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Abstract

- Pavlos Papadopoulos? - Pavlos Kolias® - Eleftherios Tsiridis** - Kyriakos Papavasiliou? -

Determination of metals and trace elements in patients with total knee or hip arthroplasty with CoCrMo alloy was performed.
Blood, urine and cerebrospinal fluid (CSF) samples were analyzed and compared with samples from healthy people. Levels
of Co, Cr as well as Na, Ca, Fe, Zn, Se, Rb, Sb and Br were determined by means of neutron activation analysis. The values
of Cr and Co of the blood and urine measurements were elevated in patients with replacement, and according to the statistical
analysis, significant differences of the elements Zn, Br, Co and Sb were found in the CSF (p <0.05).
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Introduction

Total hip and knee arthroplasty (THA) is one of the most
commonly performed operation for patients with osteoar-
thritis leading to improvement of health-related quality of
life [1-3]. Only in United States more than one million hip
and knee replacements are performed each year according
to the Agency for Healthcare Research and Quality and
the number of individuals with total hip and knee arthro-
plasty is more than 7 million. Especially in the last years
the number of replacements has increased for young and
active patients. Regarding these reported data, of particular
interest are the effects of such operations especially due to
degradation products of total joint replacements [2—7]. In
the case of the metallic components, there is an increasing
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concern because of the production of metallic wear debris
after arthroplasty. In most cases the implanted materials used
for metal artificial joint are CoCrMo or TiAlV alloys [1].
As it is well known ions (some of them toxic) are released
from the metallic implants in the body through processes
of corrosive and mechanical wear [7—14]. Although cobalt
(Co), chromium (Cr), titanium (Ti), aluminum (Al) and
vanadium (V) are normal components of some enzymes, at
high dosage they become toxic. Cobalt toxicity is associated
to several symptoms as neurological, haematological and
cardiological. Chromium is known to be less cytotoxic but
more genotoxic than Co and causing anemia because may
compete with Fe in binding to apo-transferrin. Aluminum
toxicity has been linked to neurological conditions as well
as the accumulation of Al in the brain has been reported as a
possible cause of Parkinson’s and Alzheimer’s disease [1, 2].
The presence of implanted materials may also be reflected in
the levels of other ions in biological fluids of patients with
replacement. So, the quantification of metal ion concentra-
tions is of great importance [14-22].

Although several articles have demonstrated elevated
metal ion levels from the arthroplasty implants as Co and
Cr in serum and urine, data concerning the levels of other
metals in human organism and especially in cerebrospinal
fluid (CSF) have not published in the literature to our knowl-
edge [4—13, 23]. On the other hand, there are disagreements
concerning the levels of the elements in CSF found by differ-
ent researchers [24—28]. The reason for this is the very low
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concentrations of the trace elements in the CSF, the limited
number of the samples and the limited sample volumes [25].
Michael et al. [24] have applied neutron activation analysis
(NAA) for the determination of Co, Cr, Zn and Se in a vari-
ety of biological fluids, tissues and organs in patients with
medical implants. Kjellin [25] determined trace elements in
the CSF in neurological diseases using the same technique.

The aim of this study was to investigate the metal ions
levels in biologic fluids of patients following total hip or
knee arthroplasty by means of NAA. Levels of Co, Cr as
well as Na, Ca, Fe, Zn, Se, Rb, Sb and Br were determined in
whole blood, urine and CSF in active patients after CoCrMo
arthroplasty and compared with data reported using different
analytical techniques.

Experimental
Patients and samples

After giving signed written consent, ten patients enrolled in
this study. Measurements of the metal ion levels were per-
formed in the biologic fluids (blood, urine and cerebrospinal
fluid) of eight patients who had undergone total hip or knee
replacement in the past and two without any endoprosthe-
ses in his body. All of them had a primary total hip or knee
arthroplasty with cobalt-chromium alloy during the period
of February of 2001 till April of 2013. The average age of
the patients in the study group was 62 (47-74) years at sur-
gery. Four patients had undergone a total hip reconstruction
and 4 patients had undergone total knee arthroplasty (TKA)
in the past. At last one patient had undergone TKA bilat-
eral. This cohort study is a subgroup of a larger cohort (100
patients) of arthroplasties, that will be the subject of future
measurements.

Whole-blood and urine samples were collected in trace-
element blood tubes on successive days of each patient’s
hospitalization for the surgery procedure at the Papageor-
giou Hospital in Thessaloniki. The cerebrospinal fluid sam-
ples were collected at the time of epidural anaesthesia with
anaesthesiologist assistance in special plastic tubes through
a plastic catheter. In addition, they discarded 1 mL of CSF
and then the samples were transported on ice [14, 15, 24,
25]. The weight and the volume of all these samples were
recorded immediately after the collection. The blood and
urine samples were dried at 50 °C at the Department of
Chemistry at Aristotle University of Thessaloniki. Finally,
a quantity of 100-120 mg was placed in special vials for
analysis by INAA. The cerebrospinal fluid samples (5 mL)
were centrifuged at 1300g for 10 min according to protocol
[14, 22]. Then were placed in special vials (gradually adding
a small amount of the sample) and dried at 45 °C leading
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to dry residue (approximately 30 mg). All materials were
cleaned with distilled HNOj; and bidistilled H,O.

Instrumentation

The metals and trace elements of the samples were deter-
mined by Instrumental Neutron Activation Analysis (INAA),
at the 2 MW pool-type research reactor of the TU-Delft,
The Netherlands. The system was calibrated using NIST-
measurements. More details (neutron dose 4.5-5.3x 10'®
n/cm? s, activation time 4-5 h) are given elsewhere [29].
After irradiation the activity of the samples was measured.
According to protocol three sets of gamma-ray spectrom-
etry measurements were performed considering the different
half-life of the radioisotope. The first set was performed after
10 h from the end of irradiation and the third set 30 days
approximately from irradiation.

Statistical analysis

Normality of elements concentration in blood, urine and cer-
ebrospinal fluid was tested, using the Shapiro—Wilk test. The
measurements of blood, urine and cerebrospinal fluid were
treated independently. Welch’s analysis of variance was used
in order to analyze the differences between the three groups,
regarding the blood, urine and CSF measurements. Welch’s
ANOVA is more powerful and robust compared to classical
ANOVA when dealing with small samples or unequal vari-
ances. Post-hoc differences were tested using Games-Howell
test [30, 31]. The significance level was set to a=.05 for all
statistical tests. All statistical analyses were performed using
IBM SPSS (IBM SPSS Statistics for Windows, Version 25.0.
Armonk, NY: IBM Corp).

Results and discussion

The concentrations of the studied metals in blood and urine
samples are given in Tables 1 and 2 respectively. The values
of the elements Co, Cr as well as Na, Ca, Fe, Zn, Se, Rb,
Sb and Br are presented whereas the levels of the elements
As and Sn were lower than the LOD (limit of detection) in
most of the cases and are not presented. The results for the
above elements were comparable with relevant published
data for blood and urine analyzed by NAA. Avino et al. [17]
found similar values for the elements Na, Fe, Zn, Se and Rb
in whole blood (slight lower in serum) and urine of healthy
people by INAA whereas lower values of Co and Cr were
found for non operated people in this research. Michael et al.
[24] reported the following values .16—.85 pg L™ for cobalt
in serum by NAA. Damie et al. found concentrations of
Co>.6 pg L™! in serum of patients after arthroplasty during
a thirty-month study. Clarke et al. also reported comparable



Journal of Radioanalytical and Nuclear Chemistry (2019) 322:621-628

623

data to the results of the present study in serum of patients
who had undergone total hip arthroplasty. These values (Co:
.83-2.59 and Cr: 1.19-8.58 pg L™") were determined using
atomic absorbtion spectroscopy 16 months after the opera-
tion. Furthermore Lhotka et al. found elevated cobalt and
chromium blood levels in patients 4 years after hip arthro-
plasty. Higher concentrations up to 50 times for cobalt and
100 times for chromium were observed compared to the
control group [4, 5, 8].

Table 3 presents the values of Na, Co, Zn, Sd and Br in
cerebrospinal fluid. Selenium (Se) was detected only in the

Table 1 Descriptive statistics of concentration levels in blood

control group (mean value 36 pg L~") while Ca, As and Sn
only for the patients of the second (5-years prosthesis) group
(mean value 21 mg L', 63 and 170 pg L~! respectively).
The levels of Cr were lower than the LOD (6.70 pg L™1).
Therefore the NAA can be used for determination of pos-
sible Co release in CSF but not for Cr because of insufficient
sensitivity. This finding is in agreement with previous pub-
lished data for Cr determination in biological fluids where Cr
is referred as “difficult” element in NAA and can be deter-
mined using radiochemical neutron activation analysis [24,
32, 33]. Unfortunately, there are no data in the literature

Element Non operated 5 years 10 years
Mean SD Min Max Mean SD Min Max Mean SD Min Max
Na (mg L") 2548 455.38 2226 2870 2270 111.07 2158 2417 2253.75 158.15 2053 2438
Ca (mg L™ 72 4 69 74 132 20 111 155 56 16 41 78
Fe (mg L") 311 49 276 345 358 47 292 396 351 87 225 421
Zn (mg L7 5.10 57 4.69 5.50 4.18 47 3.51 4.59 4.90 .59 4.27 54
Rb (mg L) 1.84 54 1.45 222 1.85 .14 1.70 2.03 1.76 .08 1.69 1.87
Br (mg L™ 3.53 A7 3.19 3.86 3.30 .60 2.40 3.67 5.13 .59 4.27 5.63
Cr (ug L™ 5.30 57 4.90 5.70 27.72 5.41 19.80 31.70 9.58 5.96 1.20 15.3
Co (ug L™ A1 .01 .10 A1 3.70 2.70 .10 5.88 18 .10 .10 31
Se (ug L) 83.65 78 83.10 84.20 80.95 6.46 72.10 87.40 92.55 10.12 79.80 103.1
Sb (ug L™ 3.40 28 3.20 3.60 6.00 47 5.50 6.60 7.96 3.23 5.34 12.60
Table 2 Descriptive statistics of concentration levels in urine
Element Non operated 5 years 10 years
Mean SD Min Max Mean SD Min Max Mean SD Min Max
Na (mg L") 1866 606.70 1437 2295 2290 1234.40 1533 4135 1921.25 427.15 1533 2531
Ca (mg L™ 133.7 5.94 129.5 137.90 39.18 13.74 24.50 55.50 28.40 8.66 16.30 36.70
Fe (mg L") .07 .01 .06 .07 .60 .35 17 .92 .07 .03 .03 .09
Zn (mg L7 49 .03 47 51 5 .16 S1 .88 1.16 45 .65 1.71
Rb (mg L) 1.29 .08 1.23 1.34 .59 24 42 .94 76 .07 .69 .86
Br (mgL™") 2.72 23 2.56 2.88 1.84 .30 1.46 2.17 3.22 41 2.95 3.82
Cr(ugL™) 2.30 .00 2.30 2.30 9.53 .99 8.10 10.40 3.15 .62 2.40 3.80
Co (ug L™ 1.00 42 .70 1.30 2.05 1.22 .30 3.10 .61 .58 15 1.40
Se (ug L) 33.30 5.09 29.70 36.90 10.03 1.35 8.72 11.80 19.00 241 16.90 22.10
Sb (ug L™ 22 .09 15 .28 48 25 .16 75 48 18 .29 .66
Table 3 Dgscriptive §tatistics of Element Non operated 5 years 10 years
concentration levels in CSF
Mean SD Min Max Mean SD Min Max Mean SD Min Max
Na(mgL™") 767.50 47023 435 1100 99425 91.27 879 1102 998  87.27 889 1098
Zn(mgL™h 1.20 .01 1.20 121 1.06 .68 12 161 .82 12 .68 .93
Br(mgL™) .10 .00 10 .10 348 1.33 252 544 459 55 4.00 5.2
Co(ugL™ 222 18 2.09 234 .69 .16 49 88 221 .16 1.98 2.35
Sb(ugL™h) 526 .38 499 553 1.13 26 78 138 177 .11 1.65 1.90
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for the cerebrospinal fluid concerning patients with arthro-
plasty, up to our knowledge. Moreover, the reported data for
cerebrospinal fluid of healthy people are also limited, deter-
mined with different techniques and exhibit large variations.
For example, concentrations of Na, K, Ca, Mg, Ba, Ti, Rb,
Sr and As determined by ICP-MS in cerebrospinal fluid of
patients with and without spinal cord stimulation, were pub-
lished during a research in Sweden [14]. The values reported
for Na (2000-2200 mg L") in this research, were higher
than these obtained in the present study (435-1100 mg L")
while the values for As (13-17 pg L_]), were lower than
our data (57-68 pg L™1). Lower results were also reported
by other researchers for As (.04—2.46 and 30 ug L™!) and Se
(.93-2.0, 13.5 and 19.1 pg L) respectively [15, 21, 26].
The corresponding values for Co, reported in these papers
determined by ICP-MS, were .13 and .0-.22 pg L~! while
for Zn, 32 and 13-249 pg L~! respectively.

Ostachowicz et al. [19] reported quite higher values for
Zn (78.3 mg L™!) determined by XRF as well as for Na
(2610 mg L™1), Br (.52 mg L™!) and Ca (26.3 mg L™"). In
our study the results for Ca were 14-27 mg L™" and obtained
only for the patients with 5-years prosthesis. Gonzalez
Romaris et al. [22] found mean value for Zn 170 pg L™!
and for Ca 50 mg L~!, determined by atomic absorption
spectrophotometry-AAS.

In Table 4, literature data for concentration levels of ele-
ments, in CSF of control groups determined by different
techniques, are presented for comparison. The large varia-
tions observed could be attributed to the very low concentra-
tions of the trace elements in the CSF, the limited sample
volumes and the fact that CSF samples from healthy humans
are typically not available for determination of reference

Table 4 Concentration levels of elements in the CSF

Mean Min Max Method References
Na (mg L™1) 2000 2020 ICP-MS  [l4]
Na(mgL™) 2610 XRF [19]
Zn(mgL™h) 783 XRF [19]
Zn (ug LY 34.7 AAS [27]
Zn (pgL7h 170 AAS [22]
Zn (pg LY 9 133 ICP-MS  [15]
Zn (pg LY 9 167 ICP-MS  [28]
Zn (pgL™h 13 249 ICP-MS  [14]
Zn (pg LY 32.5 ICP-MS  [20]
Br(mgL™) .52 XRF [19]
Br(mgL™)  3.80 NAA [25]
Co (ug L™ 04 13 ICP-MS  [28]
Sb(ugL™) 209 AAS [26]
Sb (ug L™ 1.00 NAA [25]
SbugL™ .09 ICP-MS  [20]
Sb (ug L™ 02 17 ICP-MS  [28]
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values of metal species (the CSF by law can be sampled only
after neurological indication). The age, quality of life and
activities of the humans should be also considered [15, 25].

Taking into account these variations, it is concluded that
for the CSF samples, comparisons can be done individually
only for the control group of our research and patients with
replacement in order to estimate the impact of the implant.

Statistical analysis

According to the Shapiro—Wilk test the concentration values
of all elements were normally distributed for each group,
except for sodium (Na) in the second group (5 years). Unde-
tected concentrations of cobalt, antimony and chromium in
blood and urine as well as of zinc in cerebrospinal fluid were
replaced by the limit of detection (LOD) of each element.
The mean value and standard deviation of concentration
levels of each element in blood and urine are presented in
Tables 1 and 2.

Significant differences for the blood tests were observed
for Ca, Cr, Sb, and Br (p <0.05). More specifically, for cal-
cium concentration (see Fig. 1) and chromium concentration
(see Fig. 2), the patients of the 5-years group had a sig-
nificantly elevated concentration, compared to the other two
groups (p <0.05), which is in agreement with literature data
[4—-12, 23]. Antimony concentration (see Fig. 3) was sig-
nificantly elevated in the second group (5 years prosthesis)
compared to the first group (p <0.05), while bromine con-
centration (see Fig. 4) was significantly higher in the third
group (p <0.05), compared to the second group (5 years
prosthesis) and also higher than the first group, however the
effect was borderline significant.

150

125

100 |

Calcium concentration

75

]

S0

Non operated 5 years 10 years

Fig. 1 Boxplot of calcium concentration (mg L") of the blood meas-
urement
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Chromium concentration
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Non operated 5 years 10 years

Fig.2 Boxplot of chromium concentration (ug L™') of the blood
measurement

14

12

10

Antimony concentration

Non operated 5 years 10 years

Fig.3 Boxplot of antimony concentration (ug L™') of the blood
measurement

For the urine tests, significant differences, regarding
the concentration, were observed for Ca, Cr, and Br. More
specifically, the calcium concentration of the non-operated
patients was significantly higher (see Fig. 5) compared
to the operated patients (p < 0.05), while chromium con-
centration (see Fig. 6) was significantly elevated in the
second group (5 years) compared to the other two groups
(p <0.05). Finally, bromine concentration (see Fig. 7) was
significantly higher in the third group (p <0.05), compared
to the second group (5 years prosthesis).

Bromine concentration

|

5 years

Non operated 10 years

Fig.4 Boxplot of bromine concentration (mg L™') of the blood meas-
urement

150

100

Calcium concentration

S0

Non operated 5 years 10 years

Fig.5 Boxplot of calcium concentration (mg L™!) of the urine meas-
urement

The mean values and standard deviations for Na, Zn, Br,
Co and Sb in the cerebrospinal fluid are given in Table 3.
Individuals in the 5- and 10-years groups had significantly
elevated concentrations of bromine (see Fig. 8). Zinc was
observed to be higher in the control group (p <0.05) com-
pared to the 10 years group. Cobalt and antimony were
observed to be significantly lower in the cerebrospinal fluid
of the 5 years group (Figs. 9, 10).

The different trend observed for the determined elements in
blood, urine and CSF could be probably attributed to the fact
that the behavior of each element varies in different biological

@ Springer
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Chromium concentration

o

Non operated 5 years 10 years

Fig.6 Boxplot of chromium concentration (pg L™') of the urine
measurement

Bromine concentration

i ‘

Non operated 5 years 10 years

Fig. 7 Boxplot of bromine concentration (mg L") of the urine meas-
urement

fluids or organs. Michael et al. found different levels of Co
and Cr in biological fluids, tissues and organs in patients with
medical implants. Additionally the determination of the nor-
mal concentrations of trace elements is connected with patho-
logical changes found in some cases and also the levels of
some trace elements are affected after binding with proteins
[24, 25, 34]. Generally, it is shown that the concentration of
Co, in CSF, is decreased during the 5 years after replacement
and later is increased reaching the initial values. The opposite

@ Springer

Bromine concentration

Non operated 5 years 10 years

Fig.8 Boxplot of bromine concentration (mg L") of the CSF meas-
urement

25

20

Cobalt concentration

Non operated 5 years 10 years

Fig.9 Boxplot of cobalt concentration (ug L") of the CSF measure-
ment

phenomenon was observed in the case of blood and urine,
where Co and Cr ions released from the CoCrMo bio-implant,
increased only in the first period after the replacement, due to
corrosion phenomena, and then are stabilizing to normal val-
ues. These findings agree with other reported data concerning
metals released from implanted biomaterials in blood, serum
and urine [4-12, 23, 35].
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Antimony concentration

Non operated 5 years 10 years

Fig. 10 Boxplot of antimony concentration (ug L~') of the CSF
measurement

Conclusions

In the present study, the application of NAA for the inves-
tigation of metals and trace elements (Na, Ca, Fe, Zn,
Br, Sb, Co and Cr) in blood, urine and CSF of patients
with CoCrMo arthroplasty is demonstrated. The results
compared to values obtained for healthy people (control
group) and concerning the majority of the metals deter-
mined in blood and urine, are in agreement with literature
data. Slight differences found between the distributions of
trace elements in biological fluids in both groups. The con-
centration of Co and Cr, increased only in the first period
after the replacement, as presented by the blood and urine
measurements. For the elements Ca, Cr and Br significant
differences for the blood and urine measurements were
observed based on Welch’s ANOVA.

In the case of CSF samples some imbalance between
control and non-controls, were observed with significantly
elevated concentrations of bromine in the 5- and 10-years
groups and zinc in the control group. However due to the
small number of patients and the limited published data,
the explanation of these findings and connection to met-
als released mechanism is rather difficult. No conclusions
could be drawn on the possible release of Cr and Mo from
CrCoMo alloy prostheses to cerebrospinal fluid because
of the insufficient sensitivity of NAA.
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