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The release of metal ions from orthodontic appliances
Animal tests

Marcin Mikulewicz?; Paulina Wotowiec®; Maciej Janeczek®; Thomas Gedrange®;
Katarzyna Chojnacka®

ABSTRACT

Objective: To investigate the release of metal ions from an orthodontic appliance in tests on
animals (pigs).

Materials and Methods: An animal test was conducted on 24 pigs divided equally into an
experimental and a control group. In total, 12 sets of experimental orthodontic plates were
surgically inserted into pig snouts in the experimental group for 6 months. Noninvasive matrices
(hair [0, 3, and 6 months]) and invasive matrices (kidneys, liver, lungs, aorta, and oral mucosa)
were collected for multi-elemental analysis (inductively coupled plasma optical emission
spectrometry) from the experimental and control groups.

Results: The greatest differences in the content of toxic metals were found in the aorta (Ni level
was 4.8 times higher in experimental than in the control group), in the cheek (Ni 3.5 times higher),
and in the hair sampled after 3 months (Cr 3.4 times higher).

Conclusions: The obtained data indicate that the products of corrosion have passed into selected
tissues of pigs; however, the doses of toxic metal ions released from the appliance did not reach
toxic levels. (Angle Orthod. 2014;84:673—679.)

KEY WORDS: Orthodontic appliances; Metal ions release; Tests on animals; Pigs; In vivo

experiment

INTRODUCTION

“Warning: This product contains nickel and/or
chromium. A small percentage of the population is
known to be allergic to nickel and/or chromium. If an
allergic reaction occurs, direct the patient to consult a
physician.” This common information on orthodontic
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product labels makes research on the biocompatibility
of orthodontic appliances a timely issue.

Since orthodontic fixed appliances have become
popular, the question about the quantity and potential
cytotoxicity of released metal ions is still valid. Many
papers with contradictory conclusions have been
published.™®

Medical disciplines that discuss the problem of
orthodontic material biocompatibility use various tools
for testing. Several methods can be used to evaluate
the release of metal ions from dental alloys: in vitro
(eg, in the environment of artificial saliva or tissue
culture)®” and in vivo experiments with the application
of invasive (eg, blood)® or noninvasive matrices (eg,
saliva, hair, urine).*'®* None of the abovementioned
methods is able to reflect the real, changeable,
complex environment of the human oral cavity. In in
vitro experiments, the problem lies in ensuring the
proper process conditions: pH, temperature, flow rate,
microflora, the composition of solution, time, and tissue
contact. Also additional, sometimes difficult-to-stan-
dardize factors such as hygiene and dietary habits
should be considered.™ In in vivo experiments, the
problem with achieving reliable results is associated
with the frequency of sampling compared with the
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treatment time (eg, blood, saliva, urine), the type of
matrix (eg, epithelium buccal cells—contact tissue), or
the sampling and preparing of the matrix (eg, hair—the
lack of universal reference ranges and the difficulties in
interpretation).’®

Corrosion of the metal alloys from which the
elements of orthodontic appliances are made mainly
affect the surrounding tissues. This is confirmed by the
available reports.’™'” So far, unequivocal scientific
evidence has not been presented that supports the
assertion that metal ions released from orthodontic
appliances pose systemic toxicity.'® Such research can
be undertaken by evaluation of the composition of
exposed tissues, which are on the other hand invasive
matrices. Blood, saliva, and urine reflect momentary
exposure, and buccal epithelium cells reflect contact
exposure. Invasive matrices can be used in investiga-
tion of long-term exposure. This is possible in studies
on animals. The aim of the present study was to
evaluate experimentally the release of metal ions from
an orthodontic appliance in a living organism—pig.

MATERIALS AND METHODS
The study concept:

» Preparation of plates that aimed to simulate
the orthodontic appliance (appropriate
weight and alloy composition);

« Surgical implantation of plates in pigs’
snouts for 6 months;

« Sampling of noninvasive matrices (hair [O,
3, and 6 months]);

« Removal of plates and sampling of invasive
matrices;

« The assessment of the composition of
invasive and noninvasive matrices.

Previously, pilot studies on two experimental and
two control pigs were conducted to investigate the
construction, strength, and placement technique of the
plate in pigs’ snouts.’ Additionally, the contents of
elements in various tissues were determined, and on
this basis, the tissues were selected for the present
work.

Plates

The masses of particular elements in the orthodontic
appliance and experimental plate were calculated. The
average orthodontic appliance used for calculation in
the study consisted of: four bands (size 37+; 3M
Unitek, Monrovia, Calif), 20 brackets (Victory Series
0.22; 3M Unitek), and two wires (.018 SS; 3M Unitek).
The total weight of the appliance was 3.9448 g. The
equivalent of a fixed orthodontic appliance (upper and
lower dental arch) expressed as bands was calculated.
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Figure 1. Experimental plate.

Assuming an average weight of a patient as 55 kg and
a target weight of a pig as =175 kg, in the snout of
each pig the equivalent of 3.18 orthodontic appliances
should had been placed. The plate was constructed of
12 bands (only whole bands were used), and the total
mass of bands in one plate was 6.2380 g (Figure 1).
The total weight of two plates was (2 X 6.2380 @)
12.4760 g. The composition of the stainless steel (SS)
alloy (316L) from which the experimental plates for
pigs (simulating orthodontic appliances) were formed
was as follows: Fe, =65%; Cr, 17%; Ni, 12%; Mo,
2.5%; Mn, <2%; Si, <1%; P, <0.045%; C, <0.03%;
and S, <0.03% (3M Unitek).

Animal Experiments

For animal experiments, pigs (Sus scrofa domes-
tica) as a model organism were chosen. The Polish
White Landrace breed, =30 kg body weight, was used
in the groups. The animal test was performed with the
approval (120/2009/09) of the ethical committee of the
Wroctaw University of Environmental and Life Sciences.
The animals were male pigs of 3 months of age
weighing 29.0 £ 1.3 kg. The duration of tests was
justified by the growth period and the target weight of
the pigs. The 24 animals were randomly separated into
two groups. One group (experimental) received plates
on the inner buccal side, and the second group (control)
did not receive plates. At the end of the experiment, the
average weight of a pig was 191.3 = 10.4 kg.

The bands were placed on a plastic plate (polyeth-
ylene) that served to alleviate skin irritation. For
clamping bands, steel wire with a diameter of 0.047
inches was used. Premedication was performed using
xylazine i.m. (Sedazin, Biowet Pulawy, Poland; 1 ml
20/kg body weight [BW]) and atropinum sulphuricum
i.m. (0.02 mg/kg BW). Surgery was performed under
general anesthesia, which was initiated with sodium
thiopental i.v. (Thiopental: Biomedica Poland; 10 mg/kg
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Figure 2. Fixed experimental plate after the experiment.

BW) and maintained with ketamine i.v. (Bioketan:
Vetoquinol Biowet, Ltd.; 15 mg/kg BW). Antibiotic (Beta-
mox LA: ScanVet, Poland; amoxycillinum 1 ml/10 kg
BW) and analgesic drugs (Metacam: Boehringer,
Ingelheim, Germany; meloxicam 0.4 ml/12 BW) were
administered s.c. for 5 days. The plates were surgically
implanted on the buccal side of the pig’s cheek for a
period of 6 months (Figure 2).

Sampling

In this research, 12 control and 12 experimental female
pigs were used. Two pigs died (one in each group)
because of general diseases (colibacteriosis) not related
to the conditions of the study. Samples from 22 pigs were
collected. In total, 176 samples of hair, kidneys, liver,
lungs, aorta, and oral mucosa were obtained.

Samples of hair from both groups (experimental and
control) were collected from each animal at the
beginning of the experiment and after 3 and 6 months.
The hair samples were washed with baby shampoo
and dried. The selection of the shampoo was
determined by its composition. The animals were
slaughtered after 6 months, and various internal tissue
samples were retrieved (aorta, lung, kidney, liver, and
inner part of cheek). Slaughter procedure was carried
out with the required permits and according to the
Minister of Agriculture and Rural Development dated
02/04/2004 by the persons entitled to carry out
professional slaughter using acceptable methods of
slaughter and killing of animals (Polish Journal of Laws
2004.70.643). Approved procedures involve the use of
electronarcosis and exsanguination of pigs.

Analytical Methods

An internal tissue sample (1 g) was purified from
organic matter with concentrated nitric acid: 69% m/m
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(5 ml), spectrally pure (Suprapur; Merck, Darmstadt,
Germany), using Teflon bombs in the microwave oven
Milestone Start D (Milestone, Sorisole, Italy). The
selected parameters of the process assured the
complete digestion of samples. After mineralization,
samples were diluted with redemineralized water
(Millipore Simplicity, Molsheim, France) to 25 g. The
samples of hair (0.5 g) were solubilized with concen-
trated nitric acid (5 ml) and digested. After mineraliza-
tion, samples were diluted with redemineralized water
to 50 g. All samples were then analyzed for element
content using the iCAP 6500 Duo ICP Spectrometer
(Thermo Scientific, Leicetsershire, England). The
concentration of the following elements was deter-
mined: Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Si, and Zn. The
limits of detection were as follows for all tissues (for
liver, they were 100% higher): Cd, <0.0002; Co,
<0.0002; Cr, <0.0025; Cu, <0.02; Fe, <0.0075; Mn,
<0.00075; Mo, <0.005; Ni, <0.001; Si, <0.05; and
Zn, <0.005. Additionally, the moisture content was
determined in internal tissue samples according to PN-
ISO 1442:1997.

The analyses were carried out in a quality manage-
ment system according to PN-EN ISO/IEC 17025:
2005. Quality assurance of the test results was
achieved by using certified reference material: Bovine
Muscle BCR No. 184 from the Community Bureau of
Reference and Bovine Liver SRM 1577b from the
National Institute of Standard and Technology. The
samples were analyzed in three repeats (the reported
results of analysis were arithmetic mean, and the
relative standard deviation was <5%).

Statistical Methods

Statistical analysis of the results was performed by
the use of Statistica (version 10.0; StatSoft, Tulsa,
Okla). Descriptive statistics (means and standard
deviations) were reported. Normality of distribution of
experimental results was assessed by the Shapiro-
Wilk test. This was the basis for the selection of the
statistical test (normal distribution with homogeneity of
variance, parametric f-test; normal distribution with
heterogeneity of variance, Cochran’s C-test; lack of
normal distribution, Mann-Whitney U-test) for assess-
ing the significance of the differences between the
experimental and control groups. The statistical signifi-
cance level was assumed to be lower than 0.05 and
0.1. Correlation was considered statistically significant
at P < .05.

RESULTS

In the present paper, the release of metal ions from
orthodontic appliances and their sites of accumulation
in pigs were investigated. The levels of Cd, Co, Cr, Cu,
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Table 1. Contents of Elements in Invasive Biomarkers of
Experimental and Control Groups, mg/kg (Fresh Weight), n = 11
Aorta
Control Experimental P
Cd 0.00172 = 0.00226  0.00742 + 0.00144 .0005°*
Co 0.00450 = 0.00198  0.00561 + 0.00178 .1820°
Cr 0.0645 = 0.0605 0.0899 = 0.0584 .0569~*
Cu 0.667 = 0.101 0.777 = 0.170 .0878*
Fe 9.18 = 9.53 6.04 + 0.70 .8438°
Mn 0.121 = 0.056 0.117 = 0.017 .8087¢
Mo 0.0142 = 0.0039 0.0162 = 0.0026 17872
Ni 0.00706 *= 0.01156 0.0339 =+ 0.0235 .0031°*
Si 10.8 £ 7.2 3.42 + 0.59 .0064°*
Zn 20.5 £ 2.6 20.0 = 2.8 .68072
Inner Part of the Cheek
Control Experimental P
Cd 0.00134 = 0.00072  0.00184 = 0.00091 17482
Co 0.00258 = 0.00137  0.00306 *+ 0.00136 41772
Cr 0.236 = 0.319 0.216 = 0.120 .1679°¢
Cu 1.16 £ 0.20 1.16 = 0.17 .9300°
Fe 131 £ 4.0 12.3 = 4.1 .6675°
Mn 0.141 = 0.039 0.260 + 0.083 .0007°*
Mo 0.0370 = 0.0068 0.0448 = 0.0086 .0286>*
Ni 0.0102 = 0.0251 0.0353 = 0.0314 .0104°*
Si 5.64 = 4.79 5.32 = 1.45 .2643°
Zn 13.7 £ 2.2 145 + 2.6 47112
Kidney
Control Experimental P
Cd 0.633 * 0.225 0.610 = 0.080 .7548°
Co 0.0296 = 0.0068 0.0239 = 0.0045 .0320**
Cr 0.0624 = 0.0195 0.0674 = 0.0182 .4502°
Cu 6.94 = 2.26 5.31 = 1.18 0569~
Fe 71.6 = 19.1 745+ 79 .6496*
Mn 1.50 = 0.28 1.53 = 0.16 79182
Mo 0.784 = 0.119 0.811 = 0.101 .58072
Ni 0.00849 *+ 0.00811 0.0105 = 0.0100 .6146°
Si 3.99 = 0.98 4.00 + 0.87 .9896°
Zn 27.6 + 3.6 29.4 + 3.2 .2249°
Liver
Control Experimental P
Cd 0.0680 = 0.0213 0.0842 += 0.0175 .1697¢
Co 0.0238 = 0.0078 0.0193 = 0.0070 1131°
Cr 0.0685 = 0.0119 0.0786 = 0.0372 .7782°
Cu 24.5 + 131 37.2 + 17.7 .0752=
Fe 304 = 94 274 = 50 .4642°
Mn 2.45 = 0.41 2.60 = 0.52 4793
Mo 1.41 £ 0.29 1.46 = 0.21 .1927¢
Ni 0.126 * 0.060 0.0367 =+ 0.0381 .0008°*
Si 6.65 = 1.87 8.05 = 3.45 25492
Zn 55.9 + 6.0 61.0 = 9.1 .1489°
Lung
Control Experimental P
Cd 0.00634 = 0.00336  0.00784 *+ 0.00245 .2487¢°
Co 0.00324 = 0.00141 0.00422 + 0.00221 .2293°
Cr 0.0942 = 0.0957 0.0789 = 0.0387 .5994°
Cu 0.994 + 0.158 0.847 + 0.059 .0093**
Fe 117 £ 48 84.5 + 24.0 .0878°
Mn 0.200 =+ 0.039 0.290 + 0.197 .0569°
Mo 0.0226 = 0.0038 0.0435 = 0.0145 .0007"*
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Table 1. Continued

Lung
Control Experimental P
Ni <0.001 <0.001 1.0000°
Si 2.78 = 1.06 4.45 + 573 .6458°
Zn 16.8 = 2.5 17.8 £ 1.9 .2768°

a Parametric Student’s t-test.
® Cochran’s C-test.

¢ Mann-Whitney U-test.

* Statistical significance.

Fe, Mn, Mo, Ni, Si, and Zn were determined in the
aorta, lung, kidney, liver, inner part of the cheek, and
hair of experimental and control pigs (Table 1 and 2).
The sites of nickel and chromium accumulation were
kidney, aorta, and hair sampled after 3 months of
exposure. In liver and hair sampled after 6 months of
exposure, Cr had accumulated. The highest differenc-
es in the content of toxic metals were found in the aorta
(Ni level was 4.8 times higher in the experimental than
in the control group) and in the hair sampled after
3 months (Cr, 3.4 times higher in experimental than in
control). Significantly higher Cu content was found in
the liver. After 3 months, the content of Cr and Ni in
hair increased (3.4 times and 20%, respectively), and
after 6 months as well (only Cr, 20%).

The mineral levels (mean and standard deviation) of
selected tissues for the experimental and control
groups were presented in Tables 1 and 2. The
moisture content in internal tissue samples was as
follows: inner part of the cheek, 82.6%; lung, 79.8%;
kidney, 76.4%; liver, 73.8%; and aorta, 67.3%. The
elements were bioaccumulated in various tissues to
different extents. The studied elements in invasive and
noninvasive matrices were accumulated.

In hair samples that were collected at the beginning
of the experiment, the levels of the elements were
similar in both groups, and the differences were not
statistically significant. In other hair samples and in
the invasive matrices, statistically significant differ-
ences between both groups were observed. The
differences in the mean values were markedly high
for Ni in the aorta and the inner part of the cheek (4.8
times and 3.5 times more in the experimental group
with respect to control; P = .0031 and .0104,
respectively; Table 3). Other statistically significant
differences between both groups concerned the
following elements: Cd (hair samples collected after
3 months and aorta), Cr (hair samples collected after
3 months and aorta), Mo (lung and inner part of the
cheek), Mn (inner part of the cheek and lung), Cu
(liver, kidney, aorta, lung, and hair samples collected
at the end of the experiment), Fe (lung), and Co
(kidney).
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Table 2. Contents of Elements in a Noninvasive Biomarker of

Experimental and Control Groups, mg/kg, n = 112

Control Experimental P
Cd 0.0230 = 0.0081 0.0228 = 0.0055 .9418°
Co 0.0350 = 0.0167 0.0312 = 0.0124 5114
Cr 0.0964 = 0.0455 0.148 = 0.100 .2372°
Cu 184 + 22 18.4 £ 3.3 .9768°
Fe 18.0 = 7.6 16.1 = 4.4 .7427°
Mn 5.32 + 3.49 4.05 = 1.47 .5994¢
Mo 0.103 = 0.027 0.0911 = 0.0241 .2876°
Ni 0.820 =+ 2.490 0.113 + 0.051 .1486°
Si 119 = 44 101 = 30 .3246°
Zn 238 = 40 221 + 22 2372°

Control Experimental P
Cd 0.0250 = 0.0087 0.0360 = 0.0130 .0292°*
Co 0.0394 = 0.0191 0.0310 = 0.0068 .3088°
Cr 0.0775 = 0.0593 0.263 + 0.328 .0086°*
Cu 115 = 0.6 12.1 = 3.87 .4307°
Fe 214 £54 19.6 = 4.84 .3999°
Mn 5.70 £ 2.31 4.72 + 1.66 .2678°
Mo 0.0835 = 0.0257 0.0701 £ 0.0173 .1663°
Ni 0.0662 = 0.0636 0.0790 * 0.0581 .6695¢
Si 90.3 + 23.8 81.6 = 26.6 .4309°
Zn 227 = 16 229 = 14 .6974°

Il Hair

Control Experimental P
Cd 0.0219 = 0.0073 0.0277 = 0.0126 .6936°
Co 0.0255 = 0.0101 0.0219 = 0.0113 4419°
Cr 0.0970 = 0.0801 0.117 = 0.057 .5156°
Cu 10.9 = 1.06 9.64 + 1.03 .0083°*
Fe 159 + 44 141 £ 4.8 .3774°
Mn 3.37 = 1.60 3.32 = 1.91 .9491°
Mo 0.0599 = 0.0247 0.0859 = 0.0639 .3246°
Ni 0.104 = 0.176 0.0845 = 0.0577 .3410°
Si 65.1 = 18.6 68.0 + 29.3 .6458°
Zn 207 = 14 201 = 20 .4655°

2| Hair indicates the beginning of the experiment; Il Hair, after

3 months; Il Hair, after 6 months.

® Parametric Student’s t-test.

¢ Mann-Whitney U-test.
* Statistical significance.

Table 3. Differences of Element Contents in Studied Matrices
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DISCUSSION

Many factors facilitate the release of metal ions from
an orthodontic appliance in the oral cavity.® There are
also several possible consequences: hypersensitivity,
cytotoxicity, or genotoxicity.’ Consequently, to inves-
tigate long-term biocompatibility, it is essential to carry
out in vivo studies.®

Animal studies allow simultaneous collection in
invasive and noninvasive matrices via exposure to
essential, toxic, and other elements, thereby enabling
determination of the degree of bioaccumulation in the
internal tissues.?" Pigs correspond to a high extent to
humans when considering the development of the
dentition, teeth mineralization and function, skin phys-
ical and anatomical properties, and bone ossification.
Consequently, the data obtained in studies on pigs can
be transferred to humans.?? Such studies are used, for
example, in radiological diagnostics in dentistry.?®

Sahmali et al.?* investigated the effects of dental
alloys containing Ni on the level of this element in the
serum, liver, kidney, and oral mucosa of guinea pigs.
The test was conducted for 15 days. It was found that
guinea pigs sensitized to Ni had higher levels of Niin the
serum, oral mucosa, liver, and, slightly, in kidney as
compared with the control group. Statistically significant
differences were found between liver and oral mucosa
Ni content in the experimental and control groups.

Faccioni et al.” reported that Ni and Co levels in
buccal mucosa cells of patients with fixed appliances
had increased 3.4-fold and 2.8-fold, respectively, after
2—4 years. In the present study, oral mucosa cells
were identified as the sites of accumulation of Ni, with
a 3.5-fold increase.

Amini et al.* found that the level of Ni increased in
oral mucosa cells in orthodontic patients (from
12.23 ng/ml in the control to 21.74 ng/ml in the
experimental group; sampling, 16 months). Cr and Co
levels were not statistically significantly higher. Simi-
larly, in the present work, the level of Co slightly
increased (20%) and was not statistically significant.
The content of Cr in invasive biomarkers of exposure
did not increase. In another study, elevated levels of

Increase in the Experimental Group

Decrease in the Experimental Group

Aorta

Inner part of the cheek

Kidney
Liver
Lung
Hair Il
Hair 111

Ni* (4.8-fold), Cd* (4.3-fold), Cr* (39.4%), Co (24.7%), Cu* (16.5%),
Mo (14.1%)
Ni* (3.5-fold), Mn* (84.4%), Cd (37.3%), Mo* (21.1%), Co (18.6%) —

Ni (23.7%), Cr (8%)

Cu* (51.8%), Cd (23.8%), Si (21.0%), Cr (14.7%)
Mo* (92.5%), Si (60.1%), Mn* (45.0%), Co (30.2%), Cd (23.6%)

Cr* (3.4-fold), Cd* (44.0%), Ni (19.3%)
Mo (43.4%), Cd (26.5%), Cr (20.6%)

Si* (3.2-fold), Fe (34.2%)

Cu* (23.5%), Co* (19.3%)

Ni* (3.4-fold), Co (18.9%)

Fe* (27.8%), Cu* (14.8%), Cr (16.2%)

Co (21.3%), Mn (17.2%), Mo (16.0%)

Ni (17.7%), Co (14.1%), Cu* (11.6%), Fe (11.3%)

a || Hair indicates after 3 months; Ill Hair, after 6 months.
* Statistically significant.
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some metal ions in oral mucosa cells were confirmed
(Cr, Fe, Mn, and Ti)." The genotoxic effect on oral
mucosa cells at the debonding phase of the orthodon-
tic fixed appliance was found, although increased
levels of Ni and Cr 30 days after debonding were not
confirmed. Directly after debonding, mean Cr and Ni
contents were slightly higher in the test group, but the
results were not statistically significant.’ In our study,
the increase in the content of Ni was statistically
significant, and Cr did not increase.

Hafez et al.® collected buccal mucosa cells 3 and
6 months after placement of the appliance. The
content of Ni increased from 0.52 to 0.78 ng/ml, and
that of Cr from 0.31 to 0.78 ng/ml, after 6 months. Only
the content of Cr after 3 months (0.41 ng/ml) as related
to the beginning of the experiment was statistically
significant. From the present work, similar conclusions
can be derived: after 3 months, higher levels of Cr and
Ni in hair were observed. After 3 months, only a slight
increase in Cr was found.

Mikulewicz et al." conducted a study on orthodontic
patients with hair sampling. The level of Ni was
statistically significantly higher than that in the control
group. The level of Cr was elevated but not statistically
significant.

Among the studies on invasive matrices, the results
of serum analysis sampled from orthodontic patients
were reported.® The concentration of Cr in the second
year of treatment was statistically significantly higher.

In the available literature, the body burden of Ni
averages =~7.3 ng/kg body weight® and that of Cr ~8-
72 ng/kg tissue weight.?® Assuming that, it can be
stated out that in our study the orthodontic alloys were
not a significant source of exposure.

CONCLUSION

« Metal ions were released from the appliances in
low doses, in particular at the beginning of the
experiment.

« The doses of toxic metal ions did not reach toxic
levels.

« Hair was found to be a noninvasive biomarker of
exposure to metal ions released from orthodontic
appliances.
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