Blood and plasma titanium levels associated with well-functioning hip implants
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ABSTRACT

Background: Hip implants are usually manufactured from cobalt-chromium and titanium
alloys. As the implants wear and corrode, metal debris is released into the surrounding tissue
and blood, providing a potential biomarker for their function. Whilst there are laboratory
reference levels for blood cobalt and chromium in patients with well and poorly functioning
hip implants, there are no such guidelines for titanium. This is despite the increasing use of
titanium implants worldwide.

Patients and methods: We recruited a consecutive series of 95 patients (mean age 71 years,
mean time after surgery 8.5 years) with one hip implant type, inserted by the same surgeon.
We assessed clinical and radiological outcome, and measured blood and plasma titanium
using high resolution inductively-coupled plasma mass spectrometry.

Results: The upper normal reference limit for blood and plasma titanium was 2.20 and 2.56
ug L, respectively, and did not differ significantly between males and females.
Conclusion: We are the first to propose a laboratory reference level for blood and plasma
titanium in patients with well-functioning titanium hip implants. This is an essential starting
point for further studies to explore the clinical usefulness of blood titanium as a biomarker of

orthopaedic implant performance, and comes at a time of considerable controversy regarding

the use of certain titanium alloys in hip arthroplasty.
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1. Introduction
Components of joint replacements are usually manufactured from cobalt-chromium (Co-Cr)
or titanium (Ti) alloys. Once implanted, all metals degrade through wear and corrosion,
releasing ions and particles into the surrounding tissue and bloodstream. The greatest wear
usually occurs during the first 1-2 years after surgery [1], which is followed by a low, but
steady, rate of wear over subsequent years. The amount of metal debris released is a surrogate
marker of implant wear [2], and can inform on the risk of local adverse effects and need for a
revision surgery.
In the case of cobalt and chromium, a blood level of 2 pug L™ implies a well-functioning
metal-on-metal hip implant, while concentrations exceeding 7 pg L indicate potential for
local tissue damage and a failing implant [3]. It is now believed that measurement of titanium
could also be used to gain insights into implant performance [4—7], though “normal” and
“abnormal” blood levels have not been established. This is partly due to the technical
challenges involved in the measurement of titanium in biological samples. Traditional
techniques, such as graphite furnace atomic absorption spectroscopy (GF AAS) and
quadrupole inductively-coupled plasma mass spectrometry, suffer from a range of
interferences, which can lead to overestimation of analyte concentration. Several groups have
reported blood/serum titanium levels associated with different types of well-functioning and
malfunctioning prostheses [8]. However, in addition to unreliable analytical techniques used,
majority of the studies suffered from small sample size.
We present a series of 95 patients with well-functioning, unilateral hip implants inserted by

the same surgeon. We used a high resolution inductively-coupled plasma mass spectrometer



(HR ICP-MS) to investigate how much titanium is released by the implants at medium-to-
long term follow up (when the wear rate is thought to have normalised), and established a
normal reference range for blood/plasma titanium in this population.

As uncemented hip replacements and 3D-printed implants are gaining popularity, the use of
titanium in orthopaedics is growing. Additionally, constant ageing of the population means
that the overall demand for total joint replacements is on the rise [9]. Taken together, these
points underscore the potential impact of the present study. The proposed guidelines could be
a useful tool to assess patients with titanium-based implants, and help predict which might

develop clinical problems.

2. Patients and methods
This study protocol was approved by our institutional review board after ethical approval by

Riverside Research Ethics Committee (ref. 07/Q0401/25).

All patients who received one type of titanium alloy femoral stem (see below for details)
between 2007-2014 at a participating institution were identified using the National Joint
Registry database (N=1036). Inclusion criteria stipulated unilateral, primary, uncemented
ceramic-on-ceramic (CoC) hip implants inserted by the same surgeon. All eligible
participants (N=199) were invited, and those willing to take part were booked in for a clinic
visit. The assessment involved 1) a pelvis X-ray; 2) Oxford Hip Score; 3) UCLA Activity
Score, 4) a blood test and 5) a short interview. A complete set of data was obtained for 95
subjects (42 males and 53 females) (Figure 1). The underlying diagnoses leading to the
primary surgery were osteoarthritis (98%) or developmental hip dysplasia (2%).

All patients provided written informed consent to participate in the study.
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Figure 1. Flowchart outlining participant enrolment and clinical assessment.

2.1. Implants

Implant design was uniform across the series, and comprised a V40 32 mm Al>O3 (alumina)

femoral head articulating against a Trident® titanium-backed alumina insert, a commercially

pure titanium Trident® PSL acetabular cup and a Ti-12Mo-6Zr-2Fe (TMZF) Accolade® |

6 Acetabular cup
@ Acetabular liner
( Femoral head

Femoral stem !

Figure 2. The implant
design featured in the
current study.

femoral stem (Figure 2). All the components were manufactured
by Stryker Orthopaedics (Mahwah, NJ) and were inserted without
cement. In several cases, the acetabular component was secured to
the pelvis with a varying number of titanium alloy (Ti-6Al-4V)
screws. 11 (12%) participants had cobalt-chromium-molybdenum

(CoCrMo) alloy knee replacement implants in addition to the hip

implant. Since these did not contain titanium, they were included

in the study.



Despite good clinical performance and overall high success rate [10], the TMZF Accolade

stem was reported to fail when combined with large diameter (>36 mm) Co-Cr femoral heads
[11,12]. Even though similar problems were not observed with ceramic [13] or smaller Co-Cr
alloy femoral heads, in 2012 the design was replaced with Accolade Il stem made of standard

Ti-6Al-4V alloy.

2.2. Radiographs

Standardized anteroposterior radiographs were taken on a Proteus X-ray machine (GE
Healthcare). The films were pseudonymised and reviewed by two observers for evidence of
poor implant positioning, signs of acetabular cup/femoral stem loosening and adverse
reaction to metal (ARMD), such as pseudotumours and tissue necrosis. Factors, such as
acetabular cup abduction/anteversion angle and femoral offset, were found not to influence

blood titanium levels [14,15], so they were not quantified in the current study.

2.3. Blood sample collection and analysis

Blood samples were withdrawn from a forearm vein using a stainless-steel needle surrounded
by an inert plastic cannula. As a precautionary measure, the first 5 mL of blood drawn was
used to rinse the system and then discarded. The subsequent 5 mL of blood were collected
into Vacuette® Trace Elements tubes (Greiner Bio-One International) coated with sodium
heparin as anticoagulant. The specimens were shipped to the Trace Elements Laboratory at
the Charing Cross Hospital on the same day, where they were mixed by inversion and 2.5 mL
of whole blood was aliquoted. The remaining 2.5 mL of blood was centrifuged at 2500 rpm
in a bench-top centrifuge for 10 minutes, to separate the plasma. The samples were

refrigerated at 4°C prior to analysis.



Whole blood and plasma samples were analysed separately for titanium content on a Thermo
Element 2 HR ICP-MS instrument (Thermo Fisher Scientific GmBH, Bremen, Germany),
with an estimated limit of detection (LoD) of 0.77 pg L™ for titanium (calculated as 3 x the
standard deviation of the blank concentrations [16]). Two levels of ClinChek Plasma (Recipe,
Germany) Internal Quality Control (IQC) and two levels of Custom Whole Blood IQC
(UTAK, US) material were included in each batch (see Table A.1 for the 1QC results). The
laboratory was enrolled in the Quebec Multielement External Quality Assessment Scheme at
the time this study was carried out (see Table A.2 for the results).

150 pL of each sample or IQC were dispensed into polystyrene assay tubes with 150 pL of
water and 4.5 mL of assay diluent (0.5 % (v/v) tetramethylammonium hydroxide (Electronics
grade, Alpha Aesar, US), 0.005 % (v/v) Triton X-100 (Romil, UK)) and 2.5 pg/L gallium
(Alpha Aesar, US). Calibration standards were prepared by dilution from a custom stock
solution (Qmx Laboratories Limited, Thaxted, UK) with a titanium concentration traceable to
NIST SRM 3162a Lot 130925. The standard concentrations were: 0.00 pg/L, 1.00 pg/L, 4.00
ug/L, 9.99 pg/L, 39.96 pg/L, 99.90 pg/L and 249.75 pg L . Whole blood and serum/plasma
matrix matched calibrations were prepared by dispensing 150 pL of each standard into
polystyrene assay tubes with 4.5 mL of assay diluent and 150 pL and either Defibrinated
Horse Blood (TSC Biosciences, Buckingham, UK) or Foetal Bovine Serum (Sigma-Aldrich,
UK). The diluted samples, calibration standards and 1QCs were sequentially sampled using
an ESI-SC FAST autosampler (Elemental Scientific, US) and introduced to the HR ICP-MS
with a PTFE Nebulizer (Elemental Scientific, US) and cyclonic spray chamber (Thermo
Scientific). See Table A.3 for the ICP-MS settings used for each element. The counts per
second (cps) data for Ti*’ cps were normalised to Ga’* cps and a calibration curve was plotted
using ordinary linear regression in Microsoft Excel. The regression equation was then applied

to the normalised Ti*’ cps for each sample and 1QC to give the Ti concentration.



2.4. Other outcome measures

The participants were asked to complete an Oxford Hip Score (OHS) to assess pain and
function of the hip in relation to daily activities [17]. The questionnaire consists of 12
questions scored from 0 (worst outcome) to 4 (best outcome), with overall scores running
from O to 48. It this scoring system, a total score >42 is considered excellent, 41-34 good, 33-
27 fair and <26 poor [18]. Participants with excellent and good implant function (>34) were
included in the present study, while those with poor scores (<26) were excluded. The OHS is
short, reproducible and sensitive to clinically important changes, and therefore widely used to
assess hip function and pain in THA patients [19]. However, since it was designed as a site-
specific outcome measure, patients can find it hard to discriminate between pain/disability
from the replaced joint and that arising from an existing co-morbidity (such as arthritis in
other joints) [20]. For this reason, participants with fair scores (33-27), who volunteered the

existence of a co-morbidity affecting the score, were also included in the study.

Since increased physical activity has the potential to accelerate implant wear and raise blood
metal levels [21], the participants were classified using the University of California Los

Angeles (UCLA) Activity Score (Figure 3) .

Level Activity
10 Regularly participate in impact sports such as jogging,
tennis, skiing, acrobatics, ballet, heavy labor, or
backpacking
9 Sometimes participate in impact sporis
8 Regularly participate in very active events, such as

bowling or golf
Regularly participate in active events, such as bicycling
6 Regularly participate in moderate activities, such as
swimming and unlimited housework or shopping
Sometimes participate in moderate activities
4 Regularly participate in mild activities, such as walking,
limited housework, and limited shopping
Sometimes participate in mild activities

~]

W

w2

2 Mostly inactive: restricted to minimal activities of daily
living

1 Wholly inactive: dependent on others; cannot leave
residence

Figure 3. UCLA activity level rating.



2.5. Statistical analyses

The Shapiro-Wilk test revealed that age was the only normally-distributed variable in the
dataset. Blood and plasma titanium, OHS and activity scores followed a skewed distribution,
and were analysed with non-parametric tests. Gender differences were assessed using the
independent samples t-test or the Mann-Whitney test, while the influence of age, implant
time in situ, OHS and activity level on titanium levels was assessed with Pearson’s
correlation method. The same method was used to correlate the titanium content of blood and
plasma. SPSS (version 25) was employed for all statistical analyses, with p values <0.05

considered statistically significant.

3. Results

The demographic data and study results are summarised in Table 1.

Table 1. Patient demographics and summary of study results.

Male (n=42) | Female (n=53) | Overall (n=95) | Gender difference?

Age
Mean 72 71 71 No (p=0.44)
Median 73 71 71
SD 8 6 7
Range 54-87 53-84 53-87
IQR 66-77 67-75 67-76

Implant time in situ (months)

Mean 95 107 101

Median 92 107 102 Yes (p=0.009)




SD 21 20 21
Range 64-142 64-143 64-143
IQR 81-111 90-121 86-118
Oxford Hip Score (48 being the best possible score)
Mean 45 45 45
Median 46 47 47 No (p=0.22)
SD 4 4 4
Range 32-48 28-48 28-48
IQR 43-48 45-48 45-48
UCLA Activity Score (10 being the most physically active)
Mean 6 6 6
Median 7 6 6 No (p=0.21)
SD 2 1 2
Range 2-10 3-10 2-10
IQR 5-8 6-7 6-8
Blood Ti (ug L?)
Mean 1.32 1.38 1.35
Median 1.20 1.20 1.20 No (p=0.69)
SD 0.39 0.56 0.49
Range 0.8-2.3 0.6-4.4 0.6-4.4
IQR 1.0-1.5 1.1-1.6 1.0-15
Plasma Ti (ug L)
Mean 1.74 1.93 1.85
Median 1.70 1.70 1.70 No (p=0.36)




SD 0.50 1.03 0.84

Range 0.7-3.1 0.7-8.6 0.7-8.6

IQR 1.4-2.1 1.6-2.2 14-2.1

SD- standard deviation, IQR- interquartile range.

3.1. Trace metal analysis
Blood and plasma titanium levels followed a skewed distribution, with one outlier (a value

larger than 3IQR from the 75" percentile) which was included in the statistical analyses

(Figure 4).
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Figure 4. Histograms showing the spread of a) blood and b) plasma titanium measurements,
with the 75" percentile+3IQR level marked.

The median blood and plasma titanium were 1.2 pg L (IQR 1.0-1.5) and 1.7 pg L (IQR
1.4-2.1), with the upper normal level (95" percentile) of 2.20 and 2.56 ug L, respectively.
There was a moderately strong correlation between titanium level in the blood and in the
plasma (rs=0.571; p<0.0001) (Figure 5), which remained statistically significant even after
the outlier had been excluded from analysis (rs =0.557; p<0.0001; R?= 0.287). Even though
there was a significant difference in follow-up time between males and females, blood and

plasma titanium did not differ between the groups (Figure 6). Moreover, no significant
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correlations between blood titanium values and age (r=0.056; p= 0.59), implant months in
situ (rs=-0.151; p=0.14), OHS (rs=-0.01; p=0.92) or activity score (rs=-0.012; p=0.91) were
detected. Similarly, there were no significant correlations between plasma titanium values
and age (r=0.052; p=0.61), OHS (rs=-0.058; p=0.58) and activity score (rs=-0.033; p=0.75).
We detected a weak negative association between plasma titanium and implant years in situ

(r=-0.313; p=0.002).

5.0
4.0

3.0

Blood Ti

2.0

.0 2.0 4.0 6.0 8.0 10.0

Plasma Ti

Figure 5. Scatter plot of plasma versus blood titanium, showing a statistically significant
positive correlation between the two (R?= 0.583; p<0.0001).
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Figure 6. Box plots of titanium concentration in a) blood and b) plasma of study participants.
The boundaries of the box represent the 25" and 75™ percentile, with the median line inside
the box. The whiskers extend to maximum and minimum values in each data set. Outliers
(values more than 1.5xIQR from the end of the box) are identified as open circles, while
extreme outliers (values more than 3xIQR from the end of the box) are denoted as asterisks.

3.2. Radiographs
All the hip implants were well-positioned, with no signs of cup loosening or gross soft tissue
changes evident from the radiographs (Figure 7). Two femoral stems (2%) were

radiologically loose, but clinically asymptomatic (Figure 8).

Figure 7. A representative anteroposterior radiograph from the current series, showing a
well-fixed hip implant.
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Figure 8. Radiologically loose stem.

3.3. Oxford Hip Score

84 (88%) patients had excellent hip function and 8 (8%) had good hip function. The
remaining 3 patients with fair function reported that the lower scores were due to severe
arthritis in other joints or spinal stenosis. One patient with unexplained pain in the replaced

hip, and an OHS score of 16, was excluded from the study.

4. Discussion and conclusions
This study proposes laboratory threshold values for blood (2.20 pg L) and plasma (2.56 pg
L) titanium in patients with well-functioning titanium hip implants at medium-to-long term
follow up. These guidelines are an essential starting point for further studies to explore the
clinical usefulness of blood titanium as a biomarker of orthopaedic implant performance, and
come at a time of considerable controversy regarding the use of certain titanium alloys in hip
arthroplasty.
Compared to cobalt and chromium, relatively little research has been directed to the
biological effects of titanium ions and, unlike for blood cobalt and chromium, a “cut-off”

value has not been defined for titanium. The current Mayo Clinic Laboratory guidelines state
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that a prosthetic device in good condition should give rise to serum titanium in the range of 1-
3 pg L%, while concentrations exceeding 10 pg L™ indicate prosthesis wear. These values are
based on the 1998 works by Jacobs and Liu. Jacobs et al. [22] used GF AAS to quantify
serum titanium in 55 patients with 3 different types of well-functioning hip implants, while
Liu et al. [23] measured blood titanium associated with well-fixed (5 patients) and loose (4
patients) knee prostheses. More recently, Jacobs et al. [4] proposed that well-functioning,
unilateral hip implants should produce serum titanium levels of approximately 4 pug L, while
levels exceeding 8 pg L should warrant further investigation. Savarino et al. found that the
upper normal reference limit was 5.13 pg L™ in the medium term (2-7-year follow up) [24],
and 4.5 pug Lt in the long term (10-year follow up) [25]. It is important to note that all of the
above studies employed GF AAS for trace metal analysis, which is, as is now known, not
sensitive/selective enough to measure titanium accurately [26]. The instrumental LoD quoted
in the Savarino study (2.91 pg L) was likely not low enough to appreciate the subtle
titanium elevations in patients with well-functioning prostheses. Studies employing HR ICP-
MS point to lower values, which generally decrease with increasing length of follow up
(Table 2). Discrepancies between “normal” serum levels measured by GF AAS and the more
powerful HR ICP-MS were previously observed for aluminium, where the latter technique
obtained values one order of magnitude lower than those published before using GF AAS

[27].
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1  Table 2. Blood and serum titanium levels associated with different types of well-functioning titanium-based hip implants.
Ref | Analytical technique | LoD (ug L?) Blood Ti (ug L) Serum Ti (ug L7)? Implant fixation/ function assessment Follow up
[26] | HR ICP-MS 11 2.306 (n=11) n/a Not assessed 14-22 months
1.519 (n=11) n/a 70-106 months
[28] | HR ICP-MS 0.05 3.0 (n=9 males) n/a Not assessed n/a
2.2 (n=6 females) n/a n/a
[29] | HR ICP-MS <0.1 3.74; 1.40-8.80 (n=34) n/a X-Ray/ WOMAC, Merle D’ Aubigne and | 3 months
2.75; 1.40-4.10 (n=33) n/a Postel scores 6 months
1.83; 0.90-4.60 (n=31) n/a 1 years
1.30; 0.35-2.40 (n=24) n/a 2 years
[30] | HR ICP-MS <0.1 n/a 2.7; 1.1-7.0 (n=6) Not assessed 7-13 months
[31] | HR ICP-MS 0.2 n/a 1.8;1.7-1.9 (n=8) X-Ray/ Harris Hip Score 10 years
[32] | HR ICP-MS <0.17 n/a 2.54; 2.17-3.10 (n=23) Not assessed 1 years
n/a 2.70; 2.11-3.25 (n=23) 2 years
[33] | HR ICP-MS <0.4 2.165 (n=15) n/a X-ray/ Short-Form 12, WOMAC, Harris 1 years
1.359 (n=15) n/a Hip Score 2 years
2.160 (n=15) n/a 5 years
[14] | HR ICP-MS <2.0 n/a 2.28 (n=74) X-ray/ WOMAC, Harris Hip Score 50 months
2 ;Results are reported as “mean/median, range (sample size)”; WOMAC- Western Ontario and McMaster Universities Osteoarthritis Index, LoD-limit of
3 etection.
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4.1. Comparison with other studies using HR ICP-MS

The mean titanium level in the current series was 1.35 ug L™ in whole blood and 1.85 ug L*
in the plasma, at a mean follow up of 8.5 years (range 5-12). This is consistent with the work
of Sarmiento-Gonzalez et al. [26], who investigated 11 patients with titanium-based hip
implants, and reported a mean blood level of 1.52 pug L™ at a mean 6.5 years after surgery
(range 6-9). Levine et al. [31], who measured serum titanium in 8 patients with well-
functioning (confirmed with X-rays and Harris Hip Score) metal-on-polyethylene

implants, noted that the levels peaked at 3 years and then proceeded to decline until after the
9-year interval. Mean serum titanium at 9-year follow up reported by the authors was
approximately 1.8 ug L™, which is in very close agreement with our findings. The decreasing
trend in plasma titanium over time was also apparent in the present study, and could mean
that the rate of implant degradation decreases, or that the efficiency with which titanium ions
are excreted improves, with increasing implant time in situ. However, the most likely
explanation is that the metal is slowly accumulated in systemic tissue [34]. The clinical
implications of titanium deposition, and chronic low-level exposure to titanium ions, are yet
to be established. While titanium is considered to be less toxic than cobalt and chromium, the
issue of titanium sensitivity/allergy is still under discussion [35]. It has been suggested that
those with a pre-operative sensitivity to titanium might be at an increased risk of local
adverse reactions to titanium debris [36].

Titanium levels were not influenced by age, gender or OHS, which was expected, since all
the implants displayed excellent or good function. Titanium measurements were not
correlated with activity level either. Vendittoli et al. [29] was also unable to find a significant
correlation between UCLA Activity Score and post-operative blood titanium level at 1-2-
year follow up. Taken together, these findings suggest that increased physical activity does

not influence the magnitude of titanium release from hip implants. Titanium is not part of the
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bearing surface, and its release is thought to occur via passive corrosion of the acetabular cup
and/or the femoral stem, rather than through wear [32]. Corrosion, unlike wear, is unlikely to

be affected by physical activity, which helps to explain our findings.

4.2. Whole blood versus plasma/serum sampling

Titanium ions associate with plasma proteins [37], which accounts for the higher titanium
content of plasma compared to whole blood [38]. Serum/plasma sampling is preferred by
some researchers, because the higher titanium levels are easier to detect and quantify. The
official Medicines and Healthcare products Regulatory Agency (MHRA) guidelines call for
the measurement of cobalt and chromium in whole blood, but it is still unclear which blood
fraction is optimal for monitoring titanium levels in THA patients. Based on our experience,
we recommend analysis of whole blood when a high resolution instrument with a low LoD is
employed. The extra processing steps required for serum/plasma separation might introduce
contaminants into the sample and have a devastating effect on the results of trace element

assays, particularly when minute titanium concentrations are being measured [39].

4.3. Study strengths

The main strengths of our investigation lie in the clean data set we obtained and the state-of-
the art analytical technique we employed for trace metal analysis. All the participants
received the same implant and were operated on by the same team, thus removing surgical
variability. Our study also boasts a large sample size, which enabled us to obtain accurate
estimates of “normal” titanium levels in THA patients. Correct implant placement and
fixation were evaluated radiologically, while good clinical function was ensured with
excellent or good OHS, which was not always done in previous studies. The X-rays and

questionnaires were taken on the same day as the blood samples to make sure that the trace
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metal analysis was as meaningful as possible. The analytical approach we employed is
considered to be one of the most effective for the determination of titanium in biological
fluids [31]. HR ICP-MS boasts a short run time, low LoD (1-3 orders of magnitude lower
than GF AAS [40,41]) and is able to measure multiple elements/isotopes simultaneously,
making it possible to analyse a large number of samples quickly and reliably. Our results are
in close agreement with previous smaller studies that used the same technique to determine

blood/serum titanium in THA patients with well-functioning implants [26,31].

4.4. Study limitations

The present study has a number of limitations. First, pre-operative blood titanium
measurements were unavailable, so that true influence of the hip implant on the systemic
titanium load could not be assessed. As blood/serum titanium level in patients without
orthopaedic implants is thought to be lower than 1 pg L™ [8], the values observed in the
current series are considered to be mildly elevated. While we believe that the main source of
raised metal levels was the hip implant, it is likely that external sources contributed to it.
Titanium dioxide (TiO>) is added in varying levels to many foodstuffs and personal care
products [42], as well as being present in ambient air. HR ICP-MS quantifies both ionic and
particulate titanium [43], and is unable to discriminate between the two forms of the metal.
None of the participants disclosed occupational exposure to titanium, but dietary intake, and
the use of titanium-containing products, were impossible to control for. Secondly, recent
creatinine clearance data was unavailable, so we could not estimate the participants’ renal
function (impaired excretion could lead to increased retention of metals in the body [27]).
Titanium is highly insoluble and tends to accumulate in tissue, with only a small fraction
excreted in the urine [44,45]. It follows that kidney function is unlikely to influence the

systemic titanium load to a great extent.
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4.5. Clinical significance

The use of titanium in THA is increasing, and there is a renewed interest in blood titanium as
a biomarker of implant wear. In particular, it is thought that elevated blood levels could help
identify malfunctioning prostheses before they fail [4,5,7], though the normal “cut-off” value
to guide diagnosis of malfunctioning implants has not been well-defined. We aimed to bridge
this data gap with the present study, which is the largest investigation of systemic titanium
levels associated with well-functioning titanium-based implants to date. Future work in this
area should involve applying our guidelines (2.20 pg L™ for blood and 2.56 ug L™ for plasma
titanium) to other patients, and looking for radiographic signs of ARMD, implant loosening
and wear. This approach could be a means of monitoring the tens of thousands of patients

with titanium-based hips, and could help predict which might develop clinical problems.
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Appendix

Table A.1. Internal Quality Control results.

Mean
measured Bias to
concentration | Manufacturer's | manufacturer's
IQC material (ug L) target (ug L) target (%)
ClinChek Plasma 1 11.5 12.4 -6.9
ClinChek Plasma 2 49.3 47.3 4.2
Custom Whole Blood 1 0.6 N/A N/A
Custom Whole Blood 2 10.7 N/A N/A

Table A.2. Results submitted by the laboratory to the Quebec Multielement External Quality
Assessment Scheme (QMEQAS), the value assigned by QMEQAS, and the range considered

acceptable by QMEQAS (See the QMEQAS participants manual for details). The percentage
bias of the submitted results compared to the assigned value is also shown.

Submitted results Assigned value Acceptable Bias (%0)
Sample (nmol L) (nmol L) range
QM-B-Q1901 196 207 123 - 291 -5.3
QM-B-Q1902 319 307 181 - 433 +3.9
QM-B-Q1903 247 246 143 - 349 +0.4
Table A.3. Isotopes measured and ICP-MS settings used.
Isotope Ti% Ga't
Mass range 46.948 - 46.954 70.921 - 70.928
Mass window 50 40
Settling time 0.300 0.050
Sample time 0.7500 0.0500
Samples per peak 25 20
Search window 50 40
Integration window 50 40
Scan type EScan EScan
Resolution mode Medium Medium
Runs 4 4
Passes 1 1
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