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Abstract

Studies have found that extremely low-frequency (ELF, <300 Hz) magnetic fields (MF) can modulate standing balance;
however, the acute balance effects of high flux densities in this frequency range have not been systematically investigated
yet. This study explores acute human standing balance responses of 22 participants exposed to magnetic induction at 50 and
100 mTrms (MF), and to 1.5 mA alternating currents (AC). The center of pressure displacement (COP) was collected and
analyzed to investigate postural modulation. The path length, the area, the velocity, the power spectrum in low (< 0.5 Hz)
and medium (0.5-2 Hz) bands have computed and showed the expected effect of the positive control direct current (DC)
electric stimulation but failed to show any significant effect of the time-varying stimulations (AC and MF). However, we
showed a significant biased stabilization effect on postural data from the custom experimental apparatus employed in this
work, which might have neutralized the hypothesized results.
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Abbreviations ICNIRP  International Commission for Non-Ionizing
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ANOVA Analysis of variance IEEE Institute of Electrical and Electronics
BPPV Benign paroxysmal positional vertigo Engineers
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HFB High frequency band Introduction
ICES International Committee on Electromagnetic
Safety Exposure to artificial magnetic fields (MFs) has become

increasingly prominent over the last few decades in our
modern societies. Besides natural sources such as the earth
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domestic electricity (50 and 60 Hz) are generating MF at the
same frequencies. These so-called extremely low frequency
(ELF <300 Hz) MF have the property to induce electric
fields (E-fields) and currents in exposed conductors. As a
conductor, the human body is subject to induced electric
fields from time-varying MF, which have the potential to
thus modulate biological processes (Saunders and Jefferys
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2002, 2007; Foster 2003; Jefferys et al. 2003). It therefore
becomes critical from an occupational and public health
perspective to appropriately characterize and understand
the possible consequences of ELF MF exposures on human
physiology and neurophysiology. Average levels of public
exposure to ELF MF are between 0.01 and 1.0 uT over 24 h
in North America (Rankin et al. 2002) with peak expo-
sures as high as 0.3 mT (Mezei et al. 2006), which may be
associated with certain electrical household appliances or
equipment. For those working closely to high current con-
ductors, such as live-line electric utility workers, exposure
levels may reach up to 1-10 mT (Bracken et al. 2001; World
Health Organization 2007). It is essential to establish if these
exposure levels, to which one can be exposed for short or
longer periods of time, potentially have biological or adverse
health effects. This careful scientific review is conducted by
international agencies such as the International Commis-
sion for Non Ionizing Radiation Protection (ICNIRP) and
the International Committee on Electromagnetic Safety from
the Institute of Electrical and Electronics Engineers (IEEE-
ICES), which also publish guidelines and recommendations
(IEEE 2002; International Commission on Non-Ionizing
Radiation Protection 2010). Electrostimulation remains the
only basis with known mechanisms for establishing guide-
lines and standards to protect against adverse effects, with
magnetophosphenes and peripheral nerve stimulation defin-
ing the frequency characteristics of these exposure limits.
Magnetophosphenes are instantaneously occurring
flickering visual perceptions when exposed to a magnetic
field, first reported in 1896 (d’Arsonval 1896) and have
been investigated since then (Barlow et al. 1947; Lovsund
et al. 1980b; Attwell 2003). The threshold for perception
of a magnetophosphene is affected by a number of fac-
tors (e.g., ambient lighting) including the frequency of the
time-varying magnetic field (Barlow et al. 1947; Lovsund
et al. 1980b) with the lowest thresholds occurring at about
20 Hz. It has been experimentally and theoretically sug-
gested that magnetophosphenes are the result of a magnetic
induction of E-field at the level of the retinal photorecep-
tors, likely the rods (Barlow et al. 1947; Attwell 2003).
Attwell (2003) argued that the retina is the likely source
for magnetophosphene perception because the morphology
of the photoreceptors makes them particularly susceptible
to induction mechanisms, but also because of the signal
amplifying properties of the retina, which has been shown
to be capable to detect a single photon (Tinsley et al. 2016).
Such properties are enabled by different characteristics of
the retina, but Attwell (2003) emphasized the role of the
graded potential cells that allow continuous transmission of
information through their ribbon synapses. The presence of
graded potential cells in other sensory systems, such as the
hair cells in the vestibular system (Eatock 2006 for review),
calls into question whether other acute biological effects can
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be observed upon exposure to ELF MFs. For instance, one
might suggest that modifications of information processing
by hair cells would affect the vestibular function greatly
involved in postural control.

Interestingly, previous research with human subjects
has reported effects of ELF MFs on postural control during
ELF MF exposure (Prato et al. 2001; Thomas et al. 2001a,
b; Legros et al. 2012; van Nierop et al. 2013; van Nierop
2015). The control of posture is enabled by the integration of
information gathered by the visual, auditory, sensory-motor,
and vestibular systems (Magnusson et al. 1990; Bronstein
and Guerraz 1999; Stal et al. 2003). The vestibular system
is of particular interest since it is responsible for control-
ling gaze stabilization and maintaining the position of the
head regarding the rest of the body, and therefore controlling
the overall balance (Cullen 2012). However, the results of
studies addressing the potential impact of ELF MFs on pos-
tural control and the vestibular system remain inconsistent.
For example, some studies show a stabilization effect with
respect to time-varying MF exposure (Thomas et al. 2001a,
b; Legros et al. 2012; van Nierop 2015), some show a desta-
bilization effect (Prato et al. 2001; van Nierop et al. 2013),
and some show no effect at all (Glover et al. 2007). These
studies all differ with respect to experimental design, making
comparison of results among them difficult. Moreover, MF
exposures on the order of those used in magnetophosphenes
studies (Barlow et al. 1947; Lovsund et al. 1980b; Attwell
2003) (in the tens of mT) have not been investigated in the
context of postural control.

An extensive body of work has been published on the
effect of strong static fields on the vestibular system. Mar-
celli et al. (2009) first reported the existence of nystagmus
in healthy participants exposed to a 1.5 T static field within
an MRI system, suggesting that the vestibular system was
stimulated by the static MF. Since then, this effect has been
confirmed and hypothesized as the consequence of the Lor-
entz forces created by strong static magnetic field on the
ionic currents present in the endolymph of the vestibular
system (Roberts et al. 2011; Antunes et al. 2012; Glover
et al. 2014; Ward et al. 2015; Otero-Millan et al. 2017). Over
1.5 T, these forces are considered sufficiently large to push
the cupula within the semicircular canals (Otero-Millan et al.
2017).

A well-known methodology to stimulate the vestibular
systems with current, called galvanic vestibular stimulation
(GVS), induces changes in postural control (Fitzpatrick and
Day 2004). This method consists of applying a direct cur-
rent (DC-GVS) or alternating current (AC-GVS) stimula-
tion at the level of the mastoid process. For DC-GVS, the
result is a clear tilt towards the side of the anodal stimula-
tion, while AC-GVS results in a smaller amplitude rhyth-
mic side-by-side sway that decrease with frequency (Hla-
vacka and Njiokiktjien 1985). GVS is often described as



Experimental Brain Research (2019) 237:611-623

613

a depolarization of the vestibular afferents (Goldberg et al.
1984), however several studies suggest that the hair cells
are not bypassed but rather directly stimulated by currents
(Norris et al. 1998; Aw et al. 2008; Gensberger et al. 2016).
It also important to note that both the otolith organs and the
semicircular canals are stimulated by GVS (Curthoys and
MacDougall 2012). It is broadly reported that the vestibu-
lar system is well-tuned to respond to one’s natural motion.
Recent studies have shown that natural motion frequencies
in humans range from 0 to 30 Hz (Carriot et al. 2014). Fur-
thermore, studies looking at myogenic responses showed
that vestibular stimulation of up to 100 Hz can affect mus-
cular activity (Forbes et al. 2013, 2014, 2016, 2018) which
might help us understand previous experimental findings
mentioned above showing postural modulation due to the
interaction with time-varying magnetic fields (Prato et al.
2001; Thomas et al. 2001a, b; Legros et al. 2012; van Nierop
et al. 2013; van Nierop 2015). Looking at the vestibular per-
formance more closely, the latency of the vestibular ocu-
lar reflex is known to be around 6—7 ms (Cullen 2012 for
review), which should enable vestibular system sensitivity
to frequencies in the order of 160 Hz. Lastly, it is known
that otolithic cells respond to stimulation above 1000 Hz
(Curthoys et al. 2018 for review). Therefore, the vestibu-
lar system is most likely susceptible to MF exposure at the
power frequencies of 50 or 60 Hz.

The main objective of this study was to determine
whether exposure of the vestibular system to a 60-Hz MF
triggers an acute postural response in humans. The second
objective was to confirm the inductive origin of this effect by
testing the response to AC-GVS given at the same frequen-
cies delivering currents on the same order of magnitude.
Different stimulus frequencies were used to evaluate whether
the response is frequency dependent, as previously observed
in magnetophosphenes studies (Lovsund et al. 1980a).

Materials and methods
Participants

Twenty-two healthy participants (12 males, 10 females,
mean age: 23 +4.8) were tested in the Human Thresh-
old Research Facility at St. Joseph’s Hospital in London,
Ontario, Canada. We excluded individuals with history of
vestibular-related pathology (such as benign paroxysmal
positional vertigo (BPPV), labyrinthitis or vestibular neu-
ritis, Méniere’s disease, secondary endolymphatic hydrops
and perilymph fistula), chronic illnesses (including cardio-
vascular diseases, such as hypertension, ischemia, and cer-
ebrovascular disease) and neurological diseases that affect
normal body movement (such as Parkinson’s disease or mul-
tiple sclerosis). We also excluded people under treatment

for hypertension and people who are prone to seizures, self-
reported permanent metal devices or piercings above the
neck region or reported recreational drug use. Participants
were asked to abstain from alcohol and caffeine intake for
24 h prior to the experiment. This protocol was approved
by Western University’s Ethics Board for Health Science
Research Involving Human Subjects (protocol #106122).

Materials

A force plate (OR6-7-1000, AMTI, USA) was used to record
the displacement of Center-Of-Pressure (COP) with a sam-
pling rate of 10 kHz, using an A/D National Instrument card
(NI SCB-68A, National Instruments, USA), driven by Lab-
View 14.0.1 (National Instruments, USA). The LabView
program collected forces and moments in the three dimen-
sions, along with MF measurement time series.

The two modalities of electric stimulation, DC-GVS and
AC-GVS, were delivered using the StarStim system (Star-
Stim, Neuroelectrics, Spain—see Fig. 1, left panel), and time
stamps were sent to the LabView program for synchroniza-
tion purposes. Two Sponstim sponge electrodes were placed
at F3 and F4 (positioned according to the standard interna-
tional 10-20 system), and two Pistim Ag/AgCl electrodes
were placed over the left and the right mastoid processes
(M1 and M2, respectively). In the AC-GVS, the anode was
placed over M1 and the return electrode over F4 for the left
anodal stimulation condition. The anode was placed over
M2 and the return electrode over F3 for the right anodal
stimulation. This choice was made to allow a unilateral
vestibular exposure. As the positive control condition, the
DC-GVS exposure uses the standard bilateral electrode posi-
tioning. Anodal stimulation conditions on the left (M1) and
on the right (M2) were delivered to maximize the effects.
NIC (Neuroelectrics Instrument Controller, version 1.4.1
Rev.2014-12-01) software was used to drive the StarStim
device via Bluetooth and force plate recordings were syn-
chronized via timestamp. The MF exposure was delivered
via a customized head set coil exposure system (Fig. 1, top
right panel, and detailed diagram on bottom panel), con-
sisting of two 570 turn coils of 5.9 cm of mean diameter.
A 25.48 mm diameter core of Permendur-49 (The Good-
fellow Group, Coraopolis, PA, USA) was used to increase
the flux density developed by the coil to reach 100 mTrms
at 3 cm from the coil. The inductances of the coils were
26 mH. The coils were attached to an adjustable helmet-
like device to fit directly beside each mastoid process for an
exposure targeting the vestibular system exposure. Because
of the heavy weight of the apparatus (6.70 kg), a matching
counterweight was attached to the helmet with a rope sliding
through a pulley placed above the head of the tested volun-
teer. This apparatus allowed to position the helmet and the
coils over the head of participants, without having to support
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Fig. 1 Exposure apparatus.
Volunteer wearing the cap of
the Starstim device used for
DC- and AC-GVS (top left
panel) and the helmet support-
ing the coils for MF exposure
(top right panel). The bottom
panel represents a diagram

of the coil system with outer
casing measurements (in mm)
on the left, and inner meas-
urements where the wiring is
setting to the right. A core of
Permendur49 of 25.48 mm was
placed at the center of each coil.
The head depicted in between
the coils shows the location of
each vestibular system located
at about 3 cm from the surface
of each coil

63.00

2548

the weight of the device, still allowing free movement of
the subject’s head and body. The stimulation waveform was
generated with Labview 14.0.1 and sent to two MRI gradient
amplifiers IMTS AUTOMATION, Model 0106475, USA)
through the same A/D National Instrument module. Each
amplifier drove one coil (Left or Right) to produce a MF
of up to 100 mTrms at 3 cm from the coil surface. Figure 2
shows the measurements of MF flux densities recorded with
single axis MF Hall transducer probe (+ 200 mTrms range
with 0.1% accuracy, SenisTM 0YAOS5SF-C.2T2K5J; Senis,
Baar, Switzerland).

Experimental procedure

For each subject, the experiment consisted of a single study
session lasting 2 h and 30 min. The initial 20 min were
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devoted to explaining the study and obtaining the subject’s
written consent to participate. The following 20 min were
devoted to setting up the participant with the StarStim expo-
sure device. Next, an impedance check was performed, and
the participants were exposed to a short DC-GVS (1.5 mA)
and AC-GVS (1.5 mA, 20 Hz) exposure as a familiarization
sample before the actual testing took place. The actual test-
ing sessions consisted of 33 randomized conditions, split
up into 3 sub-sessions of 11 testing conditions each. Each
session lasted approximately 25 min, with a 5-min break
between sub-sessions allowing for the participant to rest.
Each testing condition consisted of approximately 30-s
period of standing on the force plate. Participants were
asked to stand still with their feet together, arms resting at
their sides, and eyes closed. The force plate was covered
with a fitness mat to minimize proprioceptive cues about
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Fig.2 Measurements of the flux density for a targeted 100 mTrms at 3 cm from the surface of the coil with core in the planar plane (top panels)

and in the vertical plane (bottom panels)

body positioning. Participants wore earplugs to minimize
any possible audio cues. For consistency, both the StarStim
exposure cap and the MF exposure device were on the head
during all testing conditions. After the participants were
instructed to close their eyes at the onset of each condition,
the data acquisition began with 10 s of baseline recording,
followed by the 5 s of stimulation and ended 10 s after expo-
sure. In the case of DC and AC-GVS, 2 s of ramp-up and
ramp-down, respectively, before and after the actual 5 s of
stimulation at 1.5 mA were used to minimize discomfort.
The 33 randomized exposures conditions consisted of 1
Sham exposure (no stimulation was applied), 2 DC-GVS
1.5 mA exposures (anode on each side of the head), 10
AC-GVS 1.5 mA exposures (5 anode left and 5 anode right
with stimulation frequencies of interest at: 20, 60, 90, 120,
or 160 Hz), and 20 MF exposures (5 same frequencies of
interest applied on the left and on the right side of the head
at 2 flux density levels: 50 mT and 100 mT). The choice of
the frequencies of interest was based on the resting firing
frequency of vestibular hair cells afferences reported to

be 90 Hz in primates of similar size to humans (Goldberg
et al. 2012). The rational was that a unilateral stimulation
given at the resting firing frequency should have minimal
to no impact of function, since it is unlikely to induce a
differential rhythm between the left and right vestibular
systems. Since it is the differential firing rates between
the left and right vestibular that are interpreted as head
accelerations in one direction or the other (i.e., perception
of lateral acceleration), it was chosen to use two unilateral
stimulation frequencies below and two above the resting
frequency. The 20 Hz condition was selected because this
is the optimal frequency for magnetophosphene perception
(Lovsund et al. 1980b) and 60 Hz because it is the power
frequency in North America. As frequencies below the
90 Hz mark, 20 Hz and 60 Hz should both induce similar
effects possibly of different sizes. The 120 and 160 Hz
conditions were selected as the symmetric frequencies
20 and 60 Hz above 90 Hz and were expected to induce
effects in the opposite direction.
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«Fig.3 COP data from participant #8 for the following 5 experimen-
tal conditions: Sham, DC-GVS, AC-GVS, MF50 mT, and MF100
mT (from left to right: all exposures administrated on the left side of
the head and at 90 Hz for AC and MF stimulations, respectively). a
Represent the sway path, and the area of the COP during exposure.
b Represent the coronal displacement of the COP before exposure
(dashed curve) and during exposure (solid curve). The straight lines
represent the mean coronal position before (dashed line) and during
(solid line) exposure. The lateral coronal displacement (gray arrows)
was computed as the difference between the before and during aver-
age positions. ¢ Represent the coronal velocity during exposure. d
Represent the spectral density of the coronal position of the COP dur-
ing exposure. Each frequency band is represented in a grayscale: the
LFB (<0.5 Hz), MFB (> 0.5 Hz, < 2 Hz), and HFB (>2 Hz)

Variables and statistical analysis

The COP time series were low-pass filtered with a cutoff
frequency of 10 Hz and analyzed using MatLab 9.0 (The
MathWorks Inc., USA). The following sway characteristics
were computed from the filtered COP data: path length (cm),
sway area (cm?), mean coronal velocity (cm/s), lateral coro-
nal displacement (cm). The coronal time series were also
analyzed in the frequency domain (See Fig. 3). Path length
was calculated as the sum of the distance between each
sequential point of measurement. Area was calculated as
the total enclosed area of the participant’s movement using
the minimum enclosed polygonal area of the plotted outer
vertices using Matlab’s convex hull function (illustrated in
Fig. 3, a panels, as dotted line around the COP displace-
ment). Lateral coronal displacement was calculated as a dif-
ference between the average COP position of a 5 s period
pre-exposure and the peak of center of pressure position
over the 5 s period of exposure (Yang et al. 2015) (as illus-
trated in Fig. 3, panels b). A positive difference describes a
displacement to the right and a negative difference describes
displacement to the left. Coronal velocity was calculated as
the mean of the absolute coronal displacement per sampling
period (Fig. 3, ¢ panels). The frequency domain analysis of
coronal displacements consisted of Matlab computing the
Welch’s power spectral density estimate over 2.5 s Hamming
windows with 1.25 s overlaps. This method was chosen to
reduce the variability of the periodogram produced by a tra-
ditional fast Fourier transform. The spectral density (Fig. 3,
d panels) informed us of the power of coronal oscillations
per frequency. We distinguished three frequency bands as
described by Paillard and Noé (2015): the low frequency
band (LFB, <0.5 Hz), the medium frequency band [MFB,
(0.5-2) Hz], and the high frequency band (HFB, > 2 Hz).
We computed the sum of power density over each frequency
band. Since 99.01% of the spectrum density was observed
below 2 Hz for all participants in all conditions, only the LF
and MF were considered meaningful and were analyzed.
The statistical analysis consisted of three within-subject
repeated measure ANOVAs. The first one-way ANOVA

compared the experimental exposure effect including the
Sham condition (five levels: Sham, DC-GVS, AC-GVS,
MFs.r» and MF,y,..1).- The second test explored the effect
of side of exposure using a two by four ANOVA with the
first factor being side of exposure (two levels: left and right),
and the second factor being exposure (four levels: DC-GVS,
AC-GVS, MFs.r. and MF,.,1). Finally, the third analy-
sis focused on the frequency of the different time-varying
exposure types using a 3 X2 x5 ANOVA: exposure (three
levels: AC-GVS, MFs .+ and MFyy.r) X side (two levels:
left and right) X frequency (five levels: 20 Hz, 60 Hz, 90 Hz,
120 Hz and 160 Hz). R version 3.3.1 was used for all statisti-
cal analyses (R Core Team 2016).

Results

The five modalities (Sham, DC-GVS, AC-GVS, MFs,,,r, and
MF,gomm 1n within-subjects one-way ANOVA showed that
the path length was significantly modulated by the exposure
condition (F(4,84)=10.91, p <0.001, Fig. 4). Tukey’s hon-
est significant difference (Tukey HSD) post hoc comparison
showed that the path length was significantly higher dur-
ing DC-GVS exposure than during any other stimulation
(Sham, AC-GVS, MF5;.+ and MF, . exposure). The same
exposure effects were also found for area (F(4,84)=7.34,
p<0.001), coronal velocity (F(4,84)=10.15, p<0.001),
absolute spectral density in the LFB (F(4,84)=5.62,
p<0.001), and in the MFB (F(4,84)=4.19, p<0.01).

No significant effects of exposure were found on the lat-
eral coronal displacement.

The two (side: left, right) x4 (exposure: DC-GVS, AC-
GVS, MFs., and MF,,..1) Within-subjects ANOVA tested
the effect of the exposure side, including the positive con-
trol (DC-GVS) but excluding the Sham condition given only
once and already tested by the first ANOVA. First of all, the
main exposure effect resulting from the significant DC-GVS
effect over any other stimulation was found again on path
length (F(3,63)=10.93, p<0.001), area (F(3,63)=7.84,
p <0.001), and coronal velocity (F(3,63)=10.17, p<0.001),
absolute spectral density in the LFB (F(3,63)=5.61,
p<0.01) and the MFB (¥(3,63)=4.19, p<0.01).

The lateral coronal displacement is particularly interest-
ing here since it represents displacement towards one side
of the body or the other. We found a significant interac-
tion between experimental condition and the side of the
stimulation (F(3,63)=16.33, p <0.001), where the direc-
tion of the COP displacement is clearly towards the side
of the stimulation in the case of DC-GVS stimulations
(Fig. 5 left panel). Tukey’s HSD post hoc test confirmed
that the lateral coronal displacement for DC-GVS left and
right stimulations were significantly different than any
other stimulations (Fig. 5, right panel). Figure 5 shows
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Fig.4 Mean and standard error of the mean for each experimen-
tal condition in all conditions of frequency, for the pathlength (top
panel), convex hull area (middle left panel), coronal velocity (middle
right panel), power density for the low frequency band (bottom left

that the DC-GVS anodal stimulation on the left side leads
to an average maximum displacement to the left of —1.59
(mean) +0.52 cm (standard error of mean) and an average
displacement to the right for an anodal stimulation on the
right of +1.87 +£0.40 cm.

No significant effects of side or side—exposure interac-
tions were found for the other variables.
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panel) and power density for the medium frequency band. Only the
DC-GVS shows significantly greater values than any other experi-
mental conditions

Finally, the three (exposure: AC-GVS, MFs, 1 and
MF,gomt) X 2 (side: left, right) X5 (frequency: 20 Hz,
60 Hz, 90 Hz, 120 Hz and 160 Hz) within-subject ANOVA
excluded both Sham and DC-GVS conditions to focus on
time-varying signals and hence tested for frequency effects.
Path length (F(2,42)=9.75, p<0.001), area (F(2,42)=4.52,
p <0.05), and coronal velocity (F(2,42)=7.78, p<0.01)
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Condition ® MF50 A MF100 @ AC+DC ® SHAM ~ Side @ Left ® Right
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Fig.5 Side effect for lateral coronal displacement. Positive values
represent displacement towards the right side of the body. Negative
values represent displacement towards the left side of the body. DC-
GVS right exposure and left exposure lateral coronal displacements

showed a significant exposure on main effect between.
Tukey’s HSB revealed that for both path length and coronal
velocity, the AC-GVS yielded higher values than the MFy,, ¢
and MF 7 conditions.

No frequency effects were found for any of the variables
investigated in this study.

Head-mounted device stabilization effect

In a previous work, Day et al. (1997) presented maximum
lateral displacement of the COP around 2 cm, while par-
ticipants were standing with their feet together and were
stimulated with a DC-GVS at 0.7 mA. In this work, we
observed lateral displacement of the same order for a stim-
ulation of 2 mA. Considering that many studies reported
that DC-GVS effect is intensity-dependent (Fitzpatrick et al.
1994; Day et al. 1997; Zink et al. 1998), we were expecting
a much larger effect on lateral displacement. Furthermore,

MF50 MF100 AC DC

= MF100:Left-MFS0:Left

-AC
[~ MF50:Ri
= MFI100

3 -05 00 05 1.0 1S
SHAM

Differences in mean levels of Condition:Side

are significantly different from each other and from any other stimu-
lations. The right panel represents the Tukey’s HSD post hoc analy-
sis comparing each condition to each other. Differences that do not
include O (dotted line) are significant

the exposure apparatus used in this study is a unique, newly
developed system with potential unexpected limitations.
Therefore, it was decided to test for the effects of wearing
the MF exposure device on standing balance (as opposed to
standing without wearing the device). Consequently, path
length, area, and coronal velocity were analyzed in 11 partic-
ipants (4 males and 7 females, that did not participate in the
actual experiment presented before), standing with their feet
together and eyes closed on the force plate. The procedure
consisted of two standing conditions with the MF exposure
device placed on the head (inactive) and two with the device
off the head. Figure 6 illustrates the results, showing sig-
nificant lower values with the MF exposure device on head
as compared to off head for path length (F(1,10)=24.56,
p<0.001), Area (F(1,10)=21.19, p<0.001), and coronal
velocity (F(1,10)=30.03, p<0.001). This is evidence of a
significant stabilization effect resulting from wearing the
exposure device, even though it is inactive.
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Fig.6 The path length, the area and the coronal velocity are lower when with the exposure helmet on the head as compared to standing without
it. The standing balance is reduced by half or more (i.e., stabilization effect) with the helmet on
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Discussion

The main aim of this study was to explore the effects of a
time-varying magnetic field exposure (including the power
frequency) on human postural control. Since this effect is
hypothesized to be mediated by the induced electric field
in the vestibular system, AC electric stimulations (AC-
GVS) were also studied. DC electric stimulation known
as DC-GVS was used as a positive control.

The first important result was the confirmation that the
positive control condition elicited the expected effects.
Indeed, DC-GVS produced a de-stabilizing effect on the
volunteers both in time domain characteristics (increased
path length, area, coronal velocity) and frequency domain
characteristics [increased absolute power density spectrum
in both low frequency band (0-0.5 Hz) and medium fre-
quency band (0.5-2 Hz)]. More importantly, this effect
was confirmed as dependent on the side to which the stim-
ulation occurred. These results were similar to previous
findings of DC-GVS postural control modulations (Inglis
et al. 1995; Fitzpatrick and Day 2004; Day and Guerraz
2007).

However, there were no significant differences between
any of the electric and magnetic time-varying stimula-
tions (AC-GVS at 1.5 mA, MFs at 50 mT and 100 mT)
and the Sham exposure. This was unexpected since lower
levels of magnetic flux densities are capable of induc-
ing acute responses related to other neurophysiological
processes: time-varying MFs between 20 and 50 Hz reli-
ably produce magnetophosphenes at MF flux densities as
low as 8—12 mT (Lovsund et al. 1980b). As mentioned
earlier, magnetophosphenes are flickering white percep-
tions occurring in the dark with the eyes closed, due to the
induction of E-fields and currents at the level of retinal rod
cells, with perception thresholds corresponding to retinal
current density estimated to be between 10 and 40 mA m™>2
(Lovsund et al. 1980b; Attwell 2003; Hirata et al. 2011;
Laakso and Hirata 2012, 2013) or an induced extracellular
E-field in the retina of 0.01-0.06 V m™ ' (Attwell 2003).
Since retinal rod cells and vestibular hair cells both use
graded potentials for signaling to afferent nerves, it was
hypothesized that sufficient levels of MF exposure should
induce electric fields capable of interacting with hair cells
and thus possibly modulate postural control.

The first explanation for the lack of effect of time-var-
ying exposures (AC or MF) in this study may result from
failing to exceed an effect threshold. Based on available
evidence from the literature, we expected that a 1.5 mA
AC-GVS or 100 mT MF exposure would introduce a suffi-
ciently high electric field that interacts with the vestibular
system. DC stimulation of 1.5 mA is reported to interact
with the vestibular system. For instance, Miranda et al.
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(2006) compared different montages of electrodes for
a 2 mA transcranial DC stimulation: according to their
calculations on a spherical model of the head, values
between 80 and 100 mA m~2 could be reached at 5 cm
under the anodal electrode. Similarly, Parazzini et al.
(2011) assessed the maximum current density under the
electrode of a 1 mA DC stimulation at 43 mA m~2. Here,
it can be assumed that current densities ranging from 40 to
80 mA m~2 were achieved in the vicinity of the vestibular
system, which was enough to modulate vestibular function.

There is less literature regarding AC-GVS dosimetry, and
none targeting the vestibular system specifically. A study by
Laakso and Hirata (2013), however, reports current densi-
ties between 20 and 40 mA m~2 under the electrode for a
100 pA stimulation. To assess the order of magnitude of the
current densities generated in our study, we assume a linear
relationship between the applied current and their associ-
ated current densities produced. Therefore, values between
300 and 600 mA m~2 would most likely be reached at the
mastoid level with a stimulus of 1.5 mA. Laakso and Hirata
(2013) also showed that about 60% of the stimulation pene-
trated the skull within 5 cm from the center of the electrode,
which, in our study would correspond to values in the range
of 180-360 mA m~? in the vicinity of the vestibular system.

With respect to electric fields, Laakso et al. (2015)
showed a transcranial DC stimulation of 1 mA generates
a maximum electric fields under the electrode at the cortex
level ranging from 0.62 to 1.43 V m~!. These values allow
one to estimate that, under the same scenario, a 1.5 mA
stimulation would produce E-fields between 1 and 2 V m~!,
which could be extrapolated to the location of the vestibular
system in the current study.

This suggests the possibility that the lack of effect of the
AC exposures on postural control may be related to the range
of frequencies used. Therefore, in future studies, it might be
more appropriate to investigate lower frequencies (1-10 Hz),
which the vestibular system might be more sensitive to, as
suggested by the findings of Hlavacka and Njiokiktjien
(1985).

Regarding the time-varying MF conditions, the expo-
sure level can be expressed as the time rate of change of
the magnetic field, or dB/dt. Following the same steps
presented in previous works (Valberg et al. 1997; Attwell
2003) we can provide a gross estimation of the electric
field E produced at the level of the vestibular system.
According to the Maxwell equations, E = é% = nrfB
where E is the induced electric field and r is the radius
of the structure exposed and f the frequency of the stim-
ulation. Then, for a vestibular system encapsulated in
a 5-mm sphere, exposures of 50 mT (rms) and 100 mT
(rms) at frequencies from 20 to 160 Hz have peak dB/dt
between 8.9 T s~! and 142 T s~!, which we estimate cor-
responds roughly to peak-induced electric fields between
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22.2 mV m~! and 355 mV m~!. These values exceed the
10 mV m~! proposed by Attwell (2003) as an approximate
magnetophosphene threshold.

Previous studies using weaker fields but longer exposure
durations reported that ELF MFs may modulate postural
stability, revealing an effect on standing balance (Thomas
et al. 2001a, b; Legros et al. 2012). However, it is important
to note that in the Legros et al.” study (2012) the exposure
duration reached whole body flux densities between 0.2 mT
and 1.8 mT for one hour as opposed to 5 s in the current
work. It is possible that the effects reported in these studies
are not only related to a vestibular modulation, but possibly
at any level of the proprioceptive or the motor loops.

More importantly, the results from this study highlighted
an important limitation that may have prevented poten-
tial effects to be observed: a strong stabilizing effect of
the mechanical characteristics of the MF exposure device
restricted the amplitude of the natural postural sway. This
is a crucial result to be noted when interpreting observed
results, as subtle exposure effects may not have been exhib-
ited. Indeed, it is known that the effect of DC-GVS on pos-
tural performance is enhanced in less stable experimental
conditions (Day and Guerraz 2007; Yang et al. 2015). More
instability can be created by disabling the visual control
(eyes closed), reducing proprioceptive input (foam pad
underneath the feet) or reducing the distance between the
feet to increase coronal sway (Day et al. 1993; Mcllroy and
Maki 1997). These factors have been controlled in this study,
but they might have been counterbalanced by the stabilizing
effect of the device delivering the MF stimulation coupled
to the counterweight system.

The absence of effect reported in this work must therefore
be considered carefully, recognizing that subtle effects may
have been masked by the physical effect of the head device.
As a consequence, other investigators conducting similar
studies may choose to explore alternative methods. Also,
considering more challenging conditions, maximizing the
reliance on the vestibular system to maintain postural con-
trol might very well enhance the probability of detecting
an effect.

Furthermore, postural control is not solely dependent on
vestibular input, but rather a combination of visual input and
other sensory input as well (Hansson et al. 2010), and even
if postural control is a credible screening test for detecting
imbalance, it provides nonspecific information regarding the
exact origins of imbalance (Lang and McConn Walsh 2010).
Therefore, by assessing other outcome measures, we may get
a clearer view of the effects of time-varying MFs and AC-
GVS exposure on the human vestibular system. Measure-
ments such as the Subjective Visual Vertical, or exploration
of nystagmus by recording eye movements during stimu-
lation could be used to more specifically target vestibular
functions (Lang and McConn Walsh 2010).
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