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ABSTRACT Background: International agencies recognize the lack of knowledge to further establish
standards and guidelines to protect the workers and the public from extremely low-frequency magnetic fields
(ELF-MF). In that regard, postural control has been proposed as a biomarker of potential adverse effects in
humans. Considering its crucial role in postural control and its specific neurophysiological characteristics,
the vestibular system emerges as an ELF-MF likely target. However, postural modulation to vestibular ELF-
MF exposure remains inconclusive. Previous studies led us to investigate stimulation orientation and point
of application to clarify the ELF-MF impact on balance in humans. Objectives: This research aimed to
investigate the acute postural impact of lateral vestibular-specific ELF-MF stimulations.Methods: Postural
control of thirty eight healthy participants was analyzed with lateral vestibular-specific ELF-MF stimulations
ranging from 20 Hz to 160 Hz, up to 142 T/s and vestibular electrical stimulations at the same frequencies.
Both spatial orientation and quantity of movement variables were used to investigate postural modulations.
Results:Despite a conclusive positive control effect, no significant effects of ELF-MF and alternating current
stimulation exposures were found regardless of frequency conditions. Conclusions: Although important
electric fields were generated, no postural modulation was found. However, at these frequencies, the potential
vestibular activation did not translate into functional postural sway but might be observed with reflexive
vestibular outcomes.

INDEX TERMS Electromagnetic induction, extremely low frequency magnetic fields, human vestibular
system, postural control.

I. INTRODUCTION
The generation, distribution, and use of alternating current
(AC) are ubiquitous in modern societies, exposing the pub-
lic to 50/60 Hz Extremely Low-Frequency Magnetic fields
(ELF-MF < 300 Hz). According to Faraday’s law of induc-
tion, changing magnetic flux density over time (dB/dt, mea-
sured in T/s) induces Electric Fields (E-Fields) and currents
within conductors such as the human body. In this context,
answering health and safety concerns to protect workers and
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the public is crucial. In that regard, international agencies
such as the International Commission for Non-Ionizing Radi-
ation Protection (ICNIRP) and the International Committee
on Electromagnetic Safety from the Institute of Electrical
and Electronics Engineers (IEEE-ICES) review scientific
data to establish guidelines and standards enacted at national
levels [1]–[3].

The main experimental paradigm to investigate the acute
consequences of electrostimulation emerging from induc-
tion in humans is the perception of magnetophosphenes.
Magnetophosphenes are flickering visual manifestations per-
ceived when exposed to sufficiently strong time-varying
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MF [4]. The main hypothesis regarding magnetophosphenes
is that they result from membrane potential modulations
of graded potential retinal cells, impacting in cascade the
continuous release of neurotransmitters through their ribbon
synapses [5]. Interestingly, the retinal cells share common
neurophysiological properties with the vestibular hair cells.
Indeed, both types of cells use graded potential for signal pro-
cessing [6] both releasing glutamate gradually from ribbon
synapses [7]–[11].

Vestibular hair cells are found in both canals and
otoliths (composed of the utricle and the saccule), respon-
sible for detecting head rotational and linear accelera-
tions respectively. Vestibular hair cells transduce mechanical
information (i.e. head movements) into an electric signal
treated by the central nervous system (CNS) [12]. Com-
pellingly, as for the retinal cells [13], small intensity cur-
rent stimulations easily trigger the vestibular hair cells
[14]–[18]making them likely susceptible to ELF-MF induced
currents.

Since vestibular, visual, and proprioceptive inputs [19], are
integrated to manage balance through postural control [20]
it was suggested that ELF-MF could impact postural sway.
However, our previous investigations of vestibular ELF-MF
stimulations did not show acute postural outcomes [21], [22],
questioning the assumption that similar neurophysiological
systems should respond equivalently to ELF-MF stimula-
tions. We previously argued that the top-down orientation of
our fields in regards to hair cells’ orientation was not optimal
for their modulation and that lateral field orientation could
be better [22]. The impact of field orientation had also been
demonstrated to be crucial in the case of magnetophosphene
perception [23] which prompted further investigation of pos-
tural outcomes under lateral stimulation of the vestibular sys-
tem. We previously attempted to address this question [21],
however, clear methodological biases had to be answered to
reach relevant conclusions.

Therefore, the main objective of the current work is to fur-
ther investigate a potential acute vestibular impact of lateral
ELF-MF stimulations at powerline frequencies (i.e 60 Hz
in North America). To do so, we improved our previous
study [21].

Given the close neurophysiological similarities between
the retinal cells and the vestibular hair cells and the
fact that both are triggered by electrical stimulations,
we hypothesize that ELF-MF impact the vestibular hair
cells modulating postural sway. Since greater currents cause
greater vestibular outcomes [24], [25], and induced cur-
rents’ strength proportionally increase with dB/dt [26],
we hypothesized that higher dB/dt values yield larger postural
modulations.

Lövsund et al. [27], illustrated the effect of dB/dt on
magnetophosphenes’ perception by comparing electro- and
magneto-stimulations. Indeed, in the case of an electric stim-
ulation the current intensity delivered is not changed by an
increase of the stimulation frequency, whereas the increase
in frequency for an ELF-MF stimulation proportionally

increases the induced current intensity. Following the same
paradigm, we compared vestibular specific ELF-MF and AC
stimulations over increasing frequencies expecting to find
different frequency effects in the postural responses.

II. METHODS
A. PARTICIPANTS
Thirty-eight healthy participants (16 females-22 males,
24.3± 3.51 years old) were recruited for the study and tested
in the Human Threshold Research Facility at St. Joseph’s
Hospital in London, Ontario, Canada. Were excluded volun-
teers with a history of any vestibular-related pathology or dys-
function, chronic illnesses, neurological diseases that affect
normal body movement, and participants having permanent
metal devices above the neck. Participants had to refrain from
exercise and alcohol, caffeine, or nicotine intake 24 hours
before the study.

FIGURE 1. Experimental exposition apparatus. The left panel shows a
diagram of the custom coils system centered over the mastoid process
and the monaural electrode montage (yellow circles) delivering the DC
and AC currents. The right panel shows a volunteer wearing the vest
self-sustaining the MF headset device unloading the weight of the coils.

B. EXPERIMENTAL DEVICES
We delivered the MF vestibular specific stimulations to the
subjects’ right vestibular system via a customized headset
coil exposure system (6.70 kg). It consisted of two 570 turn-
coils of 5.9 cm of mean diameter, with a 2.5-cm diameter
core of Permendur-49 (The Goodfellow Group, Coraopolis,
PA, USA- see Fig.1 left panel) inserted within each coil.
We chose a Permendur-49 core for its high and stable per-
meability properties enabling us to better confine and guide
the MF towards the vestibular system. Also, as in our pre-
vious work [21], we used a Permendur-49 core to increase
the flux density developed by the coil to reach 100 mTrms
(141.42 mT peak) at 3 cm from the coils where the vestibular
system approximately lies [28]. The inductance of the coil
was 26 mH. The two coils were bound together to a custom
adjustable headset to better fit participants’ heads (Fig. 1 right
panel). Although we only stimulated the right vestibular sys-
tem in this study, we kept both coils not to introduce any pos-
tural bias due to asymmetrical load. The whole headset was
suspended by a rod system, designed to support up to 10.5 kg,
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tied to a vest worn around participants’ chests (Atlas Camera
Support, Los Angeles, Ca, USA), to unload the weight of the
coils as they were maintained on the participants’ head (see
Fig. 1 right panel).

We controlled the system and collected data using a cus-
tom LabVIEWTM script (LabVIEW 2014 version 14.0.1
(32 bit)) through a 16-bit National Instruments A/D Card
output channel (National Instruments, Austin, TX), driving
an MTSTM Magnetic Resonance Imaging gradient amplifier
capable of delivering up to 200 Arms at ± 345 V (MTS
Automation, Horsham, PA, USA). We delivered Direct Cur-
rent (DC) and AC stimulations using a transcranial current
stimulation device (StarStim, Neuroelectrics, Spain) driven
by the NIC software (Neuroelectrics Instrument Controller,
version 1.4.1 Rev.2014-12-01) via Bluetooth. We used a
force plate (OR6-7-1000, AMTI, USA) to collect partici-
pant’s body sway at 1 kHz according to 6 degrees of free-
dom: forces and moments data each in the 3 dimensions.
Data was saved in a single measurement file, along with the
MTSTM amplifier’s current time series, used to synchronize
all measurements with MF exposures, for later analysis. The
Center of Pressure (COP) trajectory was calculated post-
recording using a calibration matrix provided by the manu-
facturer. No hardware filtering was applied.

C. PROTOCOL
We fully equipped the participants after they gave their writ-
ten informed consent. We used the same monaural mon-
tage for both DC and AC stimulations (Fig. 1 left panel).
DC was only used as a positive control condition to validate
the choice of our dependent variables. For DC stimulation,
we placed the cathode behind the right mastoid process and
the return electrode at the C7 spinal process (see Fig. 1 left
panel). To improve impedance, we rubbed the right mastoid
and C7 spinal processes with alcohol wipes (Mooremedical,
USA). To provide proper conduction between the electrodes
and the skin, we saturated the circular 25 cm2 Ag/AgCl elec-
trodes (StarStim, Neuroelectrics, Spain) with 8 mL of saline
solution. We then secured the electrodes using the StarStim
exposure cap and tape. To ensure appropriate stimulations,
we maintained electrodes’ impedances below 10 k� through-
out the experiment, as recommended by the manufacturer.
Before starting the testing, we exposed the participants to
5 seconds DC (2 mA) and AC (peak ± 2 mA at 20 Hz) trials
as stimulation samples. TheMF headset exposure systemwas
then set over the StarStim exposure cap. To ensure careful
headset placement, we centered the coils at the mastoid pro-
cesses level. For consistency, we kept both the StarStim cap
and the MF exposure device on the head during all testing
conditions.

We tested participants in periods of 20 seconds. We asked
them to stand on a 6-cm thick foam pad (Airex AG, Switzer-
land) placed on the force plate, with the eyes closed, arms
resting at their side, and feet together to maximize vestibu-
lar contribution [29]. A second investigator, blinded to the
type of stimulation applied to the participants, was present

to prevent potential falls and for safety purposes. Exposure
conditions consisted of five seconds of MF (100 mTrms), DC
(2mA), AC (peak ± 2 mA), or no stimulation (CTRL). As in
Villard et al. [21], we delivered MF and AC stimulations at
five different frequencies (20 Hz, 60 Hz, 90 Hz, 120 Hz,
and 160 Hz). All trials were randomly distributed. In a post-
experiment analysis, we randomly assigned the CTRL trials
to an experimental condition andwe respectively tagged them
as ‘‘CTRL DC’’, ‘‘CTRL AC’’ and ‘‘CTRLMF’’ for DC, AC
andMF conditions. To avoid participant fatigue, dissipate the
stimulation effects and allow the vestibular system to reach
its normal resting firing rate between blocks, we gave 30 s
of rest between trials [30]. Also, to avoid cerebrovascular
alterations that could bias postural outcomes after standing
back up, participants could relax but could not sit during the
resting periods [31].

To analyze the effects of the ELF-MF stimulation device,
we recorded the participant’s postural control with and with-
out the coils system. To keep the device and the electrodes
consistently aligned with the mastoid processes throughout
the experiment, these two final conditions were not random-
ized and were recorded at the end of the trials.

Subjects wore earplugs throughout the experiment to con-
ceal the noise generated by the coils. The Health Sciences
Research Ethics Board at Western University approved this
protocol (#106122) performed following the Declaration of
Helsinki.

D. DATA ANALYSIS
The COP time series were filtered with a low pass bidirec-
tional 4th order Butterworth zero-phase digital filter with a
cutoff frequency of 5 Hz. The use of a residual analysis
with a customized Matlab program (MatLab version 9.3 –
The MathWorks Inc., USA) determined the cutoff frequency.
We computed sway characteristics using a customized Mat-
lab program. Classically, sway variables are analyzed on
anteroposterior (AP) and mediolateral (ML) axes separately,
but here we favored planar analyzes over one-dimensional
analyses for mainly two reasons listed thereafter. First, bal-
ance is best controlled by coordinating the body in space in
both dimensions simultaneously [32]. Second, biomechani-
cal factors bias AP-ML analyzes [33], [34], which may be
particularly impacted in a protocol sensitizing the vestibular
function and involving a heavy customized headset coil expo-
sure system. Finally, monaural electrical stimulations were
used (different from the binaural bipolar montage in [21],
which induce oblique deviations in theAP andMLplane [35].
Therefore, we favored planar analyzes over one-dimensional
analyses.

Electrical stimulations of the vestibular system impact both
the quality (sway spatial orientation) and the quantity of
movement (sway size) [29]. Both were therefore considered.
To investigate the acute stimulation effects, we measured
the sway differences between the 5 seconds period before
stimulation onset (PRE-STIM) and the 5 second stimulation
period (STIM) for all our analyzes.
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FIGURE 2. Postural sway for one participant. Left panels show the Center
of Pressure (COP) before (black) and during the exposure (blue: CTRL, red:
DC). The right panels show the 95% confidence ellipses encompassing
these COPs. The displacement from the ellipses’ barycenter from
pre-stimulation to during-stimulation provides distance ρ and the angle θ .
Finally, the size of the dot characterizes the difference of sway movement
(calculated as COP average velocity) between pre- and during stimulation.

Spatial orientation was estimated by first conducting a
Principal Component Analyses (PCA) on COP datasets to
compute PRE-STIM and STIM 95% confidence interval
ellipses [36] for each trial (Fig. 2 right panels). Then the
barycenter was found at the intersection of the major and
minor axes of each ellipse. To facilitate the analysis, the mean
of the PRE-STIM COP dataset was subtracted from both the
PRE-STIM and STIM datasets, centering all the PRE-STIM
barycenters on zero. To estimate the spatial direction of sway
we found the angle theta (θ) between 0 degrees and STIM
barycenters (Fig. 2 right panels).

Two analyses were done for sway size. First, we calcu-
lated the distance rho (ρ) between PRE-STIM and STIM
barycenters (Fig. 2 right panels). Then, among classical sway
variables, the pathlength (the total length of COP excursion)
has proved to be the more sensitive as well as the more
reliable [37], [38]. Therefore, we computed both PRE-STIM
and STIM pathlengths as the total sum of the distances
between each point in the AP-ML plane (Fig. 2 Left panels).
However, because pathlength varies with recording time it
is often hard to compare results from one study to another.
For this reason, we retained mean velocity (Pathlength over
time). With transcranial electrical stimulations, great E-Field
variability exists between participants [39], leading to great
postural outcomes variability. Therefore, we calculated the
difference between the STIM and PRE-STIMmean velocities
(1 speed) for each trial in order to individualize the analysis
of the stimulations’ impact.

E. STATISTICAL ANALYSIS
We performed all linear statistical analyses using R version
3.3.2 [40] and all circular statistics using the CircStat toolbox
in Matlab [41]. A level of significance of α = 0.05 was
adopted throughout data analysis.

Differences in all three CTRL conditions were analyzed
with a one-way repeated measure analysis of variance
(ANOVA). To investigate the effect of wearing the stimula-
tion device (ON vs OFF) as well as the effect of our posi-
tive control (DC vs CTRL), we implemented paired t-tests
to analyze ρ and 1 speed. Two-way ANOVAs (2 stimu-
lation modalities (AC / MF) × 6 conditions (CTRL plus
five frequencies)) for repeated measures were used to test
the effect of frequency of the time-varying exposure types
on ρ and 1 speed. Rao’s spacing test for circular unifor-
mity was used to determine whether θ was distributed uni-
formly. If not, the mean θ and angular deviation (± AD),
as well as the mean resultant vector length (||Er||), were
implemented to describe the main direction of sways from
PRE-STIM to STIM barycenters. ||Er|| is a measure of angu-
lar dispersion around the mean ranging from 0 to 1. The
closer ||Er||, gets to 1, the more the angles are concen-
trated around the angular mean thus describing one specific
direction [41].

FIGURE 3. Postural shift of COP barycenters from pre- to during exposure.
Pre-exposure barycenters are centered at the origin. Each dot location
represents the displacement due to exposure. The dot size shows the
absolute difference in 1 speed (amplitude only) while transparency
shows actual 1 speed (amplitude and sign: most transparent express
higher speed in pre-exposure).

III. RESULTS
A. DIFFERENCES IN CTRL CONDITIONS
As seen in Fig. 3 and Fig. 4, all CTRL conditions (blue
dots) were equivalent. Indeed, no differences were found for
ρ (F (2,74) = 1.58, p = 0.21) and for 1 speed (F (2,74) =
0.53, p = 0.5907)). Also, no specific sway directions were
found in the different CTRL groups (p > 0.05).

B. EFFECT OF STIMULATION DEVICE
Postural sway size was not affected by wearing the headset
as no significant effect was found on ρ (t (37) = −0.77,
p = 0.44) nor on 1 speed (t (37) = 1.19, p = 0.24). Also,
the headset did not organize sway spatially since Rao’s tests
in both conditions showed that θ values were uniformly
distributed (p > 0.05).
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FIGURE 4. Postural modulations for AC (left) and MF (right) at 60 Hz com-
pared to control conditions (blue dots). Results at 60 Hz are representat-
ive of all experimental conditions. Pre-exposure barycenters are centered
at the origin. Each dot location represents the displacement due to
exposure. The dot size shows the absolute difference in 1 speed (ampli-
tude only) while transparency shows actual 1 speed (amplitude and sign:
most transparent express higher speed in pre-exposure).

TABLE 1. Descriptive statistics for both stimulation groups (MF and AC)
across all frequencies (20, 60, 90,120 and 160 Hz). Mean and standard
deviation values for 1 speed and ρ. No information about θ is reported
since no mean angle could be computed.

C. EFFECTS OF POSITIVE CONTROL
1 speed (t (37) = 7.81, p < 0.0001, R2

= 0.62 - see
Fig. 3) and ρ (t (37) = 6.15, p < 0.001, R2

= 0.5 - see
Fig. 3) were significantly greater with DC than CTRL sign-
ing more important sway size due to DC. Also DC clearly
organised sway spatially. Indeed, as confirmed by the second
experimenter, DC induced an important obvious left forward
oblique postural sway (Mean θ = 157.4◦± 13◦, ||Er|| = 0.82,
p = 0.001), whereas no significant mean sway was found for
CTRL (p > 0.05), see Fig. 3).

D. EFFECTS OF AC AND MF STIMULATIONS
Fig. 4 depicts θ , ρ and 1 speed data for both stimulation
types (MF and AC) at 60 Hz. Indeed, results at 60 Hz are
representative of all frequency conditions (see table 1). Two-
way ANOVAs (2 stimulation modalities (AC/MF) × 6 con-
ditions (CTRL plus 5 frequencies)) for repeated measures
indicated no significant main effects of stimulation condition
for ρ (F (1,37)= 2.8, p= 0.1) nor on1 speed (F(1,37)= 0.80,
p = 0.37). Equally, no significant main effects of frequency
were found for ρ: (F (5,185) = 0.70, p = 0.62) and for 1
speed (F (5,185)= 1.83, p= 0.1). Also, no interaction effects
were found for ρ: (F (5, 185) = 0.88, p = 0.49) and for
1 speed: (F (5,185) = 1.64, p = 0.15). Rao’s test results
concerning θ for all MF and AC experimental conditions as
well as for CTRL groups, consistently showed that all angles
in each condition were uniformly distributed (p > 0.05)
underlining that neither MF nor AC stimulations oriented
postural control in any given specific direction.

IV. DISCUSSION
This work was a follow up of a previous study from our
group [21], from which the methodology and analysis have
been improved to account for now known biases and planar
modification of the COP.

The aim here was to study the potential acute effect of
vestibular exposure to a power-frequency MF on postural
outcomes. We hypothesized that MF-induced E-fields would
trigger vestibular hair cells and modulate the postural sway
in the same way they trigger magnetophosphene perception
when applied to retinal cells. AC stimulation is known to
impact postural control in humans [29], [42], and was thus
used in comparison with the ELF-MF outcomes. However,
since induction laws make an E-field’s strength proportional
to ELF-MF frequency but not with AC, we did not expect
similar frequency modulations in the outcomes.

The use of a DC stimulation as a positive control validated
the postural variables chosen in this work. The mean lowest
DC threshold reported in the literature to induce postural
responses in healthy controls is 0.32 mA [43]. Therefore, as
expected, our 2 mA DC stimulation resulted in an instanta-
neous effect on human balance. With higher 1 speed and
greater ρ, we observed a greater postural sway in DC than
in the CTRL condition. As predicted, participants swayed
towards the opposite side of the stimulated ear with a mean
direction angle of 157.4◦ ± 13◦, describing a left-oriented
oblique forward sway expected for a right monaural cathodal
DC stimulation [29]. However, we did not observe differences
in sway size and spatial orientation neither with ELF-MF nor
AC stimulations.

Since our 2 mA AC stimulation was over 6-fold higher
than the reported postural threshold, and since our DC stim-
ulation at the same intensity triggered a postural response,
the absence of AC results must, therefore, lay in the time-
varying characteristics of that stimulation.

However, for the ELF-MF, we still need to consider the
intensity. Indeed, the in-situ induced E-Field strength is inti-
mately tethered to the stimulation’s frequency. ICNIRP and
IEEE-ICES suggest estimating the intensity of ELF-MF with
the in-situ E-Field based on an ellipsoid model implementing
Maxwell equations [44]. Nonetheless, it is acknowledged that
good estimates of in-situ E-Fields can be computed with
analytical spherical models [23]. Therefore, as previously
done in our own work [21], [22], we estimated the in-situ
E-Field using the following equation, which is derived from
Maxwell’s third law: E = r

2
∂B
∂t = πrfB, where E repre-

sents the induced E-Field and r the radius of the Faraday’s
loop within a homogeneous alternating flux density B of
frequency f. For a constant value of B at a given value of r,
E will depend on the frequency f of stimulation. Following
this strategy, with a flux density measured at 141.42 mT
peak at the vestibular system, and frequencies ranging from
20 to 160 Hz, we obtain peak dB/dt between 18 T/s and
142 T/s. Considering a radius of 6 mm encompassing the
entire vestibular system [45] (Fig. 5), peak E-Fields could
be estimated between 0.054 V/m and 0.426 V/m. The entire
E-Fields values for the respective frequencies can be found
in Table 2.

To date, we did not find specific dosimetry work concern-
ing the vestibular system published in the literature. However,
in implanted epileptic participants, Huang et al. [46] found
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TABLE 2. ELF-MF and AC stimulations estimated peak E-Field values
across all frequencies.

FIGURE 5. Lateral view of E-fields impacting the right vestibular system
(grey structures) upon homogeneous MF increasing right-to-left (EB).
Considering a Faraday’s loop encompassing the entire vestibular system
(red circles), E-fields (EE) are generated tangentially to EB and can be
applied either at the canalithic (upper panels) or otolithic level (lower
panels). EEcol (dark blue arrows) represents the component of EE colinear
with the hair cells showing a greater impact at the utricular level.

that 2 mA sinusoidal transcranial electrical stimulation gener-
ates 0.4 V/m at the cortical level. More interestingly, they also
found such E-Fields values at deep brain structures like the
anterior cingulate and the periventricular white matter [46],
underlining that 2 mA at the skull, could translate to 0.4 V/m
globally to the entire CNS. Furthermore, given the high con-
ductivity values of the perilymph [47] the endolymph and the
vestibular structures [48], the currents are easily drawn to the
vestibular system. Hence, it is reasonable to estimate that our
DC and AC 2 mA stimulations can also generate 0.4 V/m at
the vestibular level (Table 2).

Considering the linear relationship between the applied
current’s intensity and the E-Field presented in
Huang et al [46], 0.32 mA translates to 0.064 V/m at the
vestibular system, suggesting that the ELF-MF level at 20 Hz
was the only condition below the postural threshold.

Yet, we must also consider the MF orientation and more
especially the relevant E-Field fraction relative to the vestibu-
lar sensors, as it would lower the impact on the structures.
Indeed, phosphene literature provides evidence that fields’
orientation is of paramount importance. Hirata et al. [23]
found close to a 2.5-fold difference in magnetophosphene
threshold values depending on whether fields were oriented
top-down or front-back relative to the retina. It has been
shown that only E-Fields colinear to the body of the neu-
ronal cells have a maximum impact [49]. Therefore, we
need to consider field orientation relative to the anatomical
structures.

ELF-MF go through the anatomical structures without any
hindrance and the induced E-Fields are orthogonal to the

MF, constraining the currents in specific directions. Using
high-resolution X-ray microtomography imaging techniques,
Chacko et al. [50] showed important inter-variability in the
orientation of the canalithic membranous labyrinths. Thus,
it is hard to consider how the canalithic hair cells were
oriented relative to the induced E-Fields. However, utricle
and saccule are reported to be mostly planar and lying in
the horizontal and vertical plane respectively [51]. It seems
reasonable to consider that only a small component of the
E-Field orientation was colinear with canalithic hair cells
(Fig. 5, top panels), whereas most of the E-Field would be
aligned with the utricular hair cells (Fig. 5, bottom panels).
The saccule being mostly considered orthogonal to the utri-
cle, the fraction of the E-Field colinear to the hair cells would
be almost null.

The orientation of the ELF-MF presented in this work
was intended to target the right vestibular system, which by
design limited the canalithic impact and favored utricular
stimulation. It is also important to emphasize that only a
fraction of the peak ELF-MF generated E-fields was deliv-
ered at the vestibular sensor level, reinforcing the fact that
the stimulation’s strength at 20 Hz was below the postural
threshold. While it is difficult to precisely assess the in-situ
E-fields levels generated at the other frequencies for both AC
and ELF-MF, the important fact is that there is no record of
postural modulations for both stimulation modalities. Once
again, this steers to the time-varying characteristics of these
stimulations.

The vestibular information involved in postural control is
integrated into the vestibular nuclei within specific vestibular-
only neurons projecting to the spinal cord, the vestibulo-
cerebellum, the thalamus, and the cortex [52]. This is through
this integrative process that a potential stimulation frequency
effect should be considered.

Although a given E-Field strength indifferently impacts
canals and otoliths [29], [53], [54] the information com-
ing from both subsystems does not seem to be equally
integrated within these specific vestibular-only neurons.
Indeed, as stimulation frequency increases, the weight of
the otolithic input raises, whereas the weight of canalithic
input decreases [55]. Hence, our high stimulation frequencies
would increase otolithic weight and decrease canalithic con-
tribution. Since postural behavioral responses due to vestibu-
lar electrical stimulations are thought to mainly result from
canalithic activations (for review see [56]), this integrative
weighting mechanism could be a reason for the absence
of postural modulations with both our ELF-MF and AC
stimulations.

As mentioned earlier, for our ELF-MF stimulations, the
utricle was potentially the most modulated structure due to
E-Field orientation. Interestingly, the utricle is dividedmostly
in half by a striola, on each side of which the vestibu-
lar hair cells are symmetrically polarized such that electri-
cal stimulations excite one half while inhibiting the other
[29], [57]. Consequently, for a homogenous E-Field stim-
ulation over the entire utricle, little net vestibular signals
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would be generated and integrated, possibly leading to lower
utricular effects [58].

Finally, it is hypothesized that for the biomechanical sys-
tem to work efficiently, only frequencies required to con-
trol task-specific muscle physiology are used [59]. Data
show that leg muscles only respond to frequencies below
20 Hz, indicating that vestibular inputs above this frequency
could be biomechanically low passed filtered at the muscle
level [59]–[61]. In the context of our study, this would imply
that the biomechanical low pass filtering could have lowered
the impact of vestibular stimulations on postural sway.

In summary within the postural control context, the use
of high frequencies in both ELF-MF and AC stimulations
limited sway responses by i) promoting otolithic activation
over the canalithic system, dampening if not inhibiting the
emergence of a net oriented head acceleration signal due to
cross-striolar inhibition mechanisms and ii) being low pass
filtered by the neuromuscular system.

The absence of postural response would therefore not
reflect an absence of effect on the vestibular system but
rather an absence of functional translation to postural control
outcomes.

In that regard, we are proposing to discuss the sensitivity of
the vestibular system through a look at pathways mediating
quick three neuron arc reflexes such as the vestibulo-ocular
and vestibulospinal reflexes [20]. In this perspective, mean
DC stimulations as low as 0.1 mA have been reported to
trigger reflexive eye movement in healthy participants [25].
Once again, considering the linear relationship between the
current’s intensity and the E-Field [46], 0.1 mA translates to
0.02 V/m at the vestibular system.

In this case, all ELF-MF generated E-Fields (Table 2) are
now all above the reflexive vestibular threshold. Furthermore,
Forbes et al. [62], recording human neckmotoneuron activity,
showed that 300 Hz AC stimulations modulate canalithic
activity. This not only highlights their sensitivity to such
high frequencies but also that their activation translates into
myogenic reflexive activity through less integrated vestibu-
lospinal pathways [62]. Moreover, otolithic hair cells phase
lock with frequencies above 2000 Hz [63]. Therefore, from
a vestibulo-reflexive pathway standpoint, our stimulations’
intensities were high enough to modulate vestibular activity
and our stimulations’ frequencies were not a limiting param-
eter.

Altogether, our stimulations’ frequencies stand out as the
main limiting postural factor in our study. Taken together
with our previous studies [21], [22], this work suggests that
powerline-frequency vestibular specific ELF-MF stimula-
tions cannot have functional effects on postural outcomes.
Yet, vestibular reflexes are sensitives to both higher stim-
ulation frequencies and lower stimulation intensities. Con-
sequently, further protocols should implement eye-tracking
methods [64], [65] to study the ELF-MF impact on the
vestibulo-ocular reflex. Furthermore, given the field orien-
tation, and the implication of the otolithic activity at higher
frequencies, the focus of further investigations could also

point to specific otolithic tests such as ocular and cervi-
cal vestibular evoked myogenic potentials, both sensitive to
E-fields [66], [67].

V. CONCLUSION
We did not find postural modulations with our lateral vestibu-
lar ELF-MF stimulations, which is consistent with the find-
ing from our strong entire head top-down ELF-MF stimula-
tion study [Bouisset et al., 2020]. Based on Lövsund et al.
[Lövsund et al., 1979], and Saunders and Jefferys [Saunders
and Jefferys, 2007], the synaptic threshold is 0.075 V/m
peak in the ELF-MF range [3]. This threshold is reported to
trigger synaptic modulations, potentially leading to adverse
effects in the brain [3]. However, using in-situ E-Fields up to
0.426 V/m at the vestibular level, this study also subjected
the CNS structures under the coils to fields well above this
synaptic threshold and no sensorimotor effects were found (in
line with our previous results [22]). Therefore, these results
challenge the idea assuming that neurophysiological simi-
larities between sensory systems would trigger equivalent
responses and the possibility to generalize local effects to
other parts of the CNS. It also raises the questions of the
functional scale at which the E-fields are to be estimated as
well as fields’ orientations relative to the structure of concern.
Finally, our study highlights the importance of understanding
the mechanisms of neuronal integration. These are critical
questions to be addressed to fill the actual knowledge gaps
[68] which will surely be useful in the future writing of both
ICNIRP guidelines and IEEE-ICES standards.
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