Cr* (triva-
lent Cr) ions had a stronger affinity for serum while Cré*
(hexavalent Cr) ions showed a preference for RBCs. When

blood was spiked with trivalent Cr in vitro, the in vivo dis-
tribution of Cr was replicated. This phenomenon pro-
vides indirect evidence that it is Cr3* that is primarily
released from MoM implants. These findings are further
supported by the in vitro studies by Ordéfiez et al,>* who
found Cr3* to be associated with the serum protein trans-
ferrin in vitro, and by Merritt et al,>> who showed that
Cr%* jons generated from corrosion processes are prefer-
entially taken into RBCs rather than serum. These results
are also consistent with the in vivo findings of Walter
et al.3® The results of the current study prompted us to
examine the haematocrit values of the blood samples
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Serum : whole blood Cr ratio

Whole blood Cr concentration (ug/l)
Fig. 6

Plot showing the relationship between the ratio of serum to whole blood
chromium (Cr) plotted against whole blood Cr concentration. The ratio of
serum to whole blood stabilises at approximately 1.6 as overall Cr concen-
tration increases.
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Graph showing the plotted results for all patients in the study (n = 1048,
green triangles), showing the relationship between whole blood and serum
chromium (Cr) concentration. The best fit is represented by the solid black
line (Spearman rank correlation r = 0.920, p < 0.001). The broken red line
shows the relationshi? between serum and whole blood Cr values after blood
was spiked with Cr** and centrifuged and analysed within 45 minutes
(y =1.6257 + 1.151), and the blue line shows that when blood was spiked
with Cr® the hexavalent Cr ions became bound preferentially to RBCs
(y = 0.4499x + 1.307).

Table VII. Previously reported median values of blood chromium (Cr) and cobalt (Co) in cohorts of patients with a Birmingham Hip Resurfacing (BHR)

measured using inductively coupled plasma mass spectrometry

Mean time to

Authors Patients (n) Implant Laboratory venesection (yrs) Median Cr Median Co
Daniel et al?® 26 BHR Laboratory of Government 4 1.1 1.2
Chemists Laboratories,
Teddington, Middlesex,
United Kingdom
Langton et al?’ 70 BHR Royal Surrey County Hospital, 3.9 3.95 1.43
United Kingdom
Hart et al*® 88 82 BHRs 6 Cormets Imperial Healthcare College, 3.5 2.3 1.7
(majority resurfacings) London, United Kingdom
Holland et al®' 53 BHR Imperial Healthcare College, 10 1.74 1.67

United Kingdom

drawn from patients from whom the explants were
retrieved. It was found that at lower levels of wear
(< 5 mm3/year), haematocrit concentrations signifi-
cantly affected the serum and whole blood Cr concentra-
tion ratio. A multiple regression model using whole
blood Cr:serum Cr as the dependent variable and
haematocrit and wear rate as the explanatory variables
returned an R? value of 0.345 (p = 0.002, with haemato-
crit coefficient = 0.480). This implied that at lower levels
of wear, Cr concentrations were significantly affected by
the pre-operative Cr concentration, which is likely to be
stored preferentially in the RBCs.>> At higher levels of
wear this relationship became progressively weaker,
implying that the overall increase in Cr produced by the
MoM device rendered the pre-operative Cr concentra-
tion insignificant. These factors warrant further discus-
sion elsewhere but the findings reinforce the idea that

serum and whole blood values are not interchangeable
for clinical guidance, and this is particularly so for Cr con-
centrations. After a review of the literature and consider-
ation of the results presented in this paper we propose a
‘cobalt ladder’ in order to guide the interpretation of
blood Co results in mobile patients with a unilateral
MoM resurfacing arthroplasty (Table VIII).%737

The Co values believed to be of concern as stated in this
paper are similar to those proposed in the clinical study by
Hart et al,® in which a blood Co of 4.97 pg/l was shown to
have a sensitivity of 63% and specificity of 86% for a failing
MoM joint. How these values relate to the present study
can be seen in Figure 5. With regard to serum values, Van
Der Straeten et al*® found that an upper value of serum Co
of 4.0 pg/l should be regarded as abnormal for a unilateral
resurfacing. Like Hart et al,3 these authors also found that
this value had a much greater specificity (96%) than
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Table VIII. The ‘cobalt ladder’ for interpreting blood cobalt results in
mobile patients with a unilateral metal-on-metal (MoM) resurfacing
arthroplasty

Whole blood

cobalt concentration Interpretation/assessment

<1 g/l 93% of the normal population are within
this limit

<2 g/l Values are near to background. Expected wear
of MoM resurfacings (see Table VII)

2 pg/l to 4.5 pg/l Abnormal wear is possible. Consider device,

bearing diameter, orientation of the
acetabular component and patient activity

levels

4.5 pg/1 to 5.6 ug/l High specificity for abnormal wear

> 5.6 ug/l 100% specific for abnormal wear (drawn at
lower limit)

> 10 pg/l Abnormal wear unequivocal — high risk of
early joint failure®”

> 20 ug/! Metal staining of the joint>"

sensitivity (22%). Again this is consistent with our data,
which showed that this serum Co concentration was 88%
specific for detecting abnormal wear.

Conclusions. Serum or whole blood Co and Cr concen-
trations are reliable indicators of the performance of a
MoM bearing surface. There are significant differences
between elements and blood fractions that must be taken
into account during clinical assessment of patients. We
recommend that whole blood Co should be the screen-
ing test of choice, and a level of 4.5 pg/l should be
regarded as indicative of a poorly functioning joint. We
emphasise that these results apply only to hip resurfac-
ings. Total hip replacements have a further metallic inter-
face between the head and the stem, which can lead to
significant metal ion generation.3® The preferential con-
centration of Cr in the serum compartment likely indi-
cates that trivalent Cr (Cr3*) is the predominant species
released from MoM hip prostheses (resurfacings or
THRs), rather than the hexavalent Cr species (Cré*).
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