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Abstract

Magnetic fields can cause human health problems. Low-frequency electromagnetic fields are sometimes induced
by electric currents in metallic objects that are worn or used in or on the body, and are unlike the high-frequency
electromagnetic fields that produce heat. In low-frequency magnetic fields, the strength of the induced electric current
is believed to be more important than the magnetic field strength in terms of effects on the health of living bodies.
Electrically powered dental devices, including personal devices such as electric toothbrushes and professional devices
such as curing lights for light-cured dental resins, are widely used because of their convenience, but the electric circuits
and motors that power them produce low-frequency electromagnetic waves. These magnetic fields induce electric
currents in teeth and in metallic appliances that are set in the oral cavity. The effects of these induced currents on human
health must therefore be considered. Investigations of this issue revealed that magnetic fields from dental devices
promoted the corrosion of intraoral metallic appliances via the induced currents, and this is likely to cause metallic
allergies. Almost all reports on the effects of magnetic field exposure, including this corrosion phenomenon, describe
harmful effects on human health. However, there may be some effective uses of the magnetic fields generated by dental
devices for human health promotion. Oral bacteria were found to corrode orthodontic stainless steel appliances, but
magnetic field-induced currents in these appliances could provide remarkable protection effects against this microbially
induced corrosion. In this review, we discuss the results and conclusions of these investigations especially about novel
ways of harmful effects and effective use of magnetic fields from dental devices, and conclude that further detailed
studies are required to clarify their detailed mechanisms and to develop countermeasures for protection from or effective

use of these fields.
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Introduction

There has been considerable recent interest in the effects of
electromagnetic fields (such as those near electricity transmission
lines) on human health, and particularly in 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 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 to outline the roles
and risks of magnetic fields (MFs) in carcinogenesis [3-5]. However, other
reports in the literature have found no significant correlation between
exposure to electromagnetic fields and leukemia [6,7]. The results from
studies of the correlation between electromagnetic field exposure and
the risks of central nervous system tumors are also inconclusive [2,7].
These findings with regard to the risks of electromagnetic fields inducing
leukemia or central nervous system tumors should be considered in
terms of dependence on the electromagnetic field exposure conditions,
such as field intensity and exposure time [8,9].

Many home electrical appliances, including personal dental devices,
generate MFs [10,11]. In the dental field, the effects of MFs on human
health are thought to be more serious when compared with many other
medical fields, because the MF-generating devices are used near the
craniocervical area. In a study of dental clinics, electromagnetic fields
were detected, and each professional dental device that was set up in
the clinics was reported to generate MFs [12]. However, exposure to
MFs from professional dental devices for use in dental clinics might be
considered to have little effect on the patients, because of the limited

times and numbers of clinic visits for each patient. In a questionnaire-
based survey of the tooth brushing habits of 1200 Japanese people (600
males and 600 females, with an age range from teens to sixties), 52.5% of
the respondents cleaned their teeth twice a day, and 48% had brushing
times of 1-3 min [13]. Based on these figures, the average Japanese
person’s brushing time was estimated to be 120 min/month (2 min x 2
times/day x 30 days), and 1440 min/year. For these reasons, we focused
on personal dental devices, and on electric toothbrushes in particular,
as the main MF sources. The effects of MF exposure from electric
toothbrushes on user health are likely to slowly but surely increase.

In this review, we describe the effects of MFs from electric
toothbrushes and other dental devices on dental appliances and teeth
that could affect human health. In addition, interesting unpublished
data and speculation with regard to MF effects are given in this paper.

MFs from Dental Devices

Electric toothbrushes are widely used because of their convenience.
However, they have also been reported to produce low-frequency
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electromagnetic fields, which could cause health problems, e.g.
interference with pacemakers [10,14]. In dental clinics, light-cured
resins that are polymerized by curing light sources, which have also
been reported to produce low-frequency electromagnetic fields, are
also widely used for both convenience and speed [11].

The MFs produced by dental devices, e.g. by electric toothbrushes
and curing light sources for light-cured resin, and their frequencies were
evaluated. We estimated MFs within the 1-2000 Hz frequency range,
in keeping with our preliminary study and with the previous literature,
which indicated that this was the appropriate range to monitor [10,15].
Five commercially available electric toothbrushes and three commercially
available curing lights that were investigated generated MFs [16].
The MFs produced by each representative dental device are shown in
Figure 1. The MFs produced by each of the electric toothbrushes were
found to be at quite different levels [16]. These MF levels could reflect
the cleaning ability of each electric toothbrush. Further investigation of
the relationship between MF level and cleaning ability is necessary, and
should be useful as part of a design and construction strategy for the
development of electric toothbrushes with low MFs and high cleaning
ability. Interestingly, the MF levels from curing lights were found to be at
low levels in Light-Emitting Diode (LED)-type lights and at high levels
in halogen-type lights [17]. Compared with LED-type curing lights,
halogen-type curing lights generated much more heat. To prevent these
curing lights from overheating, cooling fans with electric motors were
built into the halogen-type curing lights. The MF levels of these lights
were believed to be dependent on the strengths of the fan electric motors.
Similarly, the MFs from electric toothbrushes were found to be at different
levels at the front, back, right and left sides of the brushes, which is likely
to be related to the location of the motor or other electrical components
inside the toothbrushes.

MFs from Dental Devices Induce Electric Currents in
Intraoral Metallic Appliances and Teeth

Many questions have been raised with regard to the effects of MFs

from dental devices on human health. There are questions over whether
or not these effects are harmful or harmless, and over the mechanisms
of MF effects on human health. Many home electrical appliances and
professional dental devices generate low-frequency MFs that can
induce electric currents in the human body and within any metallic
objects or devices worn in or on the body [10,15]. In low-frequency
MFs, the strength of the induced electric current is thought to be more
important than the strength of the MF itself in terms of the effects on
the health of living bodies [18]. To create a framework to discuss these
questions, we set up our hypothesis as follows. (1) Dental electrical
devices generate MFs (as already described in the previous section)
[16,17]. (2) These MFs can induce electric currents in teeth and metallic
appliances that are set in the oral cavity [17]. (3) The induced currents
produce certain effects that may have an influence on human health.
Initially, we investigated part 2 of the hypothesis, e.g. that currents are
induced in metallic appliances and teeth by MFs from dental devices
(Figure 2). MF exposure was found to induce electric currents in
every dental metallic appliance, which were made of various metals,
including stainless steel (SUS), CoCr, 70%Ag alloy, 12%Au-40%Ag-
20%Pd alloy, nickel titanium, p-titanium (Ti-11.5MO-6Zr-4.55n) and
pure titanium [16]. Interestingly, the measured electric voltages and
currents that were induced in the dental appliances were not dependent
on the electrical resistivity values of the materials, but on their shapes
and specific metal contents [16].

Electric currents were also induced in human hard tissues such as
tooth and bone by MFs, and the roles that they play in the living body
mustbe considered, because they may simply cause pain, or may perform
roles in bone formation and repair similar to the methods based on
electrical or electromagnetic field stimulation (which use MF-induced
currents) [19,20]. To clarify these roles, currents induced in teeth by MFs
from electric toothbrushes and curing lights were investigated. Induced
currents were observed in teeth under MF exposure. We found that the
voltages induced in teeth by electric toothbrushes were higher (10>-10°
(V) than those previously measured in dental appliances (10'-10% uV)
[16,17]. In contrast, the currents induced by electrictoothbrushes in
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Figure 1: Low-frequency magnetic fields produced by dental devices
A: electric toothbrush (Philips Sonicare HX9100, Philips Oral Healthcare Inc., Bothell, WA); B: curing light (OPTILUX500, Kerr Inc., Camano Island, WA). The MFs
produced by the electric toothbrushes and the curing lights, and their frequencies were detected and evaluated using a spectrum analyzer (SPECTRAN NF-5035,
Aaronia AB Inc., Euscheid, Germany). The MFs were estimated at 2 cm distances from the front and back sides of activated or inactive electric toothbrushes, and 1
cm distances from the light guide tips of activated or inactive curing lights.
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Figure 2: Electric voltages and currents induced in SUS multibracket system
and tooth by dental devices at a distance of 1 cm between device and

appliances.

Appliance: multibracket system consisting of brackets (SUS304 x 10,
SuperMesh Bracket, Tomy International Inc., Tokyo, Japan), molar tubes
(SUS304 x 2, Single Tube, Tomy International Inc.), molar bands (SUS304
x 2, |deal Molar Band, Tomy International Inc.), and wire (SUS304 x 1,
Suzuki stainless steel wire, Mitsuba Ortho Supply Inc., Tokyo, Japan). Tooth:
human maxillary premolar tooth of patient undergoing orthodontic treatment.
Electric toothbrush: Philips Sonicare HX9100. Curing light: OPTILUX500.
The electric currents induced in dental devices were estimated using a digital
multimeter (7351 A/E, ADC Corporation, Tokyo, Japan) in AC+DC mode (i.e.
voltage=(ACV?+DCV2)"?, and current=(ACI?+DCI2)"?).

Bracket + wire Bracket only

MF (-) MF (+) MF (=) MF (+)
Cr - + - -
Fe 0.20£0.012 1.39+0.067* 0.11+0.018 0.71+0.082*
Ni - + _ "
Sn na na - -
Ti na na - -

n=6 for each experimental condition. SUS: stainless steel wire; MF: magnetic field;
+: detected values (3.3d/slope) < values < determination limit (10%2"25/slope);
—: values <detection limit; and na: not available. The data were analyzed via the
Mann-Whitney U test to define the statistically significant differences. Superscript
asterisks denote the statistically significant differences (p<0.05) within each
appliance compared with *MF(-).

Table 1: Elution amount of each element (ug) from SUS appliances to artificial
saliva.

teeth were lower (=10' pA) than those previously measured in dental
appliances (10'-10° uA) [16]. This difference could relate to disparities
between the electrical resistivities of tooth tissue (=10° Q) m) and metals
(e.g. stainless steel =~ 10® 2 m) [21,22]. We predicted that the ranking
order in which currents could be induced in different bracket materials
with completely same bracket shape and size (KBT metal bracket;
SUS304, KBT zirconia bracket; ZrO,, Rocky Mountain Morita Inc.,
Tokyo, Japan) would be tooth+stainless steel bracket > tooth+zirconia
bracket = tooth, based on their electrical resistivities (tooth, 10° Q) m;
stainless steel, 10~* Q m; ZrO,, 10'°-10"> Q cm; resin (acrylic), 10°-10"
Q m) [23,24]. However, we found that the actual ranking order was
tooth+zirconia bracket > tooth+stainless steel bracket > tooth [17]. The
reason for this unexpected result is unclear. The presence of the adhesive
does not appear to be a factor, because the induced currents with and
without adhesive (no bracket) were comparable. The resistivity of the
bracket material also appears to be insignificant, because the induced
current was greater in teeth that were attached to ZrO, or stainless steel

brackets than in teeth that were bonded to identically shaped acrylic
brackets (unpublished data). Despite considerable efforts, we have been
unable to correlate these results with any specific material property. It
is likely that this unexpected induced current ranking order is because
of a combination of tooth properties and the material properties of the
appliance components rather than the materials and their resistivities
alone.

In any case, MFs from personal and professional dental devices
induced currents, not only in the metallic dental appliances, but also
in teeth. The effects of these induced currents on human health must
now be considered.

MFs from Dental Devices Promote Corrosion of
Intraoral Metallic Appliances via Induced Currents

Currents induced in intraoral metallic appliances by MFs from
dental devices must have some effects. We must therefore determine
these effects.

Previous results showed that the MFs from electric toothbrushes
could induce alternating electric currents in both dental metallic
appliances and teeth [16,17]. Electric currents in oral appliances,
e.g. galvanic currents, could cause both discomfort for the user and
corrosion of the metallic dental appliances [25,26]. Currents induced
by electric toothbrushes were also thought to cause some problems in
the oral condition of patients. However, the currents induced by the
MFs from dental devices are unlike galvanic currents [16,17]. Galvanic
currents, which are direct currents, produced high voltages (several
tens to hundreds of mV) with low currents (several tens to hundreds
of nA), whereas the electric currents that were induced by electric
toothbrushes were of the order of uA to mA with a voltage range of pV
to mV [16]. These findings seemed to indicate that galvanic currents
were one of the causes of metal corrosion, whereas the electric currents
that were induced in dental appliances should not directly cause metal
corrosion. However, there were some reports in the literature about
metallic corrosion caused by induced Alternating Currents (AC). Rapid
geomagnetic variations have been known to induce electric currents in
power lines and pipelines, which could then lead to the destruction of
power transmission systems and pipeline corrosion [27]. In the stray-
current corrosion caused by alternating currents, the induced currents
occurred in embedded metal objects lying parallel to the high voltage
AC power lines or to the transportation routes of AC electric railways,
which then caused the corrosion of the embedded metal objects [28].
Based on these reports, we must therefore consider that the induced
currents in metallic appliances produced by MFs from dental devices
could be a trigger for corrosion in metallic appliances.

Metallic elution and the surface roughness of metallic appliances
immersed in artificial saliva during MF exposure were investigated
using a ICP-OES (iCAP 6300 Duo, Thermo Fisher Scientific, Waltham,
MA, USA) and a 3D laser confocal microscope (LEXT OLS4000,
Olympus Inc., Tokyo, Japan) [29]. MF exposure (120 min; 24 min/day
x 5 days) dramatically increased Fe elution, with low levels of Cr and
Ni elution from SUS appliances (Table 1). The surface roughness of
SUS appliances after MF exposure supported these results (Figures 3
and 4). In contrast to SUS appliances, Ti elution and increased surface
roughness were not observed in titanium appliances [29]. In addition,
while the induced voltages were almost identical in SUS and titanium
appliances, the induced currents in titanium appliances were double
those in SUS appliances [29]. These values were not in proportion to
the material electrical resistivities, which were 70-80 Qm for SUS304
and 80-100 Qm for NiTi. In contrast to the surface roughness evidence
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Figure 3: 3D laser confocal micrographs of SUS wire and bracket surfaces immersed in artificial saliva with or without exposure to MFs from electric toothbrushes
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Figure 4: Surface roughnesses of SUS brackets and SUS wires immersed in artificial saliva with or without exposure to MFs from electric toothbrushes.

n=6 for each experimental condition. Ra represents the arithmetic average of the absolute value (Ra=n"'Z|Yi| (i=1-n)), 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 via the Mann-
Whitney U test to define the statistically significant differences. Asterisks denote the statistically significant differences (p<0.05) within each measurement item of each

appliance group when compared with *non-treated and **MF(-).
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for the occurrence of metallic elution, no pH differences were observed
between the non-MF-exposed and MF-exposed groups measured with
a pH meter (F-12, Horiba Inc., Kyoto, Japan) [29]. The pH values were
lowered by the immersion of the appliance in each case; however, these
pH values, which did not reach the depassivation pH, could not have
led to the erosion of these alloys [30,31]. However, these pH values
in the immersed solutions may not always reflect the local pH values
around the appliances.

In any case, these results suggested the following novel MF
phenomena for human health. (1) The currents induced in metallic
appliances by MFs from dental devices could be one of the causes of
SUS corrosion. (2) The corrosion resistivity of titanium alloys is high
compared with that of SUS alloys. (3) The pH values of the solutions

used for immersion, with or without MF exposure, showed no
statistical significance. The low-frequency MFs around the oral cavity
that originate from electronic equipment such as electric toothbrushes
induce electrical 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.

What are the Possible Effects of MFs from Dental
Devices on Human Health?

The corrosion of metallic appliances under MF exposure could
have detrimental results for human health, such as metal allergies.

The induced current itself could also produce similar results, e.g.
pain and discomfort for the patients. Because the role of low-
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frequency electromagnetic fields in carcinogenesis, and especially
in the development of leukemia and central nervous system tumors,
has been well-documented [1,2,6-9], the effects of MFs were believed
to be basically harmful to human health. It is very difficult to protect
ourselves from low-frequency MFs because they can pass through
human tissue and most other materials, including glass, plastics, metals
and concrete [32]. The only viable way to limit our exposure to low-
frequency electromagnetic fields is thought to be to eliminate their
generation by electrical home appliances and dental devices.

However, there may also be some effective positive use of MFs
generated by dental devices for human health. First, we considered
that the induced current in appliances could be used for biocidal
applications or for suppression of dental caries- or periodontal disease-
causing microorganisms. However, the number of oral bacteria were
not reduced, but were actually increased by the electric currents in
appliances under MF exposure from dental devices (unpublished
data). The oral bacteria suppression effects might not be caused by MF
exposure.

The intraoral aging of dental materials includes the plasticization of
polymeric adhesives and increased porosity and roughness in metallic
alloys, which disturbs the smooth progress in courses of treatment
and causes losses in terms of time and money, along with emotional
distress for both patients and clinicians [33,34]. The oral environments
of living organisms, including those of humans, are most hospitable
for biofilm creation and biocorrosion (microbially influenced
corrosion or MIC). If MIC existed in oral areas, the currents induced
in metallic appliances by MF exposure can be considered a means of
protection against corrosion, like electrical protection in other fields.
We first investigated the existence of MIC based on oral bacteria.
Three representative indigenous oral bacteria, Streptococcus mutans,
Streptococcus sanguinis and Aggregatibacter actinomycetemcomitans,
were selected for this experiment. S. mutans and S. sanguinis were
oral bacteria that easily created biofilms on the surfaces of the teeth
and appliances. A. actinomycetemcomitans is a pathogenic bacterium
that occurs in localized aggressive periodontitis. We found that S.
mutans (ATCC49296) and S. sanguinis (ATCC25175) corroded SUS
dental appliances when the appliances were cultured with them in
BHI medium (Brain Heart Infusion medium, Beckton, Dikinson
and Company Inc., Detroit, MI, USA) at 37°C in 5 % CO2 in air in
the incubators without shaking from the results of metallic elution
and surface roughness of appliances by a ICP-OES and a 3D laser
confocal microscope respectively [35], but A. actinomycetemcomitans
did not corrode SUS or titanium appliances (unpublished data). We
then investigated the protection effects of MF-exposure against the
biocorrosion of these appliances at a distance of 2 cm between device
and appliances. In the groups that were co-cultured with S. sanguinis,
remarkable protection effects of 120 min (24 min/day x 5 days) - MF
exposure against MIC were observed (Figure 5). This MF effect on oral
bacterial corrosion of metallic appliances is novel effective use of MFs
from dental devices. However, the reasons for this result are unclear,
and further detailed investigation is required.

In the orthopedic field, MFs have been used for bone repair in
methods based on electrical or electromagnetic field stimulation
[19,20]. The MFs from dental devices were found to induce currents in
human hard tissue, e.g. teeth [17]. These results indicate the possibility
that MFs from dental devices could induce electric currents not only
in teeth but also in bone tissue, which would then promote bone
formation and repair.

25
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Figure 5: Surface roughnesses of SUS brackets immersed and co-cultured with
oral bacteria and with or without exposure to MFs from electric toothbrushes.

n=6 for each experimental condition. Ra represents the arithmetic average of
the absolute value. A. a: Aggregatibacter actinomycetemcomitans. The data
were analyzed via the Mann-Whitney U test to define the statistically significant
differences. Asterisks denote the statistically significant differences (p<0.05)
compared with *intact products (medium (-) and bacteria (-) group) and within
each measurement item of each group

when compared with **MF(-).

Conclusions and Outlook

This review has discussed the electromagnetic fields of dental
devices and their effects on human health. The electromagnetic
fields produced by dental devices were basically low-frequency MFs.
MFs have been considered to be generally harmful to human health,
especially in the development of leukemia and central nervous system
tumors [1,2,6-9]. However, it is very difficult to protect ourselves from
these low-frequency MFs, because they easily pass through human
tissue and most other materials [32].

Under these conditions, there are two possible conclusions as to
what can be done about MFs from dental devices:

1. Find ways to use MFs from dental devices effectively for human
health promotion;

2. Abolish the devices that generate these MFs, or reduce the MF
levels generated bythe dental devices.

The first conclusion was investigated and discussed in the sections
above, eg. suppression of oral bacterial corrosion of intraoral dental
appliances, and promotion of bone formation and repair. Further and
more detailed study is needed to establish effective methods for MF
utilization. With regard to the second conclusion, viable way to limit
exposure to low-frequency electromagnetic fields is thought to be
elimination of their generation by dental devices, eg. development of
dental devices with low MF generation and keeping the devices away
from tooth and metallic appliances as possible, and/or elimination of
metallic appliances from oral cavity. New regulatory standards specific
to human health, and particularly for the craniocervical region, are
also needed in conjunction with the current conventional EMC
(electromagnetic compatibility) standards, such as ISO standards.

In conclusion, further study is required to clarify the mechanisms
by which the electric currents that are induced by MFs affect human
oral health and to explore whether countermeasures can be developed
to provide methods of protection from or methods for effective use of
these effects.
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