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Objectives

We investigated the reliability of the cobalt-chromium (CoCr) synovial joint fluid ratio (JFR)
in identifying the presence of a severe aseptic lymphocyte-dominated vasculitis-associated
lesion (ALVAL) response and/or suboptimal taper performance (SOTP) following metal-on-
metal (MoM) hip arthroplasty. We then examined the possibility that the CoCr JFR may influ-
ence the serum partitioning of Co and Cr.

Methods

For part A, we included all revision surgeries carried out at our unit with the relevant data,
including volumetric wear analysis, joint fluid (JF) Co and Cr concentrations, and ALVAL
grade (n = 315). Receiver operating characteristic curves were constructed to assess the reli-
ability of the CoCr JFR in identifying severe ALVAL and/or SOTP. For part B, we included only
patients with unilateral prostheses who had given matched serum and whole blood samples
for Co and Cr analysis (n = 155). Multiple regression was used to examine the influence of JF
concentrations on the serum partitioning of Co and Cr in the blood.

Results

A CoCr JFR > 1 showed a specificity of 83% (77% to 88%) and sensitivity of 63% (55% to
70%) for the detection of severe ALVAL and/or SOTP. In patients with CoCr JFRs > 1, the
median blood Cr to serum Cr ratio was 0.99, compared with 0.71 in patients with CoCr JFRs
<1 (p < 0.001). Regression analysis demonstrated that the blood Cr to serum Cr value was
positively associated with the JF Co concentration (p = 0.011) and inversely related to the JF
Cr concentration (p < 0.001).

Conclusion

Elevations in CoCr JFRs are associated with adverse biological (severe ALVAL) or tribocorro-
sive processes (SOTP). Comparison of serum Cr with blood Cr concentrations may be a useful
additional clinical tool to help to identify these conditions.
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Can a synovial fluid cobalt-chromium
(CoCr) ratio be used clinically to identify
a failing taper or a severe aseptic lym-
phocyte-dominated vasculitis-associated
lesion (ALVAL) response?

Are differences in synovial fluid biochem-
istry associated with changes in serum
partitioning of Co and Cr?

Key messages

A CoCr joint fluid ratio > 1 shows good
specificity for the presence of severe

mance.
The metal present in the greatest concen-
tration in the synovial fluid tends to fill
the serum compartment preferentially.
By extension, ALVAL and taper failure are
associated with an elevation in the blood
Cr to serum Cr ratio.

Chromium released from the taper junc-
tion is taken into blood cells to a greater
extent than Cr released from bearing
wear. This indicates hexavalent Cr release
via corrosion.
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Strengths and limitations
No previous studies have examined the influence of
the source, volume, and synovial fluid metal concen-
trations on the serum partitioning of Co and Cr.
Currently, no national or international guidelines are
in place to help clinicians interpret differences in
serum and whole blood metal concentrations.
The study is limited to one centre.

Introduction

It is known that chromium (Cr) and cobalt (Co) concen-
trations in blood, serum, and synovial fluid samples cor-
relate closely with the rate of material loss from
metal-on-metal (MoM) hip arthroplasties.! However, the
relative concentrations in these compartments can vary
widely. These variations are not fully understood. One
observation, which has been reported by several authors,?
is counterintuitive. In general, synovial fluid samples
taken from hip prostheses experiencing high rates of
bearing wear contain greater amounts of Cr than Co (a
low CoCr joint fluid ratio (JFR)). Yet, by weight, the Cr
content of standard CoCr molybdenum (CoCrMo) alloys
used in orthopaedics is more than twice the Co content.

It is now recognized that the presence of a severe asep-
tic lymphocyte-dominated vasculitis-associated lesion
(ALVAL)? may influence (or be influenced by) the CoCr
JFR.4 ALVAL is associated with impaired clearance of Co
and Cr from synovial fluid surrounding failed MoM pros-
theses. This impairment is more pronounced with Co
than with Cr, often resulting in a CoCr JFR > 1.

The phenomenon of taper failure has complicated
these issues further. The CoCr JFR can also become ele-
vated when metal debris is generated primarily from the
head/neck taper junction.> This is likely due to the ten-
dency of taper debris to precipitate and adhere to the
metal taper surface (Fig. 1), reducing the release of Cr
ions into the surrounding fluid. The rate of Co release
appears relatively unaffected during this process, largely,
itis thought, due to its greater solubility. These combined
effects result, as is the case with ALVAL, in an elevated
CoCr JFR.5

For the first part of this study, we investigated the pos-
sibility that a raised CoCr JFR may be used in clinical prac-
tice as an indicator of an adverse biological response
(severe ALVAL) or a failing taper junction.

The concentration of solutes in synovial fluid depends
on the balance between the input and the output (clear-
ance).® Synovial fluid solutes exhibiting either poor or
moderate protein binding are essentially removed by
clearance of unbound solute (in the case of MoM arthro-
plasty, metal ions) from the synovial space. Removal of
bound solutes by protein flux will limit the efflux half-
time for any solute from the joint to that of the protein to
which itis bound.” In the absence of protein binding, the
clearance of a solute is largely dependent on diffusion.¢

We have previously used asymmetrical flow field-flow
fractionation (AF4) coupled with inductively coupled
plasma mass spectrometry (ICP-MS) to investigate metal
protein binding in serum and hip aspirates from MoM hip
arthroplasty patients.® Results indicated that not only are
Co and Cr bound to the same protein carriers in synovial
fluid and serum (transferrin and albumin), but that there
is competition between these metals for the same bind-
ing sites.8

For the second part of this study, we therefore investi-
gated the possibility that changes in joint fluid (JF) bio-
chemistry could be identified by the serum partitioning of
Co and Cr. We hypothesized that:

1) The dominant JF metal is an indicator of delayed
clearance from the joint space due to a greater extent of
protein binding. These proteins, by definition, are found
only in the serum compartment of blood. The dominant
JF metal would therefore preferentially fill the serum
compartment.

2) With taper failure, Cr debris precipitates, loosely
adhering to the metal surface, where it may be exposed
to corrosive biological fluids. Merritt and Brown? showed
that this type of material release would lead to hexavalent
Cr species release, which would be taken primarily into
the red blood cells (RBCs). Thus, we hypothesized that
material release from the taper junction would be
reflected in higher blood Cr to serum Cr ratios.

Materials and Methods

Terminology. Cobalt-chromium JFRs are expressed in the
form of ‘CoCr JFR’ throughout. A CoCr JFR > 1 indicates
a synovial fluid Co concentration greater than that of the
Cr concentration. The ‘dominant’ metal indicates the ele-
ment (Co or Cr) that is present in the greatest amount
in the undigested synovial fluid sample. Relationships
between whole blood (WB) and serum concentrations
are expressed in terms of serum Cr to blood Cr. For exam-
ple, a serum Cr to blood Cr ratio of 2 would indicate a
serum Cr concentration double that of the correspond-
ing WB Cr concentration.

Whole blood consists of 55% plasma, 45% RBCs, and
< 1% platelets and white blood cells. Since RBCs and
plasma are the main constituents of WB, we have used
the term ‘blood cells’ throughout to refer to the blood
compartments outside of the serum compartment.’©

Explants designated ‘low/no taper damage’ indicate
either a hip resurfacing device or a total hip arthroplasty
(THA) in which less than 10% of the total volume of mate-
rial had been lost from the female taper surface. Explants
designated ‘suboptimal taper performance (SOTP)’ indi-
cate THAs in which at least 10% of the total material loss
occurred at the female taper surface (Supplementary
Material).

Patients. From 2008 to present, all patients experienc-
ing failure of MoM hip prostheses at our centre routinely
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Fig. 1

Explanted Articular Surface Replacement (ASR) XL head (DePuy Synthes,
Raynham, Massachusetts) exhibiting obvious taper damage. There is adherent
debris most prominent above the transition between the worn and unworn
surface.

undergo pre-revision blood and serum and hip joint syno-
vial fluid Co and Cr ion measurements. Tissue samples
excised at revision surgery from multiple sites surround-
ing the prosthesis are analyzed by a pathologist (SN) with
extensive experience in MoM cellular responses using
published methodology.4 Explanted prostheses are ana-
lyzed to determine the volumetric loss of material from
the bearing and female taper surfaces that had occurred
in vivo.

From 2016, however, routine serum metal ion testing
at our centre was terminated for rationalization of
resources. The division of the overall patient cohort for
the two parts of this study are simply a reflection of this
change in clinical practice.

Explant analysis. Explanted prostheses were analyzed
using a coordinate measuring machine (Legex 322;
Mitutoyo Ltd, Halifax, United Kingdom) to calculate the
total amount of material that had been removed from the
components in vivo. Explant analysis was used initially to
divide patients into two groups for the first part of this
study, depending on the extent of taper involvement in
metal debris generation. If the taper contributed less than
10% of the total CoCr volumetric loss, the implant was
labelled as ‘low/no taper damage’. If the taper contrib-
uted 10% or more of the volumetric loss, the implant was
labelled, for the purposes of this study only, as ‘SOTP’
(Supplementary Material).

Blood and serum metal ion sampling and analysis.
Samples were frozen and sent for blinded trace-element
analysis at the Supra-Regional Assay Service (SAS),
Trace Element Centre, Surrey Research Park, Guildford,
United Kingdom. The laboratory participates in the Trace
Element Quality Assurance Scheme (TEQAS) of the United
Kingdom. The concentrations of Cr and Co in serum and

WB were measured using ICP-MS as described previously
(Supplementary Material)."

Joint fluid Co and Cr concentrations. Prior to revision sur-
gery, joint fluid was extracted under local anaesthetic to
rule out infection, and to analyze the Co and Cr concen-
trations using the same technique and equipment as pre-
viously described in the collection of blood specimens.
Samples did not undergo acid digestion prior to analysis,
as previously discussed in depth.4

Histopathological tissue assessment. Samples were pro-
cessed as previously described. A single consultant his-
topathologist examined the slides independently of the
clinical findings, blinded to the results of the wear or fluid
metal ion analyses. The ALVAL response was graded from
0 (absent) to 3 (severe), according to the integrity of the
synovial membrane and the stage of lymphocytic infiltra-
tion as previously described in detail.# For the purposes
of the statistical analyses, patient samples were divided
into two groups only: ‘severe’ ALVAL (grade Ill) and ‘non
severe’ (grades O to II). This distinction was made due to
the change in metal handling that occurs in association
with severe ALVAL, as previously described.*

Part A: CoCr JFRs, ALVAL, and taper damage. Patients: The
first part of this investigation focused solely on the cap-
sular environment, specifically the relationship between
ALVAL and the synovial fluid concentrations. We there-
fore included all surgeries in which retrieved explants
were available, the fluid metal ion concentrations had
been measured, and the ALVAL response graded, irre-
spective of the presence of bilateral arthroplasties or the
absence of matched serum/blood metal ion concentra-
tions. Data collection, as described above, was continu-
ous, taking place from January 2008 up to January 2018.
This group of patients was largely made up of a cohort for
which we have previously published details.> However,
the present cohort included additional patients, reflect-
ing the longer duration of data collection, as well as the
inclusion of patients without recorded serum metal ion
concentrations.

Statistical analysis: 1) Can the CoCr JFR be used to
identify the presence of a severe ALVAL-type reaction or
SOTP? Receiver operating characteristic (ROC) curves
were constructed to assess the sensitivity and specificity
of the CoCr JFR to detect the presence of severe ALVAL
and/or SOTP. All part A patients were included in this
analysis (Table I). The resulting area under the curve
(AUC) was compared with the AUCs generated from ROC
analyses, using absolute values of JF Co and JF Cr, to
determine wahether the ratio added greater diagnostic
accuracy. Next, the ROC analysis of CoCr JFR was
repeated, but this time with the patients divided into two
groups that were determined by the volumetric wear
measurements. If a patient’s implant was found to have
worn at a rate of < 3 mm?3 per year (this value refers to
the combined CoCr wear from the bearing surface and
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Table I. Patient and implant details

Part Value

Part A All revisions with explant data, graded tissue
samples and joint fluid metal ion analysis

Joint fluid samples, n 315

Mean age, yrs (range) 59 (22 to 84)

Male:female, n 111:204

Mean time to revision, mths (range) 67 (8to 121)

Unilateral vs bilateral, n 233:82

Device

Articular Surface Replacement (ASR; DePuy Synthes, Raynham, Massachusetts) 137

Birmingham Hip Resurfacing (BHR; The McMinn Centre, Birmingham, United Kingdom) 32

PINNACLE (DePuy Synthes) 143

ADEPT (MatOrtho, Leatherhead, United Kingdom) 1

Durom (Zimmer Biomet, Warsaw, Indiana) 2

Median bearing surface volumetric wear rate for hip resurfacings, mm3/yr (IQR)

Median combined volumetric wear rate for THAs, mm3/yr (IQR)
THAs with suboptimal taper performance, n
THAs with low/no taper damage, n

Hip resurfacings, n

ALVAL grades, n

None

Mild

Moderate

Severe

Median joint fluid Co to Cr ratio, g/l (IQR)
Median joint fluid Co levels, ug/l (IQR)
Median joint fluid Cr levels, png/l (IQR)

Part B (unilateral patients only)

n

Median blood Co levels, ug/I (IQR)

Median blood Cr levels, ng/l (IQR)

Median joint fluid Co levels, ng/! (IQR)
Median joint fluid Cr levels, ug/I (IQR)

6.70 (2.66 to 14.6)
2.11(1.16 to 3.71)
104

99

112

48

103

99

65

0.76 (0.43 t0 1.73)

664 (226.3 to 2183)
626 (178.4 to 2682)
Patient cohort previously described in full®
155

9.60 (3.50 to 21.1)

9.90 (5.49 to 15.7)

926 (229 to 2230)
894.4 (223.6 to 3062.8)

THA, total hip arthroplasty; ALVAL, aseptic lymphocyte-dominated vasculitis-associated lesion; IQR, interquartile range

taper, if present), they were placed into Group 1. If the
implant was found to have worn at a rate greater than or
equal to this value, they were placed into Group 2. This
wear threshold was chosen for two reasons, the first
being that this value was approximately the median value
of wear rates in the total cohort. The second reason was
that this wear rate approximates to the blood Co concen-
tration of 5 pg/l, which clinical and retrieval studies have
shown to be a reliable threshold for the detection of clini-
cally relevant levels of wear.!1,12

2) Can the CoCr JFR be used to identify the presence of
a severe ALVAL-type reaction in the absence of SOTP? To
exclude the influence of taper debris in this analysis, only
patients in whom explant analysis had ruled out signifi-
cant taper damage were included. It was hypothesized
that any change in CoCr JFRs in this group of patients
would be brought about primarily by the biological
response (severe ALVAL). Accordingly, ROC curves were
constructed to assess the sensitivity and specificity of the
CoCr JFR to detect the presence of severe ALVAL. The JF
Co and Cr concentrations were then tested in isolation,
and finally with the patient group divided into two,
according to wear rates, as described above.
Part B: CoCr JFRs and serum partitioning of metal. For this
part of the study, only patients with unilateral prostheses
who had been monitored using serum and WB Co and

Cr samples were included. This patient group has been
described in detail in our previous work.5

1) Does the dominant JF metal preferentially fill the
serum compartment? In the first instance, the relation-
ships between CoCr JFRs and the blood Cr to serum Cr
ratios were examined using Spearman’s rank correlation.
Next, the median blood Cr to serum Cr ratios for patients
with CoCr JFRs > 1 were calculated and compared with
the equivalent median value in patients with CoCr JFRs
< 1. The difference in these median values was tested for
significance using the Mann-Whitney U test for non-
parametric data. Regression analysis was conducted
using logged serum Cr as the response variable, and
logged values of blood Cr, JF Cr, and |F Co concentra-
tions as the predictor variables. Finally, to eliminate con-
cerns of the source of debris release affecting the results,
a regression model was constructed using only the
patients with hip resurfacings. The blood Cr to serum Cr
ratio acted as the dependent variable, with bearing wear
rate and CoCr JFR acting as the predictor variables.

2) Can the blood Cr to serum Cr ratio be used to deter-
mine the dominant JF metal? ROC curves were used to
assess the sensitivity and specificity of the blood Cr to
serum Cr ratio to detect the presence of a CoCr JFR > 1,
with the patients split according to the wear rate thresh-
old (= 3 mm?3 per year).
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—————— Sensitivity —— Specificity

Sensitivity / specificity

Joint fluid Co:Cr ratio
Fig. 2

Sensitivity and specificity of the cobalt-chromium (CoCr) synovial joint fluid
ratio (JFR) to detect the presence of a severe aseptic lymphocyte-dominated
vasculitis-associated lesion (ALVAL) response and/or suboptimal taper perfor-
mance (SOTP).

3) Can the blood Cr to serum Cr ratio be used to iden-
tify ALVAL/SOTP? Receiver operating characteristic curves
were used to assess the sensitivity and specificity of the
blood Cr to serum Cr ratio to detect the presence of a
severe ALVAL reaction and/or SOTP. These tests were
repeated as described in part A to examine the diagnostic
use of absolute JF Co and Cr values and to investigate the
effects of the magnitude of the wear volume.

4) Is Cr released from taper junctions distributed dif-
ferently from Cr released from bearing surfaces? Receiver
operating characteristic curves were constructed to
assess the sensitivity and specificity of the blood Cr to
serum Cr ratio to detect the presence of SOTP. Next, the
median blood Cr to serum Cr ratios for patients with
resurfacings and MoM SOTP were calculated and com-
pared with the equivalent median value in patients with
low/no taper damage.

Throughout, beta (B) standardized coefficients are
reported as B with standard error (SE). Significance was
setat p < 0.05.

Results
Part A: CoCr JFRs, ALVAL, and taper damage. A total of 315
patients were included in the analysis. The vast majority
of revisions (95%) were performed for adverse reactions
to metal debris (ARMD). The ARMD were diagnosed on
the basis of the macroscopic operative findings, metal ion
tests, and histology.

1) Can the CoCr JFR be used to identify the presence of
a severe ALVAL reaction or SOTP? With all patients
included, the AUC was 0.79 (p < 0.001) for the detection
of severe ALVAL and/or SOTP. A CoCr |JFR > 1 showed a

diagnostic specificity of 83% (77% to 88%) and sensitivity
of 63% (55% to 70%) (Fig. 2). For male patients, a CoCr
JFR > 1 was 81% specific (70% to 89%) and 70% sensitive
(55% to 81%) for the detection of severe ALVAL and/or
SOTP. For female patients, the equivalent values were a
specificity of 86% (78% to 92%) and a sensitivity of 60%
(51% to 69%). There was no significant difference
between the AUCs for the male and female patients (p =
0.490). The AUC for the absolute JF Co concentration was
0.517 (p = 0.607). For JF Cr, the AUC was 0.355 (p <
0.001), indicating that greater JF Cr concentrations were
inversely related to SOTP/ALVAL.

Repeating the tests, however, this time sectioning the
cohort according to the wear rate of 3 mm?3/per year,
showed that the CoCr JFR had greater discriminatory abil-
ity in patients exposed to lower wear than in those
exposed to greater wear (AUC = 0.784 vs 0.682; p <
0.001) (Fig. 3). With the patient group divided as such,
individual values of JF Co and Cr produced AUCs that
were non-significant.

2) Can the CoCr JFR be used to identify the presence of
a severe ALVAL reaction in the absence of SOTP? There
were 211 data sets included in this analysis, with the 104
THA SOTPs excluded. A CoCr JFR > 1 showed a specificity
of 83% (77% to 88%) for the detection of severe ALVAL,
with an AUC of 0.675 (p < 0.001). Sensitivity was poor,
at 38% (51% to 64%). Using a CoCr JFR > 2 increased the
specificity to 94% (88% to 98%) for the presence of
severe ALVAL, with a corresponding reduction in sensitiv-
ity to 17% (16% to 40%). There were no significant differ-
ences in the ROC curves for male and female patients.

Using the absolute value of JF Co as the diagnostic test
returned a similar AUC to CoCr JFR (0.661; p = 0.002).
The JF Cr concentration showed no significant discrimina-
tory ability to detect ALVAL (AUC = 0.560; p = 0.266).

Repeating the tests, however, this time sectioning the
cohort using a cut-off wear rate of 3 mm3 per year,
showed that the CoCr JFR again had greater discrimina-
tory ability in patients exposed to lower wear (AUC =
0.746 vs 0.671; p < 0.013). In the higher-wear group,
there was no significant difference between the AUCs for
CoCr JFR and JF Co (p = 0.330), but in the lower-wear
group the AUC for CoCr JFR was significantly higher than
for JF Co (0.75 vs 0.62; p = 0.002).

Part B: Synovial fluid metal ratios and serum partitioning
of metal. The median CoCr JFR for the resurfacing group
was 0.48 (IQR 0.32 to 0.82). The equivalent median value
in the THA group was 0.94 (IQR 0.55 to 2.50). The differ-
ence in the distribution of CoCr |FRs between the two
groups was significant (p = 0.003). The median blood
Cr to serum Cr ratio was 0.70 (IQR 0.58 to 0.89) for the
resurfacing group, 0.79 (IQR 0.54 to 1.00) for the THA
group with low/no taper damage, and 0.98 (IQR 0.79 to
1.11) for the THA group with SOTP (Fig. 4). The median
blood Co to serum Co ratio was 0.92 (IQR 0.74 to 0.90)
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Fig. 3b

Area under the curve (AUC) charts for the detection of a severe aseptic lymphocyte-dominated vasculitis-associated lesion (ALVAL) response and/or suboptimal
taper performance (SOTP). a) Cobalt-chromium (CoCr) synovial joint fluid ratio (JFR), with patients split into greater or lesser wear rates. b) The corresponding

AUCs using the absolute value of joint fluid cobalt.
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Fig. 4

The distribution of blood chromium (Cr) to serum Cr ratios in the resurfacing,
total hip arthroplasty (THA; low/no taper damage), and THA suboptimal taper
performance (SOTP) patient groups.

for the resurfacing group and 0.84 (IQR 0.77 to 0.96) in
the THA group (p = 0.020).

1) Does the dominant JF metal preferentially fill the
serum compartment? There was a significant correlation
between a greater CoCr JFR and a greater blood Cr to
serum Cr ratio (Spearman’s coefficient 0.411; p <
0.001). This indicated that Co accumulation in the joint
fluid was associated with a greater uptake of Crions into
blood cells. In patients with CoCr JFRs > 1, the median

blood Cr to serum Cr ratio was 0.99. With CoCr JFRs < 1,
the median blood Cr to serum Cr ratio was significantly
lower at 0.71 (p < 0.001) (Fig. 5). There was also a sig-
nificant positive correlation between the blood Cr to
serum Cr ratio and the serum Co to blood Co ratio
(0.275; p < 0.001).

Regression analysis demonstrated that the blood Cr
to serum Cr value was positively associated with the JF
Co concentration (0.338, se 0.132; p = 0.011) and
inversely related to the JF Cr concentration (-0.591, sE
0.132; p < 0.001).

With analysis limited to the hip resurfacing patients,
blood Cr to serum Cr ratio was positively correlated to a
greater CoCr JFR (p < 0.001) and negatively correlated to
the wear rate (p < 0.001). In resurfacing patients with a
CoCr JF = 1, the median blood Cr to serum Cr ratio was
0.99 (IQR 0.64 to 1.14) compared with equivalent values
of 0.66 (IQR 0.58 to 0.77) in patients with CoCr ratios < 1
(Fig. 6).

There was a significant correlation between an increas-
ing CoCr JFR and a lower blood Co to serum Co ratio
(Spearman’s rank coefficient -0.358; p < 0.001). In other
words, as Co accumulated in the JF, Co preferentially filled
the serum compartment. In patients with CoCr JFRs > 1,
the median blood Co to serum Co was 0.80 (IQR 0.74 to
0.86). In patients found to have CoCr JFRs < 1, the median
blood Co to serum Co ratio was significantly higher at
0.92 (IQR 0.79 to 1.06; p = 0.001) (Fig. 5). Regression of
blood Co versus serum Co, |JF Co, and JF Cr showed that a
higher JF Cr was significantly associated with greater
blood Cr concentrations when the serum Cr concentra-
tion was adjusted for (0.149, se 0.034; p < 0.001).
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Fig. 5
All part B patients included. The dominant metal in the joint fluid concentrates
more heavily in the serum compartment. For example, if the cobalt-chromium
(CoCr) synovial joint fluid ratio is < 1, then there is a greater tendency for Cr
to preferentially gill the serum compartment.

These findings together appeared to confirm our
hypothesis that the dominant JF metal preferentially fills
the serum compartment.

2) Can the blood Cr to serum Cr ratio be used to deter-
mine the dominant JF metal? In the patient group as a
whole, the AUC was 0.740 (p < 0.001). AWB to serum Cr
ratio > 1 was found to be 89% (82% to 94%) specific for
a CoCr JFR of > 1. However, it showed poor sensitivity, at
43% (31% to 56%). There was no significant difference in
the AUCs between the two wear groups (p = 0.423).

3) Can the blood Cr to serum Cr ratio be used to iden-
tify ALVAL/SOTP? Receiver operating characteristic analy-
sis returned an AUC value of 0.70 (p < 0.001) for the
blood Cr to serum Cr value. This was significantly better
than for blood Co alone (Fig. 7).

4) Is Cr released from taper junctions distributed dif-
ferently from Cr released from bearing surfaces? The
median blood Cr to serum Cr value was 0.98 (IQR 0.79 to
1.11) in samples taken from hips with taper wear, which
was significantly higher than the equivalent value in the
patients with low/no taper involvement (0.73, IQR 0.62
to 0.94; p < 0.001) (Fig. 4). A blood Cr to serum Cr ratio
> 1 was found to be 84% specific (76% to 89%) and 39%
sensitive (26% to 54%) for the identification of SOTP.

Discussion

It has been shown in previously published work that the
‘expected’ biochemical changes encountered with MoM
hips are as follows: 1) a synovial fluid dominated by Cr
ions (i.e. a CoCrJFR < 1); and 2) chromium concentrations
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Fig. 6

Resurfacing patients only included to eliminate effects of taper debris con-
tribution. Here, the patients have been divided into two groups: those
with cobalt (Co)-dominant joint fluid (JF) versus those with chromium (Cr)-
dominant JF. The blood Cr to serum Cr ratios were then plotted.

in the serum compartment that tend to exceed those of
the corresponding WB sample.

We conducted this study to investigate whether results

deviating from the typical biochemical picture may aid
clinicians in identifying developing problems with either
the implant or the host response to the implant.
Part A: CoCr JFRs, ALVAL and taper damage. The main
finding of this investigation, we believe, is that a synovial
CoCr JFR > 1 (i.e. Co dominant) can be regarded as a clin-
ical concern. It may be associated with either an adverse
biological response (the development of severe ALVAL)
and/or tribological dysfunction (SOTP).

Regarding biological changes, it has been shown that
the development of high-grade ALVAL is associated with
a reduced clearance of Co from the joint space. In tribo-
logical terms, an increased JFR is highly suggestive of a
malfunctioning taper, in which Cr precipitates and
adheres to the metal surface.

In the total patient cohort (n = 315), we found that a
CoCr JFR > 1 showed a specificity of approximately 83%
for detection of the presence of severe ALVAL and/or
SOTP. However, the sensitivity was less reliable, at around
63%. It appears, therefore, that low CoCr JFRs are unable
to exclude these conditions reliably.

In the absence of SOTP (a hip resurfacing or a THA
where > 90% of the metal debris volume was generated
from the bearing surfaces), we found that a CoCr JFR > 1
was 83% specific for the identification of a severe ALVAL
response. The sensitivity, however, was again less satis-
factory, at 38%. Therefore, consistent across the patient
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Fig. 7
Comparison of the receiver operating characteristic (ROC) curves for the detection of a severe aseptic lymphocyte-dominated vasculitis-associated lesion

(ALVAL) response and/or suboptimal taper performance (SOTP) for whole blood cobalt (Co) concentration versus whole blood chromium (Cr) to serum Cr ratio.
The area under the curve (AUC) for Co (0.39) was significantly different to that for the blood Cr to serum Cr ratio (0.70; p < 0.001).

groups and implant type, an elevated CoCr JFR should be
viewed as potentially troubling; however, a low JFR can-
not be relied upon to exclude ALVAL or SOTP.
Part B: Synovial fluid metal ratios and serum partitioning
of metal. Several in vivo and in vitro studies have previ-
ously investigated the relationship between the concen-
trations of Cr and Co in serum, WB, and erythrocytes.
In general, the results have been consistent: 1) serum
and WB samples, while closely correlated, cannot be
used interchangeably due to unexplained variation;'3.14
2) serum concentrations of Cr tend to be higher than
WB samples, indicating Cr is released from MoM hips
mostly in the trivalent (Cr3+) form;'.1>7 and 3) serum
partitioning of Co is less well understood, with conflict-
ing evidence.'%15 However, variations in serum and WB
concentrations of Co are, in general, smaller than those
observed with Cr samples. It has therefore been argued
that when Co enters the bloodstream, equilibrium is
reached between blood cells and plasma.°

In a previous study, we conducted AF4-ICP-MS analy-
sis of hip and serum fluids extracted from patients with
MoM hips.8 This methodology provides extremely useful
data in terms of the size and characteristics of particulate
debris. It is, however, prohibitively expensive and labour-
intensive, and thus impractical to perform routinely. The
results from processing a limited number of samples
using this technology have so far been consistent: Co is
largely bound to albumin; Cr is predominantly bound to

transferrin. When higher concentrations of Cr are pre-
sent, however, AF4-ICP-MS indicates binding of Cr to
both transferrin and albumin. The results demonstrate
that not only are Co and Cr bound to the same protein
carriers in synovial fluid and serum, but that there is com-
petition for the same binding sites.

It reflects the lack of understanding in this area that
healthcare regulatory guidance fails to distinguish
between serum and WB metal ion interpretation. We
conducted the second part of this study to address this
issue. We hypothesized that the explanation for varia-
tions in the partitioning of metal may lie in the binding of
metals to serum proteins occurring in the synovial fluid.
Given our concern that an elevated CoCr JFR indicated a
biological or tribological issue, we also aimed to deter-
mine whether the relationship between matched serum
and WB metal ion tests might prove to be a clinically use-
ful, less invasive means of identifying abnormal synovial
fluid biochemistry.

A raised CoCr JFR is associated with an increased Cr uptake
in blood cells and increased serum compartmentalization
of Co. These findings support the idea of competition
between Co and Cr for binding sites on synovial proteins.
If the rate of clearance of metal ions from the synovial
fluid is determined by protein binding, one would expect
that the element that ‘loses the competition’ will have a
greater tendency to diffuse more rapidly from the joint
space into the bloodstream in ionic form. A low CoCr JFR
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indicates greater Cr binding, with greater diffusion of free
Co ions. Cobalt uptake in red cells reflects uptake only
of free ionized Co (Co?*/Co3"), and binding is practically
irreversible.’®

Patients implanted with devices with malfunctioning
tapers have greater concentrations of Cr in their blood
cells than patients exposed to predominantly bearing
wear. It is well recognized that material debris produced
from the taper surface tends to adhere to the metal sur-
face in the form of flake-like deposits that are primarily
composed of Cr phosphate compounds (Fig. 1). These
large flakes of metal debris are rarely seen in cases of
excessive bearing wear, even in cases with rates of bearing
wear reaching over 100 times the rate of a taper junction.
It is a fair assumption that debris produced by the bearing
and taper surfaces is acted upon differently by the body.

In 1995, Merritt and Brown? undertook experiments
that determined that hexavalent Cr (Cré*) was released
during corrosion of orthopaedic implants. The hexava-
lent Cr became mostly associated with RBCs, as opposed
to proteins. We replicated these findings in an in vitro
study by spiking human blood samples with trivalent and
hexavalent samples' (Supplementary Material). We
found that while trivalent Cr was preferentially taken into
the serum compartment, hexavalent Cr was indeed taken
up primarily by erythrocytes.

It is therefore worrying that some of our patients were
found to have greater Cr concentrations in their WB than
in their serum samples. Chromium partitioning into
blood cells was associated with a greater proportion of
metal release from the taper, a situation in that one would
expect a greater amount of debris to be produced by
chemical corrosion. This observation would therefore be
consistent with Merritt and Brown’s® conclusion that cor-
rosion produces hexavalent Cr species. Hexavalent Cr is
classified by the World Health Organization as a class 1
human carcinogen,' and is considered to be up to 1000
times more toxic than trivalent Cr, likely due to its pro-
pensity to enter blood cells.2°

What might this mean in the orthopaedic outpatient
review clinic? A blood Cr concentration that exceeds the
corresponding serum Cr concentration should be viewed
as troubling. However, the clinician should not interpret
the results in isolation, rather in the context of the other
metal ion parameters. Most importantly, and fundamen-
tal to patient surveillance, Co (blood or serum) has been
shown to be a reliable indicator of the volumetric material
released from an implant. Our results suggest that follow-
ing analysis of Co levels, a comparison of blood and serum
Cr concentrations may provide more information about
the capsular environment and the metal species released.

In conclusion, the ratio of serum to WB metal ion con-
centrations appears to be influenced by the relative con-
centrations of Co and Cr in the fluid surrounding MoM
hip arthroplasties. A blood Cr concentration exceeding
the corresponding serum Cr value in samples taken from

a patient with a MoM hip arthroplasty has a high specific-
ity for an adverse cellular response or a failing taper junc-
tion. We recommend investigation of the clinical utility of
blood Cr to serum Cr ratios in metal-on-polyethylene
hips, in which the relative absence of metal debris may
prove to be a more reliable diagnostic test.

Supplementary Material
Additional information with regard to the aseptic
lymphocyte-dominated vasculitis-associated lesion
(ALVAL) grading system, the definition of ‘suboptimal
taper performance’ and the in vitro studies of metal ion
distributions in spiked blood samples.
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