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Magnetic fields from electric toothbrushes promote corrosion in orthodontic
stainless steel appliances but not in titanium appliances
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Electric toothbrushes are widely used, and their electric motors have been reported to produce low-frequency electromagnetic fields
that induced electric currents in metallic objects worn by the users. In this study, we showed that electric toothbrushes generated
low-frequency magnetic fields (MFs) and induced electric currents in orthodontic appliances in artificial saliva (AS), which accelerated
corrosion in stainless steel (SUS) appliances, but not in titanium (Ti) appliances; the corrosion was evaluated by using an inductively
coupled plasma-optical emission spectrometer and a three-dimensional laser confocal microscope. The pH of AS used for appliance
immersion did not change during or after MF exposure. These results suggested that MF-induced currents from electric toothbrushes
could erode SUS appliances, but not Ti appliances, because of their high corrosion potentials. Further studies are required to clarify

the mechanisms of metallic corrosion by induced currents in dental fields, which may trigger metal allergies in patients.

Keywords: Low-frequency magnetic field, Induced current, Metallic elution, Surface roughness

INTRODUCTION

Electric toothbrushes are widely used because of their
convenience. However, they have also been reported
to produce low-frequency electromagnetic fields,
which could cause problems, e.g. interference with
pacemakers'?. In low-frequency magnetic fields (MFs),
the strength of the induced electric current is thought
to be more important than the strength of the MF itself
in affecting the health of living bodies®. Many home
electrical appliances generate low-frequency MFs that
could induce electric currents in the human body and
within any metallic objects or devices worn in or on the
body*?®. Previous reports showed that MFs from electric
toothbrushes could induce alternating electric currents
in metallic dental appliances and teeth®®. Electric
currents in oral appliances, e.g. galvanic currents,
could cause discomfort for the user and corrosion of
metallic dental appliances™. Induced currents by
electric toothbrushes were also thought to cause some
problems in the oral condition of patients. However,
the currents induced by the toothbrushes are unlike
galvanic currents?. Galvanic currents, which are
direct currents, exhibited high voltages (several tens
to hundreds of mV) with low currents (several tens to
hundreds of nA), whereas the electric currents induced
by electric toothbrushes were of the order of pA to mA
with a voltage range of pV to mV®. These findings

Color figures can be viewed in the online issue, which is avail-
able at J-STAGE.

Received Jul 2, 2013: Accepted Sep 2, 2013
d0i:10.4012/dm;j.2013-179 JOI JST.JSTAGE/dm;j/2013-179

seemed to indicate that the galvanic currents were one
of the causes of metal corrosion, whereas the electric
currents induced in dental appliances should not be a
direct cause of metal corrosion. However, there were
some reports about metallic corrosion caused by induced
alternating current (AC). Rapid geomagnetic variation
was known to induce electric currents in power lines and
pipelines, which could lead to the destruction of power
transmission systems and the corrosion of pipelines®. In
stray-current corrosion caused by alternating currents,
the induced current occurred in embedded metal
objects parallel to high voltage AC power lines or to the
transportation routes of alternating current electric
railways, which caused corrosion of the embedded metal
objects!”. We show here that the currents induced in
metallic dental appliances by MF exposure from electric
toothbrushes corroded stainless steel appliances but not
titanium appliances.

MATERIALS AND METHODS

Materials
Five identical electric toothbrushes (Philips Sonicare
HX9340/02, Philips Oral Healthcare Inc., Botthell,
WA, USA, all from Lot no. 59 114303 1 881934202461),
acting as the magnetic field (MF) sources, were
prepared for this investigation based on the results of
previous reports®®.

We also prepared three orthodontic wire materials
(SUS304, Suzuki stainless steel wire, Mitsuba Ortho

960 Dent Mater J 2013; 32(6): 959-969

Supply Inc., Tokyo, Japan; B-titanium (B-Ti, Ti-11.5Mo-
6Zr-4.55n)'Y, Bendalloy, Rocky Mountain Morita Inc.,
Tokyo, Japan; and nickel-titanium (NiTi), Sentalloy,
Tomy International Inc., Tokyo, Japan). The cross-
sectional sizes of these wires were approximately
0.43x0.64 mm (0.017x0.025 inches). Stainless steel
(SUS) orthodontic brackets (SUS304, SuperMesh
Bracket medium twin bondable for mandible incisors,
Tomy International Inc., Tokyo, Japan) were also
prepared. Because each SUS orthodontic bracket was
0.068+0.001 g (n=5) when weighed with an electronic
balance (Mettler type AE240-S, Siber Inc., Zurich,
Switzerland) with readability of 0.01 mg placed on a
suitable mounting (Vibro-Absorbing Mount VAM-I,
Murakami Koki Inc., Osaka, Japan), the SUS wire
length was determined to be 3.0 cm by having the same
weight as the brackets (0.068+0.001 g, n=5). Based on
these results, the wires made from the other materials
were used in 3.0 cm lengths (B-Ti wire: 0.046+0.002 g:
NiTi wire: 0.053+0.001 g: n=5). Each orthodontic wire
was tied to the brackets with elastomeric modules
(polyurethane elastic ligature tie, Shofu Inc., Tokyo,
Japan). The solution used for immersion was Fusayama-

Electric toothbrush

15ml plastic tube

Turn table

Silicon
toothbrush rack
day 0 d

solution
24h at 37°C 24h at 37°C

5x102Hz (3 rpm)

@srerersnniaanenianaannens

g
d

Meyer artificial saliva (AS), with content as follows: 0.4
g of KCI, 0.4 g of NaCl, 0.795 g of CaCl,*2H.0, 0.78 g
of NaHPO,2H,0, 0.005 g of Na,S+9H.0, and 1 g of
NH,CONH;, (all reagents were purchased from Wako
Pure Chemical Industries Inc., Tokyo, Japan) in 1 L of
deionized distilled water (DDW), with pH of 5.3'2.

For exposure of the orthodontic appliances to the
MFs of the electric toothbrushes, we created five
experimental sets for the five prepared electric
toothbrushes (Fig. 1). We created acrylic stages, plaster
tube racks and silicon toothbrush racks with the same
shapes and sizes by using silicon counter-dies. Turntables
(battery type turntable, MM Kobo Inc., Shizuoka,
Japan) driven by a single AAA battery were used for
the rotation of the electric toothbrushes at 5x10* Hz
(3 rpm). The electromagnetic fields from the turntables
could not be detected at the positions of the
orthodontic appliances (data not shown here).

Measurement of MFs generated by electric toothbrushes
The MFs produced by the electric toothbrushes and
their frequencies were detected and evaluated using a
spectrum analyzer (SPECTRAN NF-5035, Aaronia AB
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Fig. 1 Schematic representation and time schedules of experiments for exposure of

orthodontic appliances to MFs.
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Inc., Buscheid, Germany)*®. We estimated the MFs
within the 1-2000 Hz frequency range, in keeping with
the preliminary study and with the previous literature,
which stated that this was the appropriate range to
monitor?5%. The MFs were estimated at 2 cm distances
from the front, back, and right and left sides of activated
or inactive electric toothbrushes®.

Measurement of electric currenls induced in dental
appliances by electric toothbrushes

The electric currents induced in dental appliances
were estimated using a digital multimeter (7351 A/E,
ADC Corporation, Tokyo, Japan) in AC+DC mode (i.e.
voltage=(ACV*+DCV:)™, and current=(ACI*+DCI?"%).
Because the electric current induced by electric
toothbrushes was ostensibly known to be alternating
current from the results of previous studies*, its value
when measured in the AC+DC mode was practically
identical to that in the AC mode. The induced electric
current was estimated for a distance of 2 cm between
the front of the toothbrush and the appliance immersed
in AS in plastic culture dishes. We also estimated the
electric current induced between only the connecting
anode and the cathode in the AS (i.e. with no
orthodontic appliance), and confirmed that no electricity
was detected from electric toothbrushes at a distance
of 2 cm (data not shown here). The induced electric
voltages and currents in the appliance that were
estimated in this study are shown in Fig. 2.

MF exposure of orthodontic wires bined with
orthodontic brackets immersed in AS

For exposure of orthodontic appliances to the MFs from
electric toothbrushes, four specimens immersed in 8 mL
of AS solutions in 15 mL plastic tubes were set in the
plaster tube racks on each acrylic stage. Each electric
toothbrush was set in the silicon toothbrush racks on
the electric turntable (Fig. 1). During exposure to the
MFs from the electric toothbrushes, the turntables were

Electric toothbrush
a switchon  switch off

|

rotated at 51072 Hz. The specimens were exposed to the
MF from each electric toothbrush for 24 min/day, and
a total of 120 min exposure from the five toothbrushes
(24 min each) was accomplished by five day exposure for
each specimen. In a questionnaire survey of the tooth
brushing habits of 1,200 Japanese people (600 males
and 600 females, aged from teens to sixties), 52.5% of
respondents cleaned their teeth twice a day, and 48%
of them had brushing times of 1-3 min'®. From these
reports, the average Japanese person’s brushing time
for one month was estimated to be 120 min (2 minx2
times/dayx30 days). We thus deduced that the
exposure time of specimens to MF's from the electric
toothbrushes was a total of 120 min, e.g. 24 min/dayx5
times (4 days).

Measurement of pH of AS after immersion of orthodontic
appliances

Immersion solutions containing metal appliances that
had been exposed to MFs from electric toothbrushes and
that had been incubated at 37°C in air were collected
(Fig. 1), and their pH values were measured with a
pH meter (F-12, Horiba Inc., Kyoto, Japan). Before the
measurements were taken, the pH meter was calibrated
using three types of standard pH solution, e.g. pH4, 7
and 10 solutions (MdJ-PH4, MJ-PH7, MJ-PH10, Sato
Shouji Inc., Kanagawa, Japan).

Detection of metallic elution from orthodontic appliances
using the inductively coupled pl -oplical emission
spectrometer (ICP-OES)

ICP-OES measurements (ICP-OES model iCAP 6300
Duo, Thermo Fisher Scientific, Waltham, MA, USA)
for specimens collected as shown in Fig. 3 were taken.
Briefly, AS solutions containing metal appliances were
incubated at 37°C for 3 h (day 0) or for 24 h (days 1-4)
in air, and exposed to the MF for 24 min. After that, the
solutions were collected for the ICP-OES measurements.
The ICP-OES instrument was optimized before the
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Fig. 2 Electric current induced in orthodontic appliance immersed in AS by the Sonicare
HX9340/02 at a distance of 2 cm between the electric toothbrush and the appliance.

a. Induced voltage; b. induced current.
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8.0 mm

Fig. 83 Measurement area and lines of brackets and wires

for surface roughness measurement by 3D laser
confocal microscope.
Upper left: 3D laser confocal micrograph of wing
of orthodontic bracket; upper right: 8D laser
confocal micrograph of SUS wire at a distance of
8.0 mm from the center of the bracket; and lower:
photograph of orthodontic appliance (bracket+3 cm
of wiretelastomeric module) used in this study.
The area surrounded by the dotted line was the
measurement area, and the horizontal solid line
was the measurement line for evaluation of the
surface roughness of the appliance. White lines in
the micrographs represented 100 pm.

measurement process by using standard solutions of Cr,
Fe, Ni, Sn and Ti normally used in atomic absorption
spectrometry (Kanto Chemical Co. Ltd., Tokyo, Japan),
and was operated according to the manufacturers’
instructions. The spectrometer was used with the
following parameters: radiofrequency (RF) power of
1.15 kW, frequency of 27.12 MHz, a demountable quartz
torch containing Ar/Ar/Ar, plasma gas (Ar) flow of 16.5
L/min™, auxiliary gas (Ar) flow of 0.5 L/min™, nebulizer
gas (Ar) flow of 0.7 L/min™, nebulizer pressure of 0.15
MPa, a glass spray chamber according to the method of
Scott (cyclone chamber, Fisher Scientific Inc., Waltham,
MA, USA), with a sample pump flow rate of 1.8 mL/min™!,
an integration time (45 s), replication capability (5 times),
and the wavelength range of a monochromator (166-847
nm). First, standard curves for the AS, with or without
Cr, Fe, Ni, Sn and Ti, were created, and then each of the
detection limits (3.33/slope) and determination limits
(10428/slope) were obtained (Table 1)*. The elution
volumes of the metallic ions in the immersion solutions
were shown as concentrations (ppb/ppm), so that these
values could be converted to the eluted metal weight (ug)
for easier understanding (Table 1). Selected metal ions
were measured at wavelengths of 205.552 nm for Cr,
239.562 nm for Fe, 216.556 nm for Ni, 189.989 nm for

Table 1 Detection and determination limits at each

detection wavelength for each el t in AS by
ICP-OES
Detection Detection Determination
wavelength (nm) limit (pg) limit (ug)

Cr 205.552 0.011 0.047

Fe 239.562 0.017 0.071

Ni 216.556 0.028 0.118

Sn 189.989 0.033 0.141

Ti 308.802 0.006 0.026

Sn and 308.802 nm for Ti from the results of each
standard curve (Table 1). The metallic elution values
were shown as converted values (2determination limit),
+(detection values<values<determination limit) or
—(<detection limit) (Tables 2, 3). All reagents used were
of analytical and spectral purity grade.

Detection of surface roughness of orthodontic appliances
by three-dimensional laser confocal microscope

The surface roughnesses of the appliances were
measured using a 3D laser confocal microscope (LEXT
0OLS4000, Olympus Inc., Tokyo, Japan) and estimated
as Ra (the arithmetic average of the absolute value,
Ra=n"'3|Yi| (i=1-n))'¥, Rz (the highest peaks (Rp) and
lowest valleys (Rv) over the entire sampling length,
Rz=Rp+Rv), and Sa (the arithmetic average of the 3D
roughness (areal roughness)) by the Lext software
package (Olympus Inc) on a workstation computer
(MB-P5300X-WS, Mouse Computer Inc., Tokyo, Japan).
Preparation of the specimens for surface roughness
estimation was performed as follows: 1) discard
immersion AS; 2) wash appliances twice with distilled
water (DW); 3) ultrasonicate appliances in DW for 15
min twice; 4) wash appliances twice with DW; and 5)
dry the appliances in air. Estimation of the surface
roughness was performed about the labial surfaces
of the wires at a distance of 8 mm from the horizontal
central point of the brackets (the 500 wm mesiodistal
line of the center of the wires, and the 200x500 pm area
of the wire surfaces), and the labial flat part of the wing
surfaces of the bracket (the 500 pm mesiodistal line, and
the 500x500 pm area of the flat surfaces) (Fig. 3).

Experimental conditions, data and statistical analysis
All experiments were performed in the laboratory,
which was maintained at a temperature of 22+1°C.
Data were obtained from each experiment, and six data
out of a total of eight data were used, which meant
that the maximum and minimum data were removed.
These six data were calculated and represented as
meanststandard deviations. The data were analyzed
by Mann-Whitney’s U test to determine which of the
differences were statistically significant.
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Table 2 Elution amount of each element (ug) from the appliances (bracket+wire+elastomeric module) to AS

suUs B-Ti Ni-Ti
MF () MF (+) MF () MF (+) MF () MF (+)
Cr - + - + - +
Fe 0.20£0.012 1.39£0.067* 0.12+0.011** 0.80+0.044*** 0.11£0.014** 0.70£0.067%**
Ni - + - + - +
Sn na na - - na na
Ti na na - - - -

n=6 for each experimental condition. SUS: stainless steel wire; p-Ti: B-titanium wire; NiTi: nickel titanium wire; MF: magnetic
field; +: detection valuesSvalues<determination limit; —: values<detection limit; and na: not available. Data were analyzed by
Mann-Whitney's U test to define the differences that were statistically significant. Superscript asterisks denote statistically
significant differences (p<0.05) within each appliance compared to *MF(~), and within each MF exposure compared to **SUS

and ***B-Ti.

Table 3 Elution amount of each element (ug) from the

brackets to AS
MF () MF (+)
Cr - +
Fe 0.11+0.018 0.71:x0.082%
Ni - +
Sn - -
Ti - -

n=6 for each experimental condition. MF: magnetic field;
+: detection valuess values<determination limit; and —:
values<detection limit. Data were analyzed by Mann-
Whitney's U test to define the differences that were
statistically significant. Superscript asterisks denote
statistically significant differences (p<0.05) within each row
compared to *MF(-).

RESULTS

Electric current induced in orthodontic appliances by
low-frequency MFs from eleciric toothbrushes

In this study, electric toothbrushes acting as MF sources
were set on a turntable rotating at 5x102 Hz, so that
the appliances were exposed to the MFs from every side
of the toothbrushes (Fig. 1). First, the MFs from the
front, right, left and back sides of the toothbrushes were
estimated. Typical MF profiles from every side of the
toothbrushes exhibited the same pattern; however the
ranking order of these fields was: right>left>back>front
side (Fig. 4).

The results for the currents induced in appliances
with a distance of 2 cm between the front of the
toothbrush and the appliance immersed in AS in plastic
culture dishes are shown in Fig. 5. The voltage and
current in each appliance that faced toward the electric

toothbrush, which was switched off, when immersed in
AS were 0.02£0.01 mV and 0.0240.01 mA in the SUS
wire+SUS bracket, 0.02+0.01 mV and 0.03+0.02 mA
in the B-Ti wire+SUS bracket, and 0.02£0.01 mV and
0.03£0.01 mA in the NiTi wire+SUS bracket, respectively.
The induced voltages among the SUS, B-Ti and NiTi
wire groups exhibited almost the same values; however,
the currents were dramatically different between
the SUS and titanium groups. The ranking order of
the induced currents is for SUS brackets with wires
composed of NiTi>B-Ti>>SUS, as shown in Fig. 5.

Measurement of pH of AS after immersion of orthodontic
appliances

The pH changes in the immersion AS samples are shown
in Fig. 6. The pH of incubated AS samples containing
appliances showed lower values than that of AS without
appliances. No pH differences between the non MF-
exposed and MF-exposed groups were observed.

Metallic elution from orthodontic appliances by MF
exposure from electric toothbrushes

First, the standard curves of AS with and without
metallic elements, e.g. Cr, Fe, Ni, Sn and Ti, were
created, and then the detection limit, the determination
limit and the appropriate wavelength for the detection
of each element were obtained (Table 1). The elution
volumes of the metallic ions in AS were shown as
concentrations (ppb/ppm), so that these values could be
converted into eluted metal weight/appliance (ug) for
easier understanding (Table 1). Fe was detected in AS
with no MF e for each combination (Table 2).
In the titanium wires combined with the SUS brackets,
the elution amounts of Fe were approximately half that
of the SUS wires with the SUS bracket group in both
the MF-exposed and unexposed groups. Elution of the
elements in the SUS brackets without any wires was
also investigated (Table 3). The Fe elution amounts in
the bracket-only group were approximately half the
values for the SUS wires with SUS brackets group
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Fig. 4 Low-frequency MFs produced by the electric toothbrush.
MF's (1-2,000 Hz) produced by the Sonicare HX9340/02 were estimated
at a distance of 2 cm between the electric toothbrush and the front/
right/left/back sides of the appliance with a spectrum analyzer.

vV ¢
Br+8US Br+ B-Ti Br + NiTi

Electric voltage and cwrrent induced in
orthodontic appliances immersed in AS by electric
toothbrushes.

n=6 for each experimental condition. Br: bracket;
SUS: stainless steel wire; B-Ti: p-titanium wire;
NiTi: nickel-titanium wire; V: induced voltage;
and C: induced current. The data were analyzed
by Mann-Whitney’s U test to define the differences
that were statistically significant. Asterisks denote
the statistically significant differences (p<0.05)
within the induced voltages or current compared
to *Br+SUS wire and **Br+8-Ti wire.

pH of artificial saliva

Fig. 6

MF - - + - -+
non Br + SUS Br+ B-Ti Br+NiTi

pH changes in AS used to immerse the appliances,
with or without exposure to MFs from eclectric
_toothbrushes.

n=6 for each experimental condition. non: artificial
saliva with no appliances; Br: bracket; SUS:
stainless steel wire; B-Ti: p-titanium wire; NiTi:
nickel-titanium wire; and MF: magnetic field. The
data were analyzed by Mann-Whitney’s U test
to define the diffe that were istically
significant. Asterisks denote the statistically
significant differences (p<0.05) within the groups
with appliances compared to *non; **Br+SUS;
***Br+3.Ti; and within each appliance when
compared to ****MF(-).
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in both the MF-exposed and the unexposed groups.
The Fe elution amount in the bracket-only group also
showed almost the same values as those of the titanium
wires with SUS brackets groups in both the MF-
exposed and unexposed groups (Tables 2 and 3). MF
exposure dramatically increased Fe elution from the
appliances (Table 2). Cr and Ni were also detected in the
MF-exposed groups for each appliance. Ti could not be
detected after MF exposure of the groups of titanium
wires with SUS brackets (Table 2).

Surface roughness of orthodontic appliances caused by
exposure to MFs from electric toothbrushes

The 8D laser confocal micrographs of the surfaces of
the wires and the brackets in each combination were

. A. Stainless steel wires

B. B -titanium wires

C. Nickel-titanium wires

represented in Figs. 7 and 8. The surface roughnesses
of the appliances as measured and calculated by the 3D
laser confocal microscope as Ra (arithmetic average of
the absolute value), Rz (highest peaks and lowest valleys
over the entire sampling length), and Sa (the arithmetic
average of the 3D roughness) are shown in Fig. 9. These
results revealed that MF exposure made the surfaces of
the SUS wires and the SUS brackets uneven; however,
little or no effect was observed from the MF exposure
of the surfaces of the titanium wires (Fig. 9). In the
micrographs, the surfaces of the intact appliances were
seen not to be entirely smooth, so that the surface
changes and roughness caused by MF exposure were
difficult to judge, especially in the titanium wires (Figs.
7 and 8).

Non treatment fmmersed in artificial saliva Exposure to magnetic field
in artificial saliva

Fig.7 3D laser confocal micrographs of the wire surfaces immersed in AS with or without
exposure to the MFs from electric toothbrushes (x20).
‘White lines in the micrographs represented 100 pm.
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A. Bracket without a wire

B. Bracket with a stainless steel wire

C. Bracket with a B -titanium wire

Non t i in artificial saliva Exposure to magnetic field

in artificial saliva

Fig. 8 3D laser confocal micrographs of the bracket surfaces immersed in AS with or without
exposure to the MF's from electric toothbrushes (x10).
‘White lines in the micrographs represented 200 pm.

DISCUSSION

There has been considerable recent interest in the
effects of electromagnetic fields, such as those near
electrical transmission lines, on human health, and
the International Agency for Research on Cancer
(IARC), the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) and the World Health
Organization (WHO) have each established guidelines
and criteria outlining the roles and risks of MFs in
carcinogenesis'®'®, Previous studies have demonstrated
that alternating electric currents can be induced not
only in fixed dental appliances (including orthodontic
appliances), but also in human teeth by electromagnetic
fields generated by electric toothbrushes and curing
lights®®. Galvanic corrosion caused by weak galvanic

currents, which are direct currents, can occur in various
combinations of dental materials, and can cause various
human health problems, including metal allergies and
poisoning™. Some reports have also described metallic
corrosion caused by electromagnetic field-induced
AC®®_ Alternating electric currents induced in dental
appliances by electromagnetic fields may therefore also
affect the corrosion of these appliances.

The MFs from the front, right, left and back sides
of toothbrushes were found to have the same profiles
in five identical electric toothbrushes with the same lot
number. The MFs from every side of these toothbrushes
showed the same patterns with the ranked order of
right>left>back>front side (Fig. 4). These differences
in MFs may be caused by the structure, including the
electrical circuits, of the electric toothbrush. Induced
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Fig.9 Surface roughnesses of brackets and wires immersed in AS with or without exposure

to MF's from electric toothbrushes.

n=6 for each experimental condition. Br: bracket; SUS: stainless steel; B-Ti: p-titanium;
NiTi: nickel-titanium; and MF: magnetic field. Ra represents the arithmetic average
of the absolute value, Rz represents the highest peaks and lowest valleys over the
entire sampling length, and Sa represents the arithmetic average of the 3D roughness
(areal roughness). The data were analyzed by Mann-Whitney'’s U test to define the
differences that were statistically significant. Asterisks denote the statistically
significant differences (p<0.05) within each measurement item of each appliance
group when compared to *non, and **MF(-).

currents in appliances in AS when exposed to the above
MF's were detected (Fig. 5). The induced voltages among
the SUS, B-Ti and NiTi wire groups had almost the
same values; however, the current showed dramatic
differences between the SUS and titanium wire groups
(Fig. 5). These values were not in proportion to their
electrical resistivity, which were 70-80 Qm for SUS304
and 80-100 Qm for NiTi. One of the reasons for this
phenomenon might be the combination of the NiTi wire
with the SUS bracket. From the measured results for
the induced voltage and current in each appliance in

AS when facing an electric toothbrush that is switched
off, the galvanic current between SUS and NiTi, which
could not be detected, must have no relationship to this
phenomenon,

Metallic elution from orthodontic appliances under
MF exposure from electric toothbrushes was detected
by the ICP-OES. The obtained element concentrations
in the AS (ppb/ppm) were converted into eluted metal
weight/appliance (ug) for easier understanding (Table
1). From the results of the standard curves for AS
with or without additional elements, the detection
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limit (3.33/slope), the determination limit (10428/slope)
and the appropriate wavelength were obtained for
each element (Table 1). An approximately seven-fold
increased concentration of Fe was detected in AS after
MF exposure for each combination when compared to
each of the no-MF-exposure group (Table 2). In each
MF exposure group, Cr and Ni were also detected, with
values that varied between the detection values and the
determination limit. In titanium wires combined with
SUS brackets, the Fe elution amount was approximately
half that of the SUS wires with SUS bracket group in
both the MF-exposed and non-MF-exposed groups,
which almost matched the values of the bracket-only
group. These results suggested that the Ni eluted by MF
exposure could be derived from the SUS brackets, but
not from the NiTi wires (Tables 2 and 3). In titanium
wires combined with the SUS brackets in AS under MF
exposure, Ti and Sn could not be detected, indicating a
strong resistance against corrosion by electric current
for the titanium alloy in comparison to SUS.

The surface roughness of each wire and bracket
measured by the 3D laser confocal microscope as Ra,
Rz and Sa supported the metallic elution measurement
results (Fig. 9). MF exposure made the surfaces of the
SUS wires and SUS brackets uneven; however, little
or no effects of MF exposure on the surfaces of the
titanium wires could be found (Fig. 9). As the surfaces
of the intact appliances were not completely smooth, the
surface changes caused by MF exposure were difficult to
see, but the roughness, including corrosion pits, could
be found by detailed observation (Figs. 7 and 8). These
changes are likely to be caused by the small amount of
metallic elution, which was approximately 1/1000 of the
weight of the appliances (Tables 2 and 3).

In contrast to the evidence of the surface roughness
for the occurrence of metallic elution, no pH differences
were observed between the non-MF-exposed and MF-
exposed groups (Fig. 6). The pH values were lowered by
the immersion of each of the appliances; however, these
pH values, which did not reach the depassivation pH,
could not have eroded these alloys'®??, These results
suggested that pH changes in the AS have no relation to
the MF-induced SUS corrosion.

In this study, we have shown that the low-frequency
MFs induced by electric toothbrushes promote the
corrosion of orthodontic SUS appliances without pH
changes by inducing electric currents through an
evaluation of the metallic elution when the appliances
are immersed in AS, and from the roughness of the
metal surfaces. These results suggested the possibility
that low-frequency MFs around the oral cavity that
originated from electronic equipment such as electric
toothbrushes induce electric currents in intraorally
installed metals (especially in SUS), prostheses and
appliances, and promote metallic elution which is likely
to be one of the causes of metallic allergies. We must
be careful when using electric toothbrushes, especially
when metal prostheses and/or appliances are worn in
our mouths. However, it is very difficult to protect
ourselves from low-frequency MFs because they can

pass through human tissues and most other materials,
including glass, plastics, metals and concrete?. The
only viable way to limit exposure to low-frequency
electromagnetic fields is thought to be the elimination
of their generation by home electrical appliances and
dental devices. Further studies are necessary to clarify
exactly how they affect human oral health, and whether
countermeasures, including standardization, can be
developed to negate their effects.

CONCLUSION

We examined the possibility of metallic corrosion caused
by exposure to the MFs from electric toothbrushes via
induced currents. The results obtained in this study are
as follows:

. Exposure of orthodontic appliances to MFs from
electric toothbrushes induced currents in the
appliances when they were immersed in AS.
SUS appliances were corroded by exposure to the
MF's from electric toothbrushes.

Metal elution caused by exposure to the MFs
from electric toothbrushes could not be detected
in two types of titanium wire.

The pH values of the solutions used for the
immersion, with or without MF exposure,
exhibited no statistical significance.

We concluded that corrosion of SUS appliances, but not
titanium appliances, occurred under exposure to MFs
from electric toothbrushes via induced currents, but not
through pH changes.
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Purpose: The purpose of this study was to examine the electric current induced in teeth and
tooth-bonded brackets by electromagnetic fields from electric toothbrushes and the curing
lights used for photo-activating light-cured resins.
Materials and methods: Curing lights-generated low-frequency magnetic fields (1-2000 Hz)
were measured with a spectrum analyzer. Temperature changes induced in the enamel and
pulpal dentin surface of extracted upper premolar teeth (with or without a stainless steel or
zirconia bracket) by electric toothbrushes and curing lights were estimated using an infrared
thermometer. Electric current induced in these extracted teeth by electric appliances was
estimated using a digital multimeter.
Results: Curing lights generated low-frequency magnetic fields. Irradiation of the tooth
surface by curing lights elevated the temperature of the enamel and pulpal dentin surfaces,
but there were no differences between curing lights. About electric current induced in
extracted teeth (with or without a bracket) by electric toothbrushes and curing lights, the
highest current was induced in teeth to which a zirconia bracket was bonded, whereas the
lowest current was in unmodified teeth. Intermediate currents were generated in teeth
bonded to stainless steel brackets.
Conclusion: The low-frequency magnetic fields induced by electric toothbrushes and light
curing units induce electric current in tooth tissue, irrespective of whether these teeth are
bonded to stainless steel or zirconia brackets.

© 2013 Published by Elsevier Ltd.

1. Introduction

Protection (ICNIRP) and the World Health Organization
(WHO) have all defined the roles and risks of magnetic fields
in carcinogenesis [7-9]. Previous study has demonstrated that

The role of low-frequency electromagnetic fields in carcino-
genesis, especially the development of leukemia and central
nervous system tumors, has been well-documented [1-6]. The
International Agency for Research on Cancer (IARC), the
International Commission on Non-lonizing Radiation

electric current can be induced in fixed dental appliances
(including orthodontic appliances) by electromagnetic fields
generated by electric toothbrushes [10]. Galvanic corrosion
caused by weak galvanic currents can occur in various
combinations of dental materials [11,12] and causes various

* Corresponding author. Tel.: +81 25 267 1500x303; fax: +81 25 267 1622.

E-mail address: tkameda@ngt.ndu.ac.jp (T. Kameda).
1344-0241/$ - see front matter © 2013 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.0dw.2013.03.002
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human health problems including metal allergy and poison-
ing. Electric current induced in dental appliances by electro-
magnetic fields may therefore also influence human health
[10].

Many electric home appliances and dental devices generate
magnetic fields [13,14]. In this study, we first estimated the
low-frequency magnetic fields (1-2000 Hz) generated by three
commercially available light units used for curing photo-
activated resins. We then examined whether magnetic fields
from these and electric toothbrushes induced electric current
and thermal elevation in teeth bonded (or not) to a stainless
steel (SUS) or zirconia (ZrO,) bracket. We show here that these
devices do induce electric current in tooth tissue without
thermal changes, irrespective of whether these teeth are
bonded to SUS or ZrO, brackets, which may cause pain and
discomfort and therefore represents a significant health risk.

2, Materials and methods
2.1. Materials

The five electric toothbrushes used in this study were: Braun
Oral-B (P&G Inc., Ohio, USA); GC PRINIA Slim (GC Inc., Tokyo,
Japan, but produced by Panasonic Inc., Osaka, Japan), Lion
VibrateCare Dental ExSystema (Lion Inc., Tokyo, Japan, but
produced by OMRON Inc., Kyoto, Japan), Philips Sonicare
HX6100 (Royale Philips Electronics Inc., Amsterdam, The
Netherlands), and Philips Sonicare HX9100 (Philips Oral
Healthcare Inc., WA, USA). Three curing lights were used:
Lightel-II (Morita Inc., Tokyo, Japan), OPTILUX500 (Kerr Inc.,
WA, USA), and G-Light Prima (GC Inc., Tokyo, Japan).

For experiments investigating the surface temperature and
induction of electric current, 129 human maxillary premolar
teeth were collected following extraction from patients
undergoing orthodontic treatment. Soft tissue was removed
and the teeth were cleaned with tooth brushes and immersed
in physiological salt solution (Otsuka normal saline (0.9%
(154 mM) NaCl solution), Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan) in a sealed container until testing. The saline
was changed weekly to prevent the growth of bacteria and/or
fungi. To qualify for selection, the teeth had to have intact
enamel with no cracks and no caries. The brackets used in this
study were KBT stainless steel (SUS630) and zirconia (Zr0O,)
brackets (Rocky Mountain Morita Inc., Tokyo, Japan) devel-
oped by Kameda, T., as the latest modified Begg multibracket
system. These brackets had identical shapes and dimensions
(width x height x depth: 32 mm x 32 mm x 24 mm) and were
bonded to the enamel surface of extracted premolars using
adhesive (Light Bond, Reliance Orthodontic Products Inc., IL,
USA) according to the manufacturer’s instructions.

2.2. Measurement of magnetic fields generated by curing
lights

Detection of magnetic fields generated by curing lights and the
measurement of their frequencies was achieved using a
spectrum analyzer (SPECTRAN NF-5035, Aaronia AB Inc.,
Euscheid, Germany). Published literature [13,15] and our
own preliminary studies showed that the appropriate range

Curing light

Spectrum
analyzer
Fig. 1 - Sch ic rep ion of experi for
imating elect ic fields d by curing

lights using a spectrum analyzer.

of magnetic field frequencies to monitor was 1-2000 Hz,
because preliminary experiments indicated that all curing
lights generated very weak magnetic fields, but not at
frequencies above 2000 Hz. Magnetic fields were tested at
1cm from the tips of the light guides for 40's (Fig. 1). [13].

2.3. Measurement of temperature changes in enamel and
pulpal dentin surfaces

To evaluate temperature changes in the enamel and pulpal
dentin surfaces of our sample teeth, we used an infrared
thermometer (IT-550S, Horiba Inc., Kyoto, Japan). The palatal
half of the premolar crown was dissected to allow estimation
of the pulpal dentin surface temperature (Fig. 2). Literature
suggests that the emissivity of enamel and dentin is 0.91
[16,17], so this value was used to calibrate our infrared
thermometer prior to temperature measurement.

2.4.  Measurement of electric current in tooth tissue

Electric current induced in the tooth tissue was estimated
using a digital multimeter (7351 A/E, ADC Corporation, Tokyo,
Japan) in AC+DC mode (i.e. voltage = (ACV?+ DCV?)"¥? and
current = (ACI? + DCI)"2). The positions of the electrodes and
stimulating device (i.e. electric toothbrush/curing light) rela-
tive to the teeth are shown in Fig. 1. The mesial and distal sides
of each tooth were drilled down to dentin using diamond
points in an air turbine. Silver electrodes were then set into
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30em  Guring light

Electric toothbrush

Measurement field:

2.5mm in diameter
Infrared
thermometer

Fig. 2 - Sch ic rep ion of experi for
estimating temperature of pulpal dentin of tooth after
exposure of magnetic fields from electric toothbrushes
and irradiation of curing lights.

this exposed dentin. Induced electric current was estimated
with a separation of 1, 3 or 5cm between the front of the
toothbrush and the enamel surface (Fig. 3A) or with a 1-cm
separation between the tip of the curing unit light guide and
the enamel surface of a tooth in an acrylic jig (Fig. 3B). We also
estimated the electric current induced between the anode and
cathode in the absence of a tooth and confirmed that no
electricity was detected from electric toothbrushes and curing
lights at a distance of 1, 3 or 5 cm. Electric voltage and current
were estimated as shown in Fig. 4.

2.5.  Experimental conditions, data and statistical analysis

All experiments were performed in a laboratory environment
maintained at 22 +1°C without magnetic shielding. Each
experiment was repeated seven times independently, with the
maximum and minimum values in each data set being
removed before calculation of mean values. Data are given
as the mean & standard deviation. The statistical significance
of the differences within and between groups was determined
with two-way ANOVA Bonferroni’s post-test comparing all
columns. Statistical significance was accepted at p < 0.05.

3. Results

3.1.  Low-frequency magnetic fields produced by curing
lights

Preliminary experiments indicated that curing lights generat-
ed very weak low-frequency magnetic fields. We therefore
measured the magnetic fields generated by three different

A Electric toothbrush

30 cm

Curing light

11 om

Fig. 3 - Schematic representation of experiments for

imating induced electric . (A) Electric
toothbrushes. Left; tooth only, right; tooth with a stainless
steel or a zirconia bracket. (B) Guring lights. Left upper; a
curing light drived by rechargeable battery (with no
electric wire), left lower; tooth with stainless steel of
zirconia bracket, right upper; a curing light consisted of a
handpiece and a control box with an electric wire. Arrows
indicate the positions of electrodes for estimation of
voltage and current by a digital multimeter.

curing lights (Lightel-1I, OPTILUX500 and G-Light Prima) at 1~
2000 Hz (Fig. 5).

A common profile of the magnetic field generated by
Lightel-Il and G-Light Prima curing units was typified by a
weak magnetic field with no peaks (Fig. 5A and C). In contrast,
the OPTILUX500 unit generated many strong peaks at 50-
2000 Hz (Fig. 5B).

3.2.  Temperature changes in enamel and pulpal surfaces

We used an infrared thermometer to estimate the tempera-
ture changes induced by electric toothbrushes and light curing
units in the enamel and pulpal dentin surfaces of teeth bonded
{or not) to a stainless steel or zirconia bracket. A 1-min
exposure to the magnetic field generated by the electric
toothbrushes did not alter the tooth surface temperature in
either the presence or absence of a bracket (Table 1). Curing
lights are known to have an elevated temperature at the tips of
their light guides and this is transferred to the exposed enamel
surface {18,19]. Indeed, temperature in both enamel and pulpal
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Fig. 4 - Electric current induced in tooth with a zirconia bracket. (A) Electric current induced by Phillips Sonicare HX9100 ata
distance of 1 cm between the electric toothbrush and the enamel surface. (B) Electric current induced by OPTLUX500 at a
distance of 1 cm between the tip of light guide of a curing light and the enamel surface.

dentin surfaces was elevated by a 20-s exposure to the curing
light. However, no statistically significant difference between
the different units was observed (Table 2).

3.3.  Electric current induced in teeth by electric
toothbrushes and curing lights

The results of our experiments demonstrating the induction of
electric current in tooth tissue by electric toothbrushes and
curing lights are shown in Tables 3-6. No voltage or current

‘was induced when the devices were switched off and placed at
a distance of 1 cm from the tooth {(induced voltage and current
were 00 uV and 0 4 0 pA, respectively). Current induced by
electric toothbrushes was inversely related to the distance
between the brush and the tooth (Tables 3 and 4). Current
induced by curing lights was detected whenever the curing
lights were connected to power, irrespective of whether they
were irradiating (Tables 5 and 6), although the current
increased when the light was irradiating. Each device
stimulated its highest current in teeth with zirconia brackets.

Table 1 - T erature increase after exposure of magnetic field from electric toothbrushes

] ygpéatéd:ﬁ‘)e T
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curing lights switched on with no irradiation. The gray line d

The current in teeth with stainless steel brackets was
somewhat lower, but still higher than in teeth with no
brackets (Tables 3-6).

We also measured, under identical conditions, the current
induced in the stainless steel and zirconia brackets

themselves. Current was detected in the stainless steel
brackets, but not in the zirconia ones. Furthermore, the teeth
exposed only to bonding adhesive (no bracket) experienced
similar currents to those in teeth with no adhesive. Finally, in
teeth bonded to an acrylic bracket (of the same shape and size

Table 2 ~ Temperatur:

Surface

LIGHTEL-Il  OPTILUXS500  G-Light Prima

temperature (°C)
Tooth Enamel 1.8£0.1 1.740.2 £.8+0.1
Pulpal dentin 1.0£0.2 1.0£0.2. 1.0£0.1
Tooth + Enamet 1.740.2 1,70, 1.6+0.1
2x0: bracket Pulpal dentin 1.0x0.1 1.0£0.) 0.9x0.2
Tooth + Enamel 1.720.1 1.740.1 1.6£0.2
SUS bracket Pulpal dentin 1,0£0.2 0.940.1
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Table 3 ~ Electric voltage induced in tooth tissue by various electric toothbrushes.

16401%0"
1040107

as the steel and zirconia ones), the induced current was
similar to that in teeth that had not been bonded to any
bracket.

4. Discussion

There has been much recent interest in the effect of
electromagnetic fields (such as those near electricity trans-
mission lines) on human health, especially their potential to
effect the development of leukemia and central nervous
system tumors. An elevated risk of leukemia following
exposure to electromagnetic fields has been demonstrated
{1,2], and the IARC, the ICNIRP and the WHO have each
established guidelines and criteria outlining the roles and risks
of magnetic fields in carcinogenesis {7-9]. However, other
reports have found no significant correlation between expo-
sure to electromnagnetic fields and leukemia [3,4]. Results from
studies into the correlation between electromagnetic fields
and the risk of central nervous system tumors are also
equivocal [2,4]. These findings about the risks of electromag-
netic fields on leukemia and central nervous system tumors
should be depended on the exposure conditions, e.g. intensity
and exposure time, of electromagnetic fields [5,6].

In this study, we observed weak magnetic field with no peaks
when using the Lightel-Il and G-Light Prima curing units, but
with many strong peaks between 50 and 2000 Hz when using
the OPTILUX500 unit (Fig. 5). This might be due to its electricity
consumption of the power and the light unit, e.g. OPTILUX500;
200 W (halogen light unit), Lightel-II; 120 W (halogen light unit),
G-Light Prima; 10 W (LED light unit). Compared with the
magnitude of magnetic fields induced by electric toothbrushes
in our previous report [10], the fields generated here were very
weak. However, in terms of influencing the health of an
organism, the strength of the electric current is more important
than that of the low-frequency magnetic field itself [20]. Many
dental devices and electric home appliances generate low-
frequency magnetic fields [10,13] that could induce electric
current in the human body and within metallic objects such as
dental appliances or devices worn in or on the body [15}. Electric
current in oral and dental appliances (i.e. galvanic current) is
known to induce pain, discomfort and corrosion of metallic
dental appliances [13,14]. We have shown here (Tables 3 and 4)
that such currents in teeth can be generated by electric
toothbrushes and curing lights. Electrical conductivity can be
influenced by the temperature of an object. However, we found
that although the curing lights elevated the tooth surface
temperature slightly (Table 4), there was no thermal effect
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Table 4 - Electric current induced in tooth tissue by various electric toothbrushes.

associated with electric toothbrushes (Tables 1 and 3). In
addition, temperature of enamel surface was higher than thatof
pulpal dentin in the curing light group (Table 2). These results
suggested that magnetic field-induced current in teeth gener-
ated by these devices did not play important roles in
temperature elevation of tooth surface. We concluded that
thermal changes in the tooth or dental appliance induced by
devices emitting a low-frequency magnetic field are negligible,
and that induction heating of the tooth is unlikely to be
sufficient to cause significant adverse effects.

Electric current induced in tooth tissue by electric tooth-
brushes was inversely related to the distance between the brush
and the tooth (Table 3A and B), consistent with findings in our
previous study [10]. However, we found that the voltages
induced in the tooth were higher (10-10° V) than those
measured previously in dental appliances (10*-10 V) [10]. In
contrast, the current induced by electric toothbrushes in our
study were lower (~10" pA) than those measured previously in
dental appliances (10'-10° j.A) [8]. This difference could relate to
disparities in the electrical resistivity of tooth tissue (~10° 2 m)
and metal (stainless steel =~10"°Qm) [21,22]. When tooth
surfaces were irradiated by curing lights, the current induced
was greater than when the (powered) unit was held in proximity
to the tooth but without irradiating, consistent with our
magnetic field findings (Table 4A and B). The rank orders in
which electric toothbrushes generated electric voltage and

current in tooth tissue are: Sonicare HX9100 > Sonicare
HX6100 > VibrateCare > OralB > PRINIA (voltage) and Sonicare
HX9100 > Sonicare  HX6100 > VibrateCare > OralB > PRINIA
{current). These orders were almost identical to our previous
results demonstrating magnetic field generation by these
devices [10]. The rank orders in which curing light units
generated electric voltage and current in tooth tissue were:
OPTILUXS00 > Lightel-Il > G-Light Prima (voltage) and OPTI-
LUXS500 » Lightel-II > G-Light Prima (current), consistent with
our results here describing magnetic field generation by these
units (Fig. 5). These orders were almost identical to the results
demonstrating magnetic field generation by these devices and
their electricity consumption of the power unit (Fig. 5).

‘We predicted that the rank orderin which currents could be
induced in different materials would be tooth + stainless steel
bracket > tooth + zirconia bracket ~ tooth, based on their
electrical resistivity (tooth, 10°Qm; stainless steel,
1078 Q@ m; Zr0,, 10"°-10" 02 em; resin (acrylic), 1073-10% O m)
[23,24]. However, we found that the actual rank order was
tooth + zirconia bracket > tooth + stainless steel brack-
et > tooth. The reason for this unexpected result is unclear.
The presence of adhesive appears not to be a factor because
the induced current was comparable with and without
adhesive (no bracket). The resistivity of bracket materials also
appears to be insignificant because the current was greater in
teeth attached to ZrO, or stainless steel brackets than in teeth

84 ORTHODONTIC WAVES 72 (2013) 77-85

Table 5 - Electric voltage induced in teeth by light curing units used for photo-activating light-cured resins.




