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Abstract 

The vestibular system is extremely sensitive to electric fields (E-Fields). Indeed, vestibular 

hair cells are graded potential cells and this property makes them very susceptible to small 

membrane potential modulations.  Studies show that extremely low-frequency magnetic fields 

(ELF-MF) induced E-Fields impact postural control in which the vestibular system plays an 

important role. However, the knowledge of whether this is indeed a vestibular specific effect 

is still pending. 

Considering its crucial role and the specific neurophysiological characteristics of its hair cells, 

the vestibular system emerges as an ELF-MF likely target 

The three studies presented in this thesis aimed to further address whether ELF-MF modulate 

vestibular-driven outcomes. 

Studies 1 and 2 aimed to investigate postural responses while more specifically targeting the 

vestibular system. However, we did not find any modulation in either study. Nonetheless, 

based on both studies, study 3 aimed to determine whether the orientation and frequency of 

our stimulations were more likely to target the otoliths. Therefore, the third study looked at the 

subjective visual vertical. Here, we found a potential ELF-MF utricular modulation. 

This thesis is the first steppingstone in a new field of research. Further investigations regarding 

the interaction between the ELF-MF and the vestibular system will have to look at more 

reflexives vestibular outcomes. Nonetheless, this thesis provides valuable information that will 

need to be taken into consideration when writing future international guidelines and standards 

related to ELF-MF. 

Keywords 

Electromagnetic induction, Extremely Low-Frequency Magnetic Fields (ELF-MFs), human 

vestibular system, Electric vestibular stimulations, postural control, subjective visual vertical. 
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Summary for Lay Audience 

Without noticing it, because of electricity generation and use, electromagnetic fields surround 

us in our daily lives. When sufficiently strong, these fields generate electrical currents inside 

the body. Such currents can modulate the physiologic electric information transiting in the 

form of electrical signals propagating inside the nerves. This impact raises health and safety 

concerns regarding the interactions between these fields and human neurophysiology. The 

most constant and sensitive response to electromagnetic fields resulting from power generation 

and transport is the perception of flickering lights appearing in the peripheral visual field. It 

underlines an interaction with cells in the retina. This phenomenon is used as the model for the 

interaction between the so-called extremely low frequency electromagnetic fields (ELF-MF) 

and the brain and is adopted as the basis for international guidelines and standards, setting the 

exposure limits to avoid adverse human effects. However, there are still several gaps in our 

overall knowledge of the threshold effects and our understanding of the precise interaction 

mechanisms and looking at the impact on other sensory systems could provide potential 

answers. 

The vestibular system is a little sensory organ nestled within the inner ear. It is known as the 

balance system. This tiny sensory system has sensors extremely sensitive to electrical 

stimulations, which are also very close neurophysiologically to the sensors found within the 

retina. Therefore, the vestibular system seems to be a good alternate model to study the impact 

of low frequency electromagnetic fields on human neurophysiology. 

This thesis explores the impact of electric and magnetic signals applied to the vestibular system 

by looking at balance in the first two studies and space perception in the third study. We did 

not find balance differences in outcomes when we stimulated the participants. However, the 

study on space perception showed that the ELF-MF could have modulated a subsystem within 

the vestibular system.  

Altogether this thesis stresses useful information for the safety of both the public and the 

workers subjected to ELF-MF.  Finally, this thesis is the first steppingstone in this relatively 

new research avenue and further research related to the vestibular system will need to be 

investigated in the future.  
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I) General introduction 

When asked about sensory experiences, people will easily define sight, touch, hearing, 

taste, and smell. Indeed, inputs from distinct sensory organs, emerge as conscious 

perceptions after being integrated within the brain. Yet, we often forget about another 

sensory organ: the vestibular system. Indeed, this system is so humble that it was only 

considered as a specific sensory organ just a little bit more than a century ago (1), although 

it is the first sensory system to develop in the womb and is fully operational before birth. 

Surely, the constant presence of gravity on earth could be a reason for this (2). We might 

argue that its late discovery would reflect the minor role it plays in our daily lives, but this 

assumption is far from the truth (3).  

Although normally “quiet”, the slightest dysfunction of this minuscule sensory organ 

produces compelling difficulties spanning from lack of balance to gaze instability (4). 

We take for granted living on our feet and moving around without falling, knowing where 

we are in space. Certainly, most people do not pay attention to the small part of the inner 

ear, called the vestibular system, responsible for so many proper bodily functions.   

Another thing people do not pay attention to is the electromagnetic environments in which 

they live. Indeed, Extremely Low-Frequency Magnetic Fields (ELF-MFs < 300 Hz) at 

powerline frequencies (i.e. 60 Hz in North America) are ubiquitous in modern societies 

due to the generation, distribution, and use of alternating currents (AC). ELF-MF induce 

electric fields (E-Fields) and currents in exposed conductors and are thus prone to penetrate 

the human body. Yet, most people are unaware of such Fields. 

This thesis stands at the crossroads where the vestibular system and the ELF-MF meet. 

Within a framework encompassing health risks and safety concerns, this work focuses on 

identifying whether ELF-MF exposure modulates vestibular function. This is done through 

the analysis of behavioral outcomes sought after to set and write international standards 

and guidelines. In this perspective, this thesis is a modest attempt to contribute to our 

current understanding of how ELF-MF exposure impact human neurophysiology. 
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 The vestibular system: an overview 

The vestibular system lies within the inner ear (one on each side of the head). When 

working perfectly, the vestibular system is silent and there is no conscious experience of 

its function. This is why Aristotle [384-322 B.C] did not list it amongst our five other 

senses, as researchers and clinicians only discovered it’s function a little bit more than a 

century ago (1). Its main structure consists of a labyrinth of membranous tubules filled with 

endolymph fluid, which is continuous with the auditory component of the inner ear (i.e. 

cochlea) (FIG. I-1) (5–7). Two distinct subsystems constitute the vestibular system: the 

semicircular canals and the otolith organs. The formers detect angular accelerations of the 

head. The latter, found within the utricle and saccule, detect horizontal and vertical linear 

accelerations of the head, respectively. This is done by transducing mechanical information 

(i.e. head movement) into electrical information integrated at the Central Nervous System 

(CNS) level. The sensing elements of the vestibular system, found in both subsystems, are 

called hair cells. Head movements produce a deflection of the hair cells towards or away 

from the so-called kinocilium, ultimately triggering a train of action potentials transmitted 

to the CNS (5,7). 

 

Figure I-1 Overview of the vestibular system: A. Anatomical structures constituting 

the two vestibular subsystems. B. The semicircular ducts end in the ampulla 

containing the hair cell receptors. A rotational acceleration of the head creates an 

endolymphatic flux displacing the cupula. bending the cilia in the opposite direction 
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of the rotation. C. A linear acceleration or a static head tilt can displace the otolithic 

membrane creating shear forces bending the otolithic hair cells. Adapted from (8) . 

The vestibular system works as a push-pull mechanism. This means that, as the firing rate 

of one part of the system increases, the firing rate of another part decreases accordingly.  

The brain compares the difference between the firing rates on both sides and interprets it 

as head movements. 

Once the peripheral vestibular afferent information reaches the vestibular nuclei within the 

brainstem, it passes through different ascending and descending neurological pathways. 

There are four main distinctive pathways (FIG. I-2): 1) the vestibulo-ocular, 2) the 

vestibulospinal, 3) the vestibulo-thalamo-cortical and 4) the vestibulo-autonomous 

pathways.  
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Figure I-2 Vestibular inputs integrated within the vestibular nuclei (red dot) and 

distributed through the four vestibular pathways. Adapted from (4), (9), and (10) 

Therefore, the vestibular system contributes to multiple bodily functions.  Indeed, the 

vestibular system plays an important role in balance (11–14), gait (15,16), control of arm 

movements (17–20) as well as in gaze stability and eye movements (21–23).  

It also handles high cortical tasks (3) such as self-motion estimation (4,24), spatial memory 

(25), external space representation and space navigation (26,27). Vestibulo-cognitive 

implications also show the importance of the vestibular system in daily living functions 

such as decision-making, arithmetic abilities, reading, concentration, and restriction of 

mobility (28). The vestibular system also plays a role in regulating emotions, affective 

processes and disorders (3,29) such as anxiety (30), mood (31,32), pain modulation (33–



5 

 

36) as well as being decisively implicated in embodiment mechanisms linked to body 

schema construction (37–43).  

The otolithic system also regulates circadian rhythms, homeostasis, and body composition 

possibly due to vestibulo-hypothalamic connections (44). Finally, the vestibular system is 

linked with autonomic system functions (10,29,45) impacting autonomic reflexes such as 

the vestibulo-sympathetic reflex (46) modulating blood pressure, heart rate, and cerebral 

blood flow (10,47–49). The vestibular system is thus much more complex than previously 

thought (3) and we can discern why it is critical to investigate whether the electromagnetic 

fields surrounding us daily impact its function. 

 

 Magnetic Fields: an overview 

Natural and man-made sources of Magnetic Fields (MF) are omnipresent in our 

environment (50–52). Although we measure the intensity (H) of MF in Ampere per meter 

(A/m), we most often report them in terms of their magnetic flux density (B) measured in 

Tesla (T). The relation between H and B follows equation [1] where μ is a permeability 

constant equal to 1.256*10-6 Henries per meter (H/m).  

𝐵 = 𝜇 𝐻 [1] 

MF are either steady (i.e. static) or fluctuating over time (i.e. time-varying).  

 

 Static Magnetic Fields  

Sources of Static Magnetic Fields (SMF) can either be natural or industrial. The earth’s 

surface static geomagnetic field values range between 30 and 70  microTesla (µT) (53) and 

represents the main natural SMF source. Indeed, we rarely think about the earth’s SMF. 

Yet, looking at our children amazed by a compass needle or astonished when flocks of 

Canadian geese fly south when winter settles, always remind us that the earth indeed 

behaves like a magnet. 
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Artificial or man-made SMF are more diverse. One source of such industrial SMF comes 

from high voltage direct current used in transporting electric energy over long distances 

which generate 20 µT (54). Using superconductors’ diamagnetic properties, another source 

of SMF is found in rail transportation for magnetic levitation trains where SMF values can 

range from 10 to 100 mT close to the trains’ engines (54). However, the most common 

environment in which humans encounter important SMF is in the vicinity of Magnetic 

Resonance Imaging (MRI) scanners. In this specific environment, the SMF values range 

between the classical 1.5 T MRI scanner used for clinical imagery reasons and the 14 T 

super-conducting magnets operated for research purposes (55,56). 

 

 Time-Varying Magnetic Fields  

Depending on the frequency bandwidth, there are different types of time-varying magnetic 

fields. In this thesis will we only focus on Extremely Low Frequency Magnetic Fields 

(ELF-MF < 300 Hz).  

Since Michael Faraday’s work, in the ELF-MF range, we know that changes in magnetic 

flux generate electric fields (E-Fields) and currents in conductors.  The human body is a 

conductor. Therefore, any change in the MF flux density over time (dB/dt measured in T/s) 

induces E-Fields and currents within it. The higher the dB/dt, the higher the E-Fields. This 

is given by equation [2] where E is the E- field expressed in volts per meter (V/m) and r is 

the radius of the Faraday’s loop (structure of concern) in meters (m) within a homogeneous 

alternating flux density B of frequency 𝑓 expressed in hertz (Hz). 

𝐸 =
𝑟

2
  
𝜕𝐵

𝜕𝑡
=  𝜋𝑟𝑓𝐵  [2] 

Also, the MF strength value (B) follows equation [3] where (μ) represents once again the 

permeability constant described for equation [1], (I) is the current intensity and (r) the 

distance from the source. 

𝐵 =
μ I

2πr
 [3] 
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Thus, (B) proportionally decreases with increased distance from the source. 

ELF-MF can be confronted in two distinct environments. On the one hand, ELF-MF are 

ubiquitous wherever electricity is produced, transported, or used. Since they result from 

moving electric charges, time-varying electric currents at powerline frequency (i.e. 

domestic electricity at 50 or 60 Hz), generate ELF-MF at the same frequencies. On the 

other hand, in an MRI setting, outside the bore, given equation [3], the strength of the 

magnetic field decays with distance. This creates an inhomogeneous SMF gradient. 

Moving through this gradient results in movement-induced ELF-MF which according to 

equation [2], not only depend on the SMF strength but also on the speed of movement.  

Therefore, given the laws of induction, depending on the distance from the source, ELF-

MF induce more or less important E-Fields and currents inside the human body. Depending 

on their strength, they can possibly interfere with the body own physiological electric 

activity. 

 

 ELF-MF and electrostimulation: Health and safety 
concerns 

From a health and safety perspective, electrostimulation through electromagnetic induction 

is a concern in the ELF range. Thus, it is essential to establish if the exposure levels, to 

which one is exposed for short or longer periods, potentially provoke biological and/or 

adverse health effects. In this regard, international agencies such as the International 

Commission for Non-Ionizing Radiation Protection (ICNIRP) and the International 

Committee on Electromagnetic Safety of Electrical and Electronics Engineers (IEEE-

ICES) carefully review scientific data to publish standards, guidelines, and 

recommendations (57–60).  

The average levels of such public ELF-MF exposures are usually found between 0.1 µT 

and 0.3 µT (53). However, they can reach higher levels up to 2 mT for commonly used 

electrical household appliances (51,61,62). Furthermore, for those working close to high 

current conductors, such as live-line electric utility workers, exposure levels reach up to 10 
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mT (53). These values can exceed the ELF-MF restrictions found in both international 

guidelines (59) and standards (63) (Table I-1). Moreover, the movement-induced ELF-MF 

within the MRI setting can also generate E-Field values exceeding the basic restrictions 

highlighted in the guidelines (64). 

Being exposed to ELF-MF above guidelines’ restrictions means that the generated E-Fields 

could exceed the 0.075 V/m peak threshold reported to trigger synaptic modulations, 

potentially leading to sensory experiences as well as adverse effects in the human brain 

(57). 

Table I-1 ICNIRP and IEEE-ICES ICES reference levels for ELF-MF head 

exposures 

 

 

 ELF-MF: Magnetophosphenes and neurophysiological 
functions  

When exposed to sufficiently strong ELF-MF (65) or alternating electrical stimulations 

(66–68), participants describe an acute neurophysiological response known as phosphenes. 

Phosphenes are flickering lights appearing in the peripheral visual field. Electrophosphenes 

and magnetophosphenes share common mechanisms (69) and evidence shows that they are 

directly linked to the retinal membrane electrical potential modulation (68,70–72).  

Magnetophosphenes are generated by movement-induced ELF-MF in MRI environments 

(56,73–75), as well as in exclusive ELF-MF settings (65,76,77), and represent to date, the 

most established and sensitive ELF-MF acute biological responses.  

The retina is a part of the central nervous system (CNS) and shares most of the architectural 

and biological mechanisms found in the brain (70). Both computational models (78–80) as 

well as human data (81–84), are in favor of an induction impact of ELF-MF on the CNS. 

20 Hz 50 Hz 60 Hz

General Public Guidelines

Occupational/Controlled

Environment Guidelines

ICNIRP (mTrms) IEEE (mTrms)

20-759 Hz

0.9

2.71

0.2 0.2

1.25 1 1

0.25
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Yet, contrary to the magnetophosphenes studies, the ELF-MF modulation results of CNS 

structures are miscellaneous (85). Therefore, given the consistency of  the retinal responses 

and the close similarities between the retina and the brain, phosphenes are used as the main 

model to study the impact of ELF-MF on the CNS to produce the guidelines (57–59).  

However, there are still gaps regarding the interaction mechanisms between the ELF-MF 

and human neurophysiology (86) which questions whether generalizing the retinal 

outcomes to the entire CNS is appropriate or whether ELF-MF only impact specific sensory 

cells. 

 

 The vestibular system: a new model to study the ELF-MF 

impact on neurophysiology? 

Besides the brain, the retinal cells also share important similarities and common 

neurophysiological properties with the vestibular hair cells. Indeed, both types of cells use 

graded potential for signal processing (87) both releasing glutamate gradually from ribbon 

synapses (88–92), regulated in both systems by the same specialized components known 

as Usher, RIBEYE and  SNARE protein complexes (93–95).  

Also, remarkably, when d'Arsonval first reported magnetophosphenes, his participants 

additionally described having vertigo (65). It is noteworthy to read that electrostimulation 

from the same ELF-MF stimulations produced two distinct outcomes potentially coming 

from two distinct sensory system. Furthermore, like the retinal photoreceptors (96), the 

vestibular system is also sensitive to E-Fields (97). 

Therefore, given i) the striking neurophysiological and structural similarities between both 

the retinal cells and the vestibular hair cells, ii) the known retinal and vestibular sensitivity 

to E-Fields and iii) the presumed vestibular effects triggered by the ELF-MF in 

d'Arsonval’s study, the question raises whether ELF-MF impact the vestibular system.  

Thus, investigations relative to induction on the vestibular system needs to be pushed 

further. 
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 Magnetic Fields and the vestibular system: interaction 
mechanisms  

In a seminal paper published in 2007, Glover et al. (98), described three physical 

mechanisms that could trigger vestibular responses: i) the Diamagnetic Susceptibility (DS), 

ii) the Magneto-HydroDynamic (MHD) forces and iii) the induced Galvanic Vestibular 

Stimulation. 

 

 The Diamagnetic Susceptibility (DS) 

Unlike the vestibular cupula in which there are no crystalline structures, the otoconia 

located in the utricle and saccule end organs are calcium carbonate bio-crystals. This gives 

the otolithic subsystem diamagnetic properties. Thus, when subjected to a MF, an induced 

repulsive force could repel the otolithic membrane in the opposite direction creating a shear 

force triggering the hair cells (FIG. I-1). However, this mechanism necessitates two 

conditions: i) high field strength in the order of  7 T (98) and ii) an inhomogeneous MF.  

To our knowledge, these conditions can only be met within the magnetic stray fields from 

MRI scanners. Yet, even in this specific environment, the DS hypothesis has been 

consistently dismissed as negligible, both in theoretical and experimental works (98–100). 

 

 The Magneto-HydroDynamic (MHD) forces 

There are two kinds of MHD forces: i) motion induced MHD forces and ii) Static MHD 

forces also known as Lorentz forces. 

 

1.3.2.1 Motion induced MHD forces 

Motion induced MHD forces require a moving conducting fluids (i.e. blood flow or ionic 

currents) within a high MF environments (101). Therefore, applying this mechanism to the 

vestibular system necessitates both high-velocity endolymphatic flux (i.e. vigorous head 
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movements) within a strong MF environment. Taking a flux density of  7 T and an angular 

velocity of 10 rad/s in their model, Glover et al. (98) found a pressure of 5.5 microPascals 

(μPa) which is under the threshold necessary to start pushing on the cupula (102). 

Therefore, this hypothesis was considered irrelevant to the vestibular system. 

 

1.3.2.2 Lorentz Forces (Static MHD) 

The generation of Lorentz forces requires a conductive fluid and a high MF strength. In 

this case, contrary to the Motion induced MHD forces, no movement is required. The 

vestibular endolymph is an ion-rich fluid and potassium as well as calcium currents 

constantly flow through the hair cells. The utricle plays an important role in this mechanism 

for two reasons: i) the higher ionic currents found at its level and ii) its location close to 

both the anterior and the lateral canals.  Indeed, there is approximately 33,000 hair cells at 

the utricle level. This is 4.5 times more than the number of hair cells found within a 

canalithic ampullae.  Therefore. this is where the highest current density is to be found. 

When interacting with a high strength SMF, these ionic currents at the utricle level produce 

a Lorentz force generating a strong enough pressure (99) sensed by the cupulas of the 

lateral and anterior semicircular canals (103,104) (FIG. I-3). Due to the SMF orientation, 

the direction of the Lorentz force excites one vestibular system while inhibiting the other 

(104). The asymmetry between the two vestibular systems simulates a constant head 

acceleration (105–107), generating clear nystagmus (involuntary reflexives eyes 

movements) (103–105,108,109). In a 7 T MRI bore, the horizontal component of recorded 

nystagmus can peak up to 40 deg/sec before generally plateauing around a mean of 10 

deg/sec (105). Furthermore that response can last up to 90 min during the entire exposure, 

while participants lay still in the MRI bore (105).  

Up to date, backed up by mathematical modeling (99) and both animal (55,110–115) and 

human (100,103,104,108) experimental data, the Lorentz force is the more thoroughly 

understood mechanism explaining the impact of high SMF above 1.5 T (116) on the 

vestibular system.  
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Figure I-3 The Lorentz force mechanism (Adapted from (104)): When interacting 

with a strong magnetic field (�⃗⃗�  - yellow arrow), the utricular ionic current (𝑱  - green 

arrow) results in a Lorentz force (�⃗⃗�  - red arrow) inducing a sufficiently strong 

endolymph flows (orange arrows) able to act on both the horizontal and superior 

canal cupulas. The right-hand rule shows the relationship between each vector. Axis 

represents the Right, Anterior, Superior (RAS) radiological coordinate system 

[+X/right, +Y/anterior, +Z/superior].  

 

 Induced Galvanic Vestibular Stimulation (iGVS)  

As seen above, following equation [2], ELF-MF induce E-Field and currents that can 

impact human neurophysiology. Transcranial electrical stimulation is also a well-known 

means in which E-Field change cortical excitability. This is done by applying electrodes to 

the skull to excite the underlying neural structures (117). Such electric stimulations can 

either use direct or alternating currents. Depending on the types of currents used, the 
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stimulation is either termed transcranial direct current stimulation (tDCS) or transcranial 

alternating current stimulation (tACS).  

As for the retina, the vestibular system is extremely sensitive to low intensity electric 

currents (97), often reported in the literature as galvanic vestibular stimulations (GVS) (for 

review see (14)).  

 GVS is just a variant of transcranial electrical stimulation where electrodes application is 

at the mastoid processes on the temporal bones. Such an electrode application triggers 

specific vestibular outcomes (for reviews see (14,118)). Like tDCS and tACS, GVS can 

also use direct or alternating currents.  

With electric stimulations, the intensity is more often reported in milliamperes (mA). 

Knowing the intensity, we can easily get the current density (J) in mA per meter squared 

(mA/m2). Interestingly J relates to the E-Field strength following equation [4] where (s) is 

the local tissue conductivity expressed in Siemens per meter (S/m). 

𝐸 = J. s [4] 

As seen above with equation [2], E-Fields are also proportional to the dB/dt values 

expressing the change in the MF flux density over time.  

Since GVS as well as ELF-MF both produce E-Fields, induction was thus hypothesized 

to trigger vestibular outcomes. Yet, compared to GVS, an ELF-MF vestibular effect still 

lacks evidence and data is needed. 

 

 Electric fields, currents and the vestibular systems 

In the guidelines and standards, within the ELF-MF range, the main concern relates to the 

electrostimulation of the neural structures. Therefore, electromagnetic induction will be the 

focus herein. We will first consider whether the ELF-MF induced currents can easily reach 

the vestibular system, before considering the mechanisms through which these currents 

could interact with its neurophysiology. 
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 High conductivity  

To influence the function of a sensory system, the induced currents first need to be drawn 

to it. At the vestibular system level, the perilymph possesses a high conductivity value 

close to the one attributed to the cerebrospinal fluid (CSF), which is found at 1.79 S/m 

(119). The highest current densities occur for such high conductivity fluids (61,68,120) 

which procure a low-resistance current path to the vestibular system. The vestibular 

cupulas, as well as the endolymph, have the same high conductive value of 1 S/m (99). In 

comparison, the eye’s vitreous humor is around 1.5 S/m and the retina’s value is 0.7 S/m 

(121). The eye, easily impacted by ELF-MF induced currents, has, therefore, conductivity 

values lower than the ones found at the vestibular system level. This should, all the more, 

make the vestibular system a great candidate for “attracting” the ELF-MF induced currents 

to itself and revealing their potential impact. 

 

Figure I-4 Left panel shows a classical monaural GVS montages where one electrode 

is applied to one mastoid process while the second electrode is placed at the C7 spinous 

process. Right panel shows the location of the vestibular system within a human head 

where 60 % of the stimulation is still found. Adapted from (68). 
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Laakso et al. (68) analyzed different tACS montages inducing electrophosphenes. Looking 

at the T3-Oz montage is of particular interest since this montage is fairly close to a 

monaural GVS montage where the electrodes are set at the mastoid process and the base 

of the neck (122,123) (FIG. I-4 - Left panel). Laakso et al. (68) found that current density 

hotspots are mostly found at the CSF level when we apply the current to the skull.  

Consequently, because perilymph and CSF have close conductivity values, current density 

hotspots should be found at the perilymph level within the vestibular system. While the 

low conductivities of skin (0.10 S/m), fat (0.04 S/m) and bone (0.02 S/m) of the head 

obstruct the currents applied to the skull, we can still find 60 % of the stimulation in the 

head within 5 cm from the center of the stimulating electrode (68) (FIG. I-4 - right panel). 

However, no such obstruction occurs with ELF-MF, as the fields go through the anatomical 

structures without any hindrance, making it ideal for electrostimulation of the vestibular 

system bathed in high conductivity fluids.  

 

 Transduction mechanism 

Now that we have seen that electric currents can easily be drawn to the eye and even more 

so to the vestibular system, we need to consider how these currents could modulate their 

function. 

Amongst several theories explaining how the E-Fields impact human neurophysiology, the 

transduction hypothesis has been pushed forward as the most reliable (for review see 

(124)). Transduction is defined as translating one signal into another. Sensory transduction, 

therefore, relates to how a sensory system translate a stimulus into the electric signal 

transmitted by the axons to be processed in the brain. This is classically done through a 

modulation of the cell membranes’ potential enabling neurotransmitter release in the 

synaptic cleft. Both the visual and the vestibular system use transduction mechanisms. 

Studying phototransduction in the retina is useful for two reasons. First, because retinal 

photoreceptors are the best understood cells amongst all the sensory cells, they provide a 

great model for understanding sensory transduction in general (125). Second, as stated 

before, the retina is not a peripheral system but an integrative part of the CNS with which 
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it shares a comparable synaptic organization (125). Therefore it is considered as a good 

neural processing model for the brain (70). 

Vestibular hair cells also use transduction mechanisms in which mechanical head 

movements inputs are transduced in electrical signals sent to the CNS. Physiologically 

when the stereocilia are deflected towards the kinocilium (FIG. I-5.1), the mechano-electric 

transducer (MET) channels open and potassium (K+) enters the hair cells (FIG. I-5.2) 

depolarizing it (FIG. I-5.3). This results in the activation of voltage-gated calcium channels 

(VGCCs) (FIG. I-5.4). The more the hair cells are depolarized the more VGCCs open, the 

more calcium (Ca2+) enters the hair cells (FIG. I-5.4), helping the quantal release of 

neurotransmitters (mainly glutamate) within the synaptic cleft (FIG. I-5.5). Glutamate, 

through quantal transmission at the vestibular hair cell ribbon synapse, mostly binds on 

post-synaptic AMPA and NMDA receptors. This triggers the opening of ionic channels 

which depolarize the membrane in the postsynaptic neuron. This finally results in 

triggering spikes in the afferent nerve fiber (7,89) (FIG. I-5.6). Indeed, from the 

postsynaptic end, the transmission of information to the brain requires that postsynaptic 

voltages be converted to spike trains transmitted to the CNS (5,7). This means that the 

spiking activity sent to the central nervous system rigorously reflects hair cell activity. 
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Figure I-5. Illustration of the six hair cell’s transduction stages.  Adapted from (92). 

1) Mechanic force deflecting the stereocilia. 2) Potassium entering hair cell. 3) Hair 

cell basolateral current depolarizing the hair cell. 4) Inward calcium currents. 5) 

Glutamate release in cleft. 6) Spike encoder. 

At the cortical level, electric currents (126–128) as well as ELF-MF (129) both create an 

induced voltage able to change the transmembrane neuronal potential modulating 

glutamate concentrations (130,131). This is also true for the retinal photoreceptors as 

evidence shows that electrophosphenes  and magnetophosphenes are due to a modulation 

of the retinal cell’s membrane electrical potential by the E-Fields (68,70,132). 

However, for transduction to be a valid hypothesis for the vestibular system, it must be 

implied that the induced E-Fields and currents modulate the hair cells’ membrane potential.  

Yet, traditionally the currents are thought to bypass the hair cells to directly impact the 

spike trigger zone of the primary afferents (14,97,133). Indeed, direct electrical stimulation 

of the afferents triggers vestibular responses (134,135), even when the vestibular apparatus 

is completely removed (136).  
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Therefore, although it is thought that what is true for the visual system also applies to other 

sensory systems (124), further proof is needed to validate the transduction hypothesis for 

the vestibular system.  

 

 Hair cells and E-Fields 

In  healthy humans, the vestibulo-ocular response to GVS, known as eVOR, is phasic when 

a direct electrical vestibular stimulation is switched on or off, but remains tonic as long as 

the same stimulation is maintained (137). However, patients injected with Gentamicin have 

impaired phasic and tonic eVOR responses (138). Gentamicin is an aminoglycoside 

antibiotic drug that can infiltrate through the transduction channels. It is known for its 

ototoxic effect that can damage and/or kill the hair cells. Due to the known refractory 

periods after the generation of action potentials, Aw et al. (138) suggested that the impaired 

eVOR responses are due to a decreased neurotransmitter release within the synaptic cleft, 

therefore underlining the impact of the E-Fields on the hair cells in humans. Yet, 

Gentamicin also induces secondary loss of vestibular afferents which may plausibly reduce 

their excitability to electric stimulations. 

However, Zenner et al. (139) showed that alternating E-Fields electrically evoked hair cell 

motility (changes in hair cell length). These changes were more prominent in type I hair 

cells and abolished with damaged cell membranes. Also, the precise protocols put together 

by Norris et al. (140) and more recently by Gensberger et al. (141) looking at the precise 

site of action of the E-Fields on the vestibular system demonstrated that both DC (140) and 

AC currents (141) also impact the hair cells. 

 

 Voltage gated calcium channels and E-Fields 

Going against the more traditional thought relating the impact of E-Field on the spike 

trigger zone of the primary afferents, some evidence states that electric currents modulate 

the hair cells (118,138–141), pushing the transduction hypothesis further. Therefore, 

considering this point as true, we now need to understand which step of the transduction 

mechanism could be impacted by the E-Fields.  
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Voltage Gated Calcium Channels and more specifically the L-type (L-VGCCs), seem to 

be the cornerstone when it comes to electromagnetic fields stimulations as they are 

extremely sensitive to ELF-MF (129,142). Indeed, Pall writes in his review of the literature 

(142) that “most if not all electromagnetic fields-mediated responses may be produced 

through VGCC stimulation” and VGCCs are “essential to the responses produced by 

extremely low frequency (including 50/60 Hz) electromagnetic fields”. Indeed, 

when Verapamil, an L-type VGCCs blocker is used, most of the effects of Electromagnetic 

field stimulation are impaired or blocked (142).  

L-VGCCs are the most common type found at the hair cell level (143). They are activated 

at the hair cells' resting potential. This resting firing rate is sustained by a continuous 

depolarizing current through the not entirely closed MET channels at rest. This enables 

biphasic potentials of the hair cells allowing for the preservation of the temporal 

information found in the stimuli. That means that sinusoidal stimuli induce an identical 

sinusoidal modulation of the membrane potential.  

VGCCs have particularly fast activation/deactivation kinetics, in the order of microseconds 

(144), enabling them to respond to stimuli with frequency much higher than the powerline 

frequencies found at 50/60 Hz. VGCCs localization is of particular interest. Indeed, they 

are near the ribbon synapses where the neurotransmitter quantal release is done 

continuously. This is both true at the retinal (145,146) and the vestibular hair cell (143) 

levels. The great amount of releasable pool of vesicles within ribbon synapses enable 

smooth graded changes in post-synaptic membrane potentials (147) which enable both the 

retinal photoreceptors and the vestibular hair cells to transmit small signals very reliably 

(87,144). Thus, VGCCs are perfectly appropriate for quickly, precisely and continuously 

modulating neurotransmitter release under high-frequency conditions.  

Furthermore, trying to find the exact E-Field site of action, Norris et al. (140) looked at the 

effect of GVS when normal perilymph was replaced with a low calcium/high magnesium 

perilymph. Interestingly, all afferent responses in this case were abolished pointing to the 

paramount role played by Ca2+ and the L-VGCCs when GVS is applied. By depolarizing 

the hair cell membrane, the E-Field would activate the L-VGCCs letting the Ca2+ in the 
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cells. In cascade this triggers glutamate release within the synaptic cleft which is linearly 

proportional to the number of opened VGCCs. Therefore, through glutamate release within 

the synaptic cleft,  postsynaptic activity is linearly linked to the presynaptic Ca2+ current 

(144) and thus to the membrane polarization (92). Interestingly, at the retinal level, the 

same linear relationship between the presynaptic amount of Ca2+, the neurotransmitter  

(also glutamate) release in the synaptic cleft and the encoding of small changes in light 

intensity, has been shown at the rod photoreceptor ribbon synapse (148), presumably 

responsible for phosphene generation (70). Indeed, Attwell (70) emphasized the role of 

VGCCs and the graded potential cells on magnetophosphenes production. 

In summary, the ELF-MF stimulations could dynamically modulate the hair cells’ 

membrane potential. Through L-VGCC activation and glutamate release, smooth graded 

firing rate perturbations could be induced. Interestingly, biophysical models show that 

ELF-MFs at 60 Hz can cause a time-varying membrane potential modulation effect which 

can advance or delay spike timing (80,149).   

 

 Stimulation thresholds 

E-Fields and currents impact the vestibular system (for review see (14)) and growing 

evidence points that hair cells are implicated (118,138–141,150). 

In their introduction, Fitzpatrick and Day (14), described how, in 1790, Alessandro Volta 

felt a spinning sensation before collapsing when he applied electric currents directly to his 

ears. Interestingly, this description matches d’Arsonval’s ELF-MF experiment (65). 

Indeed, d’Arsonval reported that some participants similarly felt rotating sensations and 

some also collapsed. While d’Arsonval’s work is mostly known for phosphene generation, 

the fact that participants also felt vertigo could underline similar neurophysiological 

mechanisms between the emergence of phosphenes and vestibular outcomes. We saw that 

graded potential cells with VGCCs are a potential link. However, one can experience 

phosphenes without experiencing vestibular outcomes (98). Both systems could therefore 

be triggered at different thresholds.  
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Figure I-6 D’arsonval’ s electromagnetic human stimulations.  Source 

(http://www.cinq.ulaval.ca/TMS) 

Unfortunately, to the best of our knowledge, unlike what has been done for phosphenes 

(64), no specific dosimetry study has accurately modeled the E-Fields needed to trigger 

vestibular outcomes.  It is therefore problematic to estimate E-Field values and currents 

reaching precisely the vestibular system. Indeed, there is an obvious knowledge gap in the 

literature and accurate modeling and dosimetry studies specific to the vestibular system are 

needed. However, if we want to be able to compare the vestibular outcomes triggered by 

currents used with GVS with the potential outcomes due to the ELF-MF induced E-Fields 

and currents, we need to have an interpretative framework to help us. Therefore, based on 

existing literature one can try to establish some gross estimations.  

Because of the vast GVS body of knowledge, we will start by investigating current intensity 

thresholds. GVS is a specific form of tDCS and/or tACS (117). Therefore, given the tDCS 

and tACS literature and the related growing dosimetry interest, we will look at conversions 

between the current intensities applied to the skull and the generated E-Fields within the 

head. Knowing the specific GVS effects for given current intensities, we will be able to 

grasp the estimated E-Field values (in V/m) needed for such effects. Finally, based on 

recent literature, we will try to estimate the dB/dt values needed to generate the E-Field 

needed to trigger vestibular outcomes.  
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 Current intensity thresholds 

To our knowledge, the lowest GVS intensity value triggering very small vestibular 

outcomes in humans is 0.1 mA (151) when applied to the mastoid processes. Such current 

intensity generates ocular torsion movements close to 1 deg/sec but no horizontal nor any 

vertical nystagmus (151). Moreover, the lowest threshold found to induce acute 

vestibulospinal outcomes is 0.2 mA for healthy controls and  0.1 mA for airplane pilots 

with the mean lowest GVS postural threshold found at 0.32 mA (152). The perceptual 

threshold varies greatly. For instance, Ertl et al. (153) found the lowest perception threshold 

at 1.76 mA without any differences between seated and supine healthy participants. 

However, they recommend 2 mA to generally induce reliable vestibular perceptions (153). 

Nonetheless, Lenggenhager et al. (154) found a perceptual threshold at 1 mA with seated 

participants and 1.5 mA is found for participant lying down (155,156). To our knowledge, 

there is no estimated specific threshold for autonomous responses. The intensity usually 

used to trigger such responses is 2 mA (157–162). However, Lenggenhager et al. (154) 

triggered autonomous responses with a 1 mA current which will be considered herein as 

the lowest threshold for autonomous responses. Therefore, we can consider different 

current intensity thresholds depending on the vestibular pathways. Note also that only a 

few microamperes, applied directly within the inner ear are sufficient to modulate 

vestibular outcomes (140,141,163). Therefore, at the vestibular level, very little E-Field 

(V/m) is expected to induce modulations. 

 

 E-Field thresholds 

Up to date, with the use of tDCS/tACS stimulations, no dosimetry consensus seems to have 

been reached. Indeed, E-Field values depend on different parameters such as population, 

age, electrode size, and montages, but also the choice of conductivities taken for the 

different anatomical structures used within a given model. Therefore, E-Field values 

generated by 1 mA at the skull level can be estimated between 0.14 V/m and 1.57 V/m in 

the head (164,165,174–176,166–173). Even the use of the same model can procure great 

inter-subject variability in the E-Fields generated at the cortex level (166). Indeed, Laakso 
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et al. (166) found that a 1 mA tDCS generates maximum E-Fields values ranging from 0.62 

V/m to 1.43 V/m at the cortex level. Indeed the currents applied to the skull with tDCS are 

dampened by the low conductivity of the skull (68) but also by individual anatomical 

features such as the thickness of the CSF and/or of the skull bone itself (166). 

Direct E-Field measures seem, therefore, more reliable than dosimetry models. In 

implanted epileptic participants, 2 mA tDCS stimulations generate 0.4 V/m both at the 

cortical level and more deeper structures such as the peri-ventricular white matter (167). 

Given that i) the vestibular system lies between the cortex and the peri-ventricular white 

matter and that ii) CSF and vestibular conductivity values match (see section 1.4.1), we 

will grossly estimate that Huang et al. results (167) also applies to the vestibular system. 

We have seen that 0.1 mA is the lowest current intensity capable of triggering vestibular 

outcomes. Therefore, 0.02 V/m could be sufficient to trigger vestibular outcomes. 

Interestingly, this value fits within Attwell’s magnetophosphene threshold range (0.01-0.06 

V/m) (70). Therefore, if our threshold estimates are true, the vestibular hair cells could be 

as sensitive as the retinal photoreceptors. 

Nonetheless, as mentioned previously, one can see phosphenes without experiencing 

vestibular outcomes. Thus, other parameters than E-Fields strength, such as sensory 

specificity or integration could explain such issues. 

 

 DB/dt thresholds 

We could estimate the dB/dt threshold following equation [2]. To date, E-Field estimations 

have been mostly done at cortical and/or head levels (64,98). Based on Allen et al. (177), 

the radius of the human cortex can be estimated at 0.06 meters. Therefore, at the cortical 

level, a dB/dt of 0.66 T/s could be sufficient to start triggering the vestibular system. 

However, for equation [2] to be used, the field (B) needs to be homogeneous and this is 

rarely the case when moving in MRI vicinity or in the case of live-line electric utility 

workers. 
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Therefore, here again, more realistic estimates should be preferred. To our knowledge, the 

best estimation to date has been proposed by Laakso et al. (64). Based on real human 

movement recordings and different head models, obtained through MRI imaging, peak E-

Field at the cortex level generated with 1T/s was estimated between 0.09 V/m and 0.23 

V/m (64). To remain conservative, only 0.09 V/m will be used herein. 

Once again, given cortical and vestibular anatomical contiguities, the nearness of the CSF 

and perilymph conductivity values and the fact that dB/dt and E-Fields values are linearly 

proportional, 0.22 T/s could represent a first dB/dt threshold estimation. However, using 

full head 2 T/s stimulations, Glover et al. (98) did not show any postural modulation despite 

being much higher than the vestibulospinal threshold estimate here (Table I-2). Other 

parameters than strict dB/dt values could, therefore, be also of interest to stimulate the 

vestibular system. Indeed, field orientation for instance could play a major role since the 

magnetophosphenes thresholds can vary 2.5 fold depending on whether the magnetic fields 

are applied top-down or front-back (72). 

Table I-2 Summary of the vestibular thresholds in mA, V/m and T/s depending on the 

vestibular pathways. 

 

 

Current intensities 

threshold

(mA)

Estimated E-fields 

threshold 

(V/m)

Vestibular pathway Authors

Estimated dB/dt threshold 

at head level  (Laakso et 

al., 2013)

(T/s)

Vestibulo-ocular

Vestibulo-Spinal

Vestibulo- autonomous

Vestibulo-cortical

(Perception)

0.02 

0.06

0.2

0.22

0.66

2.22

Severac Cauquil et al., 

2003

Yang et al., 2015

Lenggenhager et al., 2008

0.1

0.32

1

Fitzpatrick et al., 

2002

Lenggenhager et al., 

2008

Ertl et al

.2018

1.5

1

1.76

0.3

0.2

0.35

3.33

2.22

3.88
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 ELF-MF and Galvanic vestibular stimulations: same 
effects?   

Workers and patients moving within the vicinity of MRI scanners report transient sensory 

sensations such as illusions of rotating movements, vertigo, dizziness and nausea (178–

180), suggesting that ELF-MF could interact with the vestibular system (98).  

Following this rationale, in the vicinity of an MRI scanner, ELF-MF induced E-Fields 

could generate comparable GVS outcomes. For that matter, Laasko et al. (64), modeled 

that slow movements in a 3 T MRI environment produce current intensities in the same 

order of magnitude as the ones currently used in GVS studies.   

To contrast outcomes, ELF-MF should be compared to AC-GVS as both stimulations are 

not constant in time. However, AC-GVS stimuli activate the vestibular system by the same 

means as their continuous counterparts (14). Thus, we will include both AC-GVS and DC-

GVS studies herein. Because the vestibular system is complex, we will consider analyzing 

the vestibular pathways separately. 

 

 Vestibulo-thalamo-cortical pathway: sensory perception and 

cognitive functions  

 

1.6.1.1 Subjective perception 

1.6.1.1.1 Dizziness and vertigo  

Patients and/or participants pushed in and out of an MRI bore tend to describe acute 

perceptions, which can be related to vestibular outcomes.  Indeed, they often report 

illusions of movement as well as disorientation, vertigo, dizziness, and fatigue 

(74,98,186,178–185). Of all the aforementioned responses, vertigo and dizziness are the 

major reported ones (98,178–180,185,187). Moreover, these perceptions are more reported 

during movement inside the bore and less, if not, while lying still at the center of the bore or 

standing still besides it (178,180,183,188). Furthermore, going slower and making frequent 

stops, when entering and exiting the bore significantly reduces the triggering as well as the 
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intensity of dizziness  (186,189). On the contrary, the faster one moves around the MRI 

scanner and/or the higher the static field strength, the higher the induced dB/dt and the 

greater the vestibular perceptions (74,179,182,185,190–192). This is why employees 

working in such an environment try to limit their speed purposefully (60,190,191).  

Normal movements around a 1.5 T MRI scanners generate dB/dt values ranging from 7 to 

50 T/s peak at head level (73,193). This is estimated herein up to 4.5 V/m peak which 

should already trigger all vestibular pathways. Therefore, the dB/dt and the E-Field levels 

within a 3 T or even 7 T MRI environment should be even greater.  

Interestingly, the same outcomes with lower E-field values are obtained when alternating 

currents are applied to the vestibular system with GVS (159,161,194–196). Thus, ELF-MF 

could potentially be an increasing factor for dizziness, vertigo, and disorientation. 

However, outside of an MRI environment, Glover et al. (98) failed to trigger any feeling 

of movement nor any vertigo with 40 ms full-head 5 T/s ELF-MF stimuli representing 0.45 

V/m. Other parameters such as field orientation (72) could be taken into consideration. 

Furthermore, longer stimulation periods could also be needed to trigger more noticeable 

outcomes.  

 

1.6.1.2 Feeling of curving or leaning and feelings of unreality or 

strangeness  

Very few studies report feelings of curving or leaning (98,186). Nonetheless, this sensation 

is the most reported subjective sensation in Uwano et al. (186), in which about 10 % of the 

participants felt it, especially when the bed was moving inside the MRI bore. Sensations 

of unreality, studied with questionnaires, are also, though rarely, be reported in the same 

conditions (178,186,188,197).  

Patients with vestibular dysfunctions and diseases often report feelings of unreality or 

strangeness, which can also be induced in healthy subjects with vestibular stimulations 

including GVS (40,198,199). Although, Heilmaier et al. (178) did not find any statistical 

differences between the ELF-MF and SMF conditions, both Uwano et al. (186) and 
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Theysohn et al. (188) found that these reports were more acknowledged when movement 

occurred in the SMF. However, considering the few data available, definitely attributing 

these effects to induction would be a hasty conclusion. Nonetheless, the fact that such 

sensation is more important with movement is interesting and future research should 

further investigate the induction hypothesis for such outcomes. 

 

1.6.1.3 A vestibular link to metallic taste perception (dysgeusia) 

When people are in MRI vicinity, they often report metallic taste alongside vertigo 

(74,178,185,187,188,200–203). As found in Patel et al. (74), this sensation can be ranked 

third amongst the commonly reported sensations. Fast movers within the MRI’s SMF 

gradient experience these effects more than the people moving at a slower pace (185) 

matching other findings attributing this sensation to induction (188). Heilmaier et al. (178), 

on the other hand, did not find any significant differences between the moving sequence in 

the MRI’s SMF gradient and staying still at the isocenter of the bore. Cavin et al. (203) 

found people reporting metallic taste at 1.3 T/s and sensations increases with faster nodding 

head movements within the SMF, inducing higher dB/dt values ranging up to 4.1 T/s. 

Therefore, E-Fields between 0.11 and 0.36 V/m could be needed to start inducing a metallic 

taste. Moreover, as seen before, these values can largely and easily be exceeded in a normal 

MRI setting (73,193).  

Several mechanisms could explain metallic taste in an MRI setting. Weintraub et al. (187) 

explain it could come from an electrolysis phenomenon due to an induced battery effect 

between two types of dental metal feelings. However, this hypothesis does not stand given 

Cavin et al. (203) results showing that participants, without dental feelings, experience it. 

A second hypothesis is a direct cranial nerve stimulation by the induced currents. 

Indeed, the facial nerve (CN VII), the glossopharyngeal nerve (CN IX), the vagal nerve 

(CN X), as well as the trigeminal nerve (CN V), all carry taste information to the CNS 

(204). However, this is very unlikely since the threshold for nerve activation is estimated 

at 6.2 V/m (205) which is rarely reached in such conditions. 
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Direct electrical tongue stimulation is a very probable hypothesis, as electrogustometry 

using currents intensities below 10 μA trigger such response (206).  

However, interestingly, the metallic taste can also be linked to vestibular dysfunctions. 

Indeed, it is found in vestibular pathologies such as schwannomas (207) and could be used 

as an early diagnostic symptom in such pathologies (208). Furthermore, GVS also induces 

metallic taste (156,159,209–214). To our knowledge, no study has formalized an intensity 

threshold. However, looking at the existing literature a minimum of 0.2 V/m seems to be 

needed. Therefore, one cannot neglect the hypothesis that ELF-MF induced currents 

triggering the vestibular system could induce dysgeusia, granted the fact that metallic taste 

can be induced by a vestibular electrical stimulation as specific as GVS.   

 

1.6.1.4 Spatial attention  

The vestibular system is highly implicated in spatial orientation (215) as it plays an 

important role in space perception (26,27,216,217) and distance evaluation (218). GVS 

impacts cognitive functions since the vestibular system is implicated in such processes 

(28,39,154,215,219–222).  

The line bisection task is a widely used test to evaluate spatial cognition. During this test, 

participants draw a vertical line, aligned with their perceived trunk midline, pointing at the 

middle of a horizontal segment. Thus, the role of the task is to divide the segment into two 

halves.  

The line bisection test is a spatial attention task closely linked to right parietal dominance 

in right-handed individuals (117,223–225). Indeed, with this test, clinicians assess right 

hemisphere stroke patients presenting spatial neglect syndromes (217,226). Interestingly, 

spatial neglect shares common brain areas also involved in vestibular cortical integration 

(227,228). Indeed, the vestibulo-thalamocortical pathways are asymmetric (9,216,228,229) 

and right parietal areas, including the right parieto-temporal junction, largely integrate 

vestibular inputs (9,224,227,229–231). Right cathodal GVS, mainly integrated within the 
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right hemisphere (225), improves the performance of the bisection test in neglect patients 

(232) and the test is biased in healthy participants depending on GVS polarity (225,228). 

Through the line bisection task, studies investigated spatial attention in participants when 

submitted to ELF-MF in MRI environments (179.185,233,234). However, the results of 

the line bisection tasks in ELF-MF conditions within MRI environments are inconclusive. 

Heinrich et al. (179) found no spatial accuracy changes in the ELF-MF condition, while 

Van Nierop et al. (233) found a nonsignificant spatial bias to the left. On the other hand, 

De Vocht et al. (234) found the time to complete the test was greater after participants 

moved their heads in the SMF. However, GVS biases the test spatially and, to our 

knowledge, no reference mentions a GVS-impact on time during this test. Yet, the 

generated E-Fields, in the ELF-MF studies, are estimated at 0.21 V/m which is just at our 

estimated perceptual threshold. This could therefore explain the lack of results and greater 

E-Fields could be needed.  

 

 Vestibulo-ocular pathway: Visual acuity and Visual tracking 

Visual acuity refers to vision clarity. Clear vision necessitates a stabilized image on the 

central foveal region of the retina. Image instability on the retina procures blurry vision as 

well as oscillopsia described as a movement of the visual scene. On the other hand, visual 

tracking necessitates being able to shift the fovea toward a target and stabilize gaze. Thus, 

this process needs to coordinate both saccadic and smooth pursuit eye movements to 

maintain a clear image on the retina during the task (235).  

Visual tracking and visual acuity can both be related to the vestibular system, as it is 

responsible for controlling gaze and stabilizing the image on the retina (21–23,92,236–

238). Indeed, visuo-ocular control tests (6,239) and dynamic visual acuity tests (240–245) 

are clinically used to assess vestibular dysfunction and provide excellent outcomes for 

VOR impairment. Undeniably, visual acuity declines with vestibular gain abnormality due 

to impaired VOR.   
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Visual tracking and visual acuity were both studied within MRI environments 

(73,179,185,246). Magnetic fields affect the visual sensory domain (233,247) and people 

working in the vicinity of 9.4 T MRI scanners develop smooth pursuit and spontaneous 

nystagmus abnormalities (74). The dB/dt values reported by Heinrich et al. (179,185) and 

by Van Nierop et al. (233) range from 0.8 T/s to 2.4T/s generating E-Fields between 0.07 

V/m and 0.21 V/m. The level of the generated E-Fields could, therefore, impact the 

vestibulo-ocular pathways and thus the visual sensory domain. Indeed, they are strong 

enough to start inducing ocular outcomes (151). GVS impacts eye motor control (151,248–

252) and participants report blurry vision with GVS when 0.2 V/m is applied (154). 

Although GVS-induced nystagmus can be suppressed when vision is present (253) due to 

fixation based inhibitory mechanisms, GVS still impacts vision (254).  

 

 Vestibulo-autonomous pathway  

The vestibular system is closely linked to the autonomous system (10,45). Connections 

between the viscera and the vestibular nuclei exist (255) with a clear vestibular pathway 

for nausea and vomiting (256). Motion sickness symptoms such as nausea, pallor, and 

sweating are often related to the vestibular system via vestibulo-sympathetic reflexes 

(10,159,161).  

When workers, participants or patients are in ELF-MF conditions within an MRI 

environment, nausea is one of the most reported effects (75,98,178,181,188,190,197). Yet, 

such perceptions can either be statistically different (188) or not (178) between stationary 

versus moving conditions.  

Although scarcely mentioned, sweat attacks, tachycardia and vomiting can also occur while 

in MRI settings  (178,184,188,197). However, whether such sensations are related to 

induction is hard to establish since it’s either not related to movement (178) or the 

information relative to movement is simply not provided (184,188,197).  

In an MRI environment, these sensations have been investigated while patients or 

participants are lying down on the MRI bed. In such conditions the average dB/dt value is 
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estimated at 0.8 T/s (98,100,257), estimated herein at 0.07 V/m. I found 0.2 V/m to be the 

lower E-Field value inducing such sensations (Table I-2). Yet, to the best of our knowledge, 

there is no study formally investigating the threshold at which such sensations start being 

perceived. Therefore, our threshold estimation could be overestimated.  

AC-GVS triggers nausea (157–161) sweating (10,154,162,196) tachycardia (154,158) and 

vomiting sensations (154,161,209,258). Nonetheless, although GVS triggers the vestibulo-

autonomous pathways, very little consistent information is found to date enabling to link 

the reported sensations with induction and future investigations are thus needed. 

 

 Vestibulo-spinal pathway: postural control  

Van Nierop et al. (259), analyzed postural control after the participants moved their heads 

with their eyes closed in a 7 T MRI environment. They recorded postural sway using an 

accelerometer worn around the waist. Depending on the distance between the participants 

and the bore, the head movements generated dB/dt values estimated between 1.20 and 2.40 

T/s at the head level. This represents 0.1 V/m and 0.21 V/m E-Fields, already sufficient for 

postural perturbations (Table I-2).  All sway variables increased in ELF-MF conditions. 

Yet, interestingly, with the same level of induction, Glover et al. (98) did not show any 

postural modulations when applying exclusive 2 T/s ELF-MF full-head stimulations.  

 

 

 Summary and caveat 

Most of the studies we have covered occur in MRI settings. This is problematic since the 

Lorentz Force and the movement induced ELF-MF physically coexist. Furthermore, the 

Lorentz Force as proved to greatly and specifically impact the vestibulo-ocular reflex 

which is a direct assessment of vestibular function. In opposition, although the outcomes 

reviewed here can theoretically be triggered by both the ELF-MF and GVS stimulations, 

the evidence is weaker. Therefore, although some authors argue that induced E-Fields 

impact the vestibular system in MRI settings (64,182,259,260), considering the Lorentz 

Force effects, doubts remain concerning the induction hypothesis. 
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However, given Antunes et al. computational model, the Lorentz force is thought to start 

being strong enough to act on the cupula at 0.43 T (99). 

 Yet, Van Nierop et al. (259) measured 0.37 T and 0.24 T respectively at 90 cm and 130 

cm from a 7 T MRI bore. Indeed, following equation [3] we know that the strength of the 

flux density (B) proportionally decreases with increased distance from the source. This 

obviously means lower flux density measures in the vicinity of 1.5 and 3 T MRI scanners. 

Considering such flux density values, we can only presume that, in these cases, the Lorentz 

Force would not be strong enough to trigger vestibular outcomes. 

Nevertheless, movements outside the bore are swifter and more complex than those inside 

the bore when lying on the bed. According to Fuentes et al. (193), the intensity and the 

spatial distribution of the induced currents within the head rely on workers' occupation. 

Indeed, the E-Fields depend on i) the direction of head movements, ii) the head position 

and distance relative to the bore, and iii) the speed at which the head travels through space. 

This explains why moving outside the bore generates stronger dB/dt values than the ones 

obtained within the bore (191,193,261). Indeed, in a 1.5 T MRI scanner environment, 

where the flux density values were measured under 0.7 T, De Vocht et al. (73) obtained 

dB/dt levels up to 50 T/s at head level (4.5 V/m). Therefore, in such conditions where the 

Lorentz force impact is low or even non-existent, the vestibular outcomes could be 

attributed to induction. 

 

 Electromagnetic induction and the vestibular system: a 
need for new research  

 

 Going beyond MRIs   

As we have seen so far, most of the research looking at the impact of ELF-MFs on the 

vestibular system occurs in MRI environments. Although still debated, ELF-MF in this 

context could have an impact on the vestibular system (64,98,182). However, remarkably, 

exposure to such magnitude of static magnetic fields gradient is mostly confined to medical 

and/or research contexts while ELF-MF stimulations are ubiquitous wherever electricity is 
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produced, transported, and used. This makes ELF-MF from domestic electricity as well as 

commonly used electrical household appliances much more prevalent in our daily lives. 

However, to date, data is scarce and inconclusive, revealing a research gap and a need for 

more specific vestibular ELF-MF stimulations studies which is the core of this thesis.  

 

 Investigating higher frequencies 

Nowadays, 50 Hz or 60 Hz ELF-MF are ubiquitous in modern societies. Exposure levels 

with household appliances, such as hair dryers or electric hair clippers, reach up to 2 mT 

(61,62). In this case, at 50 and/or 60 Hz, the dB/dt values reach respectively 0.8 T/s and 

1T/s, equivalent to 0.07 V/m and 0.09 V/m. This is theoretically enough to produce small 

vestibulo-ocular and vestibulospinal responses. Furthermore, higher ELF-MF exposures 

occur during very specific tasks. For instance, “live cable” workers are subjected to high 

fields up to 10 mT (53), generating 4.44 T/s at 50 Hz and 5.33 T/s at 60 Hz. With respective 

E-Field values of 0.39 V/m and 0.47 V/m, this is theoretically enough to trigger all 

vestibular pathways. 

Given that vestibular hair cells phase lock with frequencies up to thousands of hertz 

(262,263) the ubiquitous ELF-MF fluctuating either at 50 or 60 Hz could potentially impact 

the vestibular system and it is, therefore, paramount to acquire such knowledge for security 

and safety purposes. 

 

 Power-line frequency exclusive ELF-MF postural 
modulations 

Interestingly, non-MRI exclusive ELF-MF studies at 60 Hz have shown postural control 

modulations (264–266). In these studies, the authors used full-body ELF-MF stimuli 

centered at head level with a dB/dt value of 0.7 T/s (0.06 V/m). Postural modulation was 

investigated using center of pressure (COP) analysis with force plates. Prato et al. (264) 

and Thomas et al. (265) showed less motion in the anteroposterior plane, interpreted as 

improved stability, when they applied the ELF-MF stimuli. They reproduced the same 

protocol with healthy participants compared to rheumatoid arthritis or fibromyalgia 
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patients (266), and reported similar improved stability results in all three groups. Legros et 

al. (267), also using 60 Hz ELF-MF stimuli only, similarly measured postural control using 

COP analysis on a force platform. The E-Fields generated in this case were 0.08 V/m. As 

in Prato et al. (264) and Thomas et al. (266,268), they showed a reduction in sway 

oscillations in the anteroposterior plane. In this case, sway velocity was the impacted 

variable. These low E-Field values are close to the vestibulospinal threshold (Table I-2). 

Given that postural control is multisensory in nature, with vestibular, visual, and 

proprioceptive inputs integrated to manage balance (20), it was suggested that exclusive 

ELF-MF could impact the vestibular system. However, the results should be interpreted 

with caution. Indeed, in all of the three reported studies, the fields were applied to the entire 

body. Therefore, other mechanisms, besides a vestibular impact, could also explain the 

results.  

To our knowledge, our study is the only one targeting the vestibular system with exclusive 

ELF-MF stimulations (269). Yet, with dB/dt values ranging up to 142 T/s, we did not 

record postural control modulations. However, we pointed out important methodological 

limitations including the use of a stimulation device providing the participants with 

positional cues which could have biased the postural outcomes. 

 

 Thesis direction and aims – Electric and magnetically 
induced vestibular-driven effects 

The data reviewed here have important implications. The fact that both the eye and the 

vestibular system share : 1) high conductivity 2) transduction mechanism 3) important 

neurophysiological similarities with L-VGCC, ribbon synapsis and glutamate found in 

both systems 4) sensitivity to E-Fields and 5) some ELF-MF studies show postural control 

modulations is not trifling and makes the vestibular system a great candidate to be impacted 

by the ELF-MFs. Thus, the induction hypothesis needs to be investigated further. However, 

although theory seems in favor of such a mechanism, data confirming it, is clearly lacking.  

This opens new research avenues in which more specific ELF-MF vestibular stimulations 

should be considered. This is of great interest for the safety of workers and for everyone 
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subjected to such fields which are encountered daily in our modern societies. Also, such 

research would also be beneficial for better understanding the vestibular system and deepen 

our understanding of its function.  

This is the background in which this thesis falls, and this work is a modest attempt to push 

such investigations further.  

The aims of this thesis are threefold: 

1) the main goal is to investigate whether the vestibular system is sensitive to ELF-

MF exposures at powerline frequencies. If so, this would push forward the rational 

stating that different neurological and/or neurosensory systems, sharing 

neurophysiological similarities, could equivalently be impacted by ELF-MF.  

2) a second goal is also to try to deepen the knowledge related to the interaction 

mechanisms between the ELF-MF and human neurophysiology helping to fill the 

actual knowledge gap (86).  

3) finally, more broadly, our work also aims at providing more data needed within 

the international guideline’s scope (86), to help set acute ELF-MF thresholds and, 

thus, try to better protect the public as well as the workers worldwide. 

Given i) that the research topic of this thesis is fairly new ii) that postural modulations have 

been reported at power-line frequencies iii) that the dB/dt levels in those studies match the 

vestibulospinal threshold and iv) an explicit role of the vestibular system has not been 

clearly established, our first experimental study (chapter 3) follows on from this postural 

lineage. Furthermore, postural control is an important behavioral outcome reflecting real-

life concerns within high ELF-MF work environments. Indeed, impaired balance while 

live-line working could be greatly detrimental to the workers.  

Consecutive to the seminal work done by Glover et al. (98), we will show postural control 

analysis of healthy participants while exposed to full head ELF-MF stimulations above 

Glover’s vestibular threshold (98). The conclusions of this first study will give rise to the 

importance of more specific asymmetrical vestibular stimulations and field orientation 
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relative to the vestibular system which we implemented in the second postural experiment 

(chapter 3). This study will further underline two distinct important points. The first is a 

potentially greater implication of our ELF-MF stimulations on specific vestibular 

structures that secondly pushes forward the fact that new vestibular outcomes need to be 

investigated. Therefore, in the third experiment (chapter 4), we will consider inspecting the 

subjective visual vertical while healthy participants are once again subjected to 

asymmetrical vestibular specific ELF-MF stimulations.  

Finally, a general discussion gathering the main findings of the studies within a broader 

context will enable us to provide future perspectives and conclude (chapter 5). 
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2 Human Postural Control Under High Levels of Extremely 
Low Frequency Magnetic Fields 

(Published in IEEE-Access) 

 

 Introduction 

Extremely Low-Frequency Magnetic Field (ELF-MF < 300 Hz) at powerline frequencies 

(i.e 60 Hz in North America) are ubiquitous in modern societies due to the generation, 

distribution and use of alternating current (AC). From a health and safety perspective, 

agencies such as the International Commission for Non-Ionizing Radiation Protection 

(ICNIRP) and the International Committee on Electromagnetic Safety from the Institute of 

Electrical and Electronics Engineers (IEEE-ICES) depend on reliable scientific data to set 

guidelines and recommendations (1,2), to protect workers and the general public against 

electrostimulation induced adverse health effects.  

In this regard, the latest IEEE-ICES standards state the necessity to investigate established 

acute mechanisms capable of synaptic activity alterations (2). The most reliable effect 

of synaptic polarization is the acute perception of magnetophosphenes. 

Magnetophosphenes are flickering visual manifestations perceived when exposed to a 

sufficiently strong ELF-MF (3). Therefore, the ICNIRP and the IEEE-ICES report synaptic 

activity alterations thresholds based on Saunders and Jefferys (4) and Lövsund et al. (5) 

magnetophosphenes studies. 

Magnetophosphenes are reported to result from the modulation of the retinal cells (4–6). 

Since the retina is recognized as an integrative part of the Central Nervous System (CNS), 

magnetophosphenes are considered as a good conservative model to be generalized to the 

entire CNS (6).     

In the vestibular system, the mechanical information of head movements is transduced into 

an electric signal via sensory cells called hair cells. Compellingly, both the vestibular 
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system and the retina use graded potential sensory cells (7) known for their high sensitivity 

mainly due to the continuous release of glutamate through ribbon synapses (8–11). 

Moreover, as retinal cells (6,12), vestibular hair cells are known to be easily impacted by 

weak electrical currents (13–17). Therefore, vestibular hair cells also appear as perfect 

targets for interaction with ELF-MF induced currents. 

Consequently, from the perspective of the guidelines, the investigation of ELF-MF on the 

vestibular system is legitimate, as it would broaden the understanding of the underlining 

mechanisms enabling to better understand how phosphenes could be generalized to the 

entire CNS. Individuals around Magnetic Resonance Imaging (MRI) scanners often report 

illusions of rotating, vertigo, dizziness, and nausea, suggesting an interaction between MF 

and the vestibular system (18–20). In 2007, Glover et al. (21), published a seminal study 

on the interactions between static and time-varying MF and the vestibular system. They 

identified three different mechanisms possibly responsible for vestibular responses to MF 

exposure:  i) the Diamagnetic Susceptibility (DS), ii) the Magneto-HydroDynamic (MHD) 

forces and iii) the Electromagnetic Induction (referred as induction herein). The DS 

hypothesis has been consistently dismissed as negligible, in both theoretical and 

experimental works (21–24). Conversely, MHD forces have been reported to modulate the 

vestibular system in a strong static magnetic field (SMF) environment. Indeed, a strong 

oriented SMF generates a Lorentz force that triggers nystagmus through activation of the 

Vestibulo-Ocular Reflex (22–25). However, MHD does not apply in an SMF-free 

environment. The third hypothesis of interaction is the induction mechanism based on 

Faraday’s law of induction, stating that changing magnetic flux density over time (dB/dt 

in T/s) induces Electric Fields (E-Fields) and currents within conductors such as the human 

body. Indeed, besides magnetophosphenes, effects resulting from magnetic induction in 

humans have been reported on the central nervous system (4,26–31), the autonomous 

nervous system (32–34), and the peripheral nervous system (35). 

In their “static subject changing field” experiment, Glover et al. (21) proposed a formal 

attempt to test if ELF-MF induction modulates vestibular performance. They showed no 

effect of a 2 T/s ELF-MF on human postural control, but they still hypothesized that 

stimulation over 4 T/s should be able to trigger a vestibular response (21).  
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 Consequently, our work furthers the investigation of postural responses using full head 

homogeneous ELF-MF stimulations with high dB/dt, up to 40 T/s with the main objective 

to study vestibular outcomes at power frequency (60 Hz). Since the magnitude of vestibular 

outcomes increases linearly with current intensity (36–38), we expected to observe an 

increase in postural modulations with higher dB/dt values.  

 

 Methods 

 Participants 

Twenty healthy participants (6 females - 14 males, 23.5 ± 3.68 years old) were tested. We 

excluded volunteers with a history of any vestibular-related dysfunction, chronic illnesses, 

neurological diseases, 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. 

 Experimental devices  

ELF-MF stimulations were delivered to the subjects’ head via a customized head coil 

exposure system (FIG. 2.-1 left panel) consisting of a pair of 99-turn coils (11 layers of 9 

turns each, 35.6 cm inner diameter and 50.1 cm outer diameter) made of hollow square 

copper wire cooled by circulating water. The two coils were assembled into a Helmholtz-

like configuration, spaced 20.6 cm from center to center. The system was controlled and 

data was collected using a custom LabVIEW™ 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 two MRI gradient amplifiers capable of delivering up to 200 A at ± 

345 V (MTS Automation Model No. 0105870, Horsham, PA, USA). A Biot-Savart model 

of our custom coil system was computed using a customized Matlab program (MatLab 

version 9.3 – The MathWorks Inc., USA) considering two systems of 11 solenoids of 9 

turns stacked on each other following the geometrical characteristics presented above. This 

model presented in FIG. 2-2 shows the homogeneity of the magnetic field at the location 

of the participant’s head. MF flux densities measurements were recorded every centimeter 
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from the center of the coil in both the Antero-Posterior (AP) and Medio-Lateral (ML) axes 

(FIG. 2-2 right panel) with a single axis MF Hall transducer probe (± 200 mT range with 

0.1% accuracy, Senis AG Model No. 0YA05F-C.2T2K5J, Baar, Switzerland). These 

measurements showed great agreement with our model (FIG. 2-2 right panel). During the 

experiment, the probe was located 16 cm from the center of the coils, and data were 

recorded and used to synchronize all measurements with MF expositions. A force plate 

(OR6-7-1000, AMTI, USA) was used to collect participant’s body sway at 1 kHz according 

to 6 degrees of freedom: forces and moments data each in the 3 dimensions. The Center of 

Pressure (COP) trajectory was calculated post-recording using a calibration matrix 

provided by the manufacturer. No hardware filtering was applied. A motorized non-

magnetic lift enabled vertical movement of the coil system, such that it could raise and 

lower, centering the participants’ ears between the coils (FIG. 2-1 left panel). A Direct 

Current (DC) stimulation was delivered using a transcranial current stimulation device 

(StarStim, Neuroelectrics, Spain), controlled with the NIC software (Neuroelectrics 

Instrument Controller, version 1.4.1 Rev.2014-12-01) via Bluetooth.  
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Figure 2-1 Stimulation apparatus. Volunteers stood in complete darkness, feet 

together, arms by their side and eye closed on a 1.5 cm foam pad covering the force 

plate. Their head was fully stimulated by Helmholtz-like coils centered on their ears, 

with ELF-MF stimulations at 8.89 T/s, 26.66 T/s and 39.98 T/s (left panel). The 

binaural bipolar DC montage stimulating both vestibular systems at 2 mA. The 

cathode is behind the right mastoid process and the anode is behind the left mastoid 

process (right panel).  
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Figure 2-2 Two-dimentional spatial illustration of the MF level distribution around 

the exposure system computed according to the Bio-Savart law (Left panel). The thick 

black rectangles represent the outer boundaries of both coils. Small black arrows 

represent the magnetic vector field. Red and blue lines represent respectively the 

boundaries of a 1% and 5% flux density variation limit area from the center. Dashed 

lines represent the lower boundary while solid lines represent the upper boundary. 

Participants’ vestibular systems, illustrated by the yellow structures in the head, lie 

within a 50 mT (± 0.5 %) vertically- oriented homogeneous field . Flux density values 

for full head homogeneous ELF-MF stimulations targeted at 50 mT (right panel). The 

blue line represents the expected flux density values given by the model along the 

mediolateral axis. Red and black dots are actual flux density measurements along the 

mediolateral and anteroposterior axes respectfully 

 

 Protocol 

After giving written informed consent, participants were equipped with the Starstim device. 

A DC stimulation was used as a positive control condition to validate the choice of our 

dependent variables. Positive control is defined herein as a condition in which specific 

known effects are expected (39). Indeed, based on the scientific literature, DC is known to 
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increase the postural sway, specifically oriented towards the anodal side of the stimulation  

(for review see (40)). In this regard, a classical binaural bipolar montage was used (FIG. 2-

1 right panel). Both mastoid processes were previously rubbed with alcohol wipes 

(Mooremedical, USA) to improve impedance. Circular 25 cm2 Ag/AgCl electrodes 

(StarStim, Neuroelectrics, Spain) were saturated with 8 mL of saline solution to provide 

proper conduction. Electrodes were secured using the StarStim neoprene cap and tape. To 

ensure appropriate stimulations, electrode impedances were maintained below 10 kΩ 

throughout the experiment as recommended by the manufacturer. The cathode was placed 

behind the right ear. Before starting the testing, the participants were exposed to a 5 seconds 

2 mA DC exposure as a familiarization sample and to make sure they all swayed towards 

the anodal side (40). Participants were then asked to stand still, in complete darkness, 

during 20 seconds on a 1.5 cm thick foam surface arranged over the force plate with their 

eyes closed, arms along the sides and feet together to sensitize the vestibular system (40). 

Participants heads’ stayed within the ELF-MF stimulation system at all times during the 

trials (FIG. 2-1 Left panel). A second investigator, blinded to the type of stimulation, was 

present to prevent potential loss of balance.  

Following a repeated measure plan, we presented four type of stimulations in a random 

order to all our participants. One DC (2 mA) and three MF (50 mT) exposures were all 

delivered for 5 seconds. To reach high levels of dB/dt, we chose to modulate the exposure 

frequencies instead of exposure flux density. In the ELF range, the highest synaptic 

sensitivity occurs at 20 Hz (2), a frequency also known to induce vestibular modulations 

(41). Moreover, since vestibular electrical stimulations up to 100 Hz have shown to impact 

the vestibulospinal pathways (42), we decided to stay within these boundaries and 

investigated 90 Hz. Therefore, 20, 60, and, 90 Hz respectively produced 8.89 T/s, 26.66 

T/s, and 39.98 T/s, two to tenfold higher than the 4 T/s threshold. Two control trials (CTRL) 

without stimulation were also done for each participant. All trials were randomly 

distributed. Thirty-second rest periods were taken between each trial. A timeline of our 

experiment is presented in FIG. 2-3. To prevent postural outcomes bias due to 

cerebrovascular alterations participants could not sit during rest (43). To conceal the noise 

generated by the coils, subjects wore earplugs throughout the experiment. This protocol 



72 

 

was approved by the Health Sciences Research Ethics Board (#106122) at Western 

University. 

 

Figure 2-3 Schematic representation of the postural control protocol 

 Data analysis 

The COP time-series were filtered with a low pass bidirectional 4th order Butterworth zero-

phase digital filter with a cutoff frequency of 5 Hz. Cutoff frequency was determined after 

a residual analysis using a customized Matlab program. Sway characteristics were also 

computed using a customized MatLab program. Classically sway variables are analyzed 

on orthogonal AP and ML axes independently. However, our participants were put in 

unconventional conditions to sensitize vestibular function and AP-ML analyzes are known 

to be biased by biomechanical factors (36–38). Secondly, AP and ML data are not 

independent as balance is controlled by coordinating the body in space in both dimensions 

simultaneously (46). Finally, anatomical (47) and/or physiological (48) asymmetries 

between the two vestibular systems could induce subtle angular deviations not purely found 

along the classical AP-ML axis. Therefore planar sway analyzes were favored over one-

dimensional analyses.  

Among classical sway variables, the pathlength (the total length of COP excursion) has 

proved to be the more sensitive and reliable outcome (41–42). Pathlength was computed 

as the total sum of the distances between each point in the AP-ML plane. However, because 

pathlength varies with recording data time it is often hard to compare results from one 

study to another. Therefore, mean velocity (pathlength over time) was retained. 
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A Principal Component Analysis (PCA) was conducted on COP datasets to find the main 

direction of sway (51) (FIG. 2-3). The main direction of sway is described by the first 

principal component (PC1) which accounts for the largest part of the COP time-series’ 

variance. 𝛉, the angle between the ML axis and the PC1 axis was computed to describe the 

main direction of sway (FIG. 2-4A). 𝛉 was always presented within 0º and 180º, regardless 

of the direction of the movement towards the right or the left: 0º being aligned with the ML 

axis toward the right side of the participant. The second principal component (PC2) 

represents the axis orthogonal to PC1. PC1 and PC2 can be used to compute the 95% 

confidence interval ellipse of the sway for each trial (51) (FIG. 2-4B and 2-4C). Each PC 

expresses a certain percentage of the total variance of the data. The percentage of variance 

explained (VE) by PC1 was used to analyze how the sway was dispersed in space. Indeed, 

as VE of PC1 approaches 100 %, the ellipse merges closer to PC1 itself, thus expressing 

less spatial dispersion (FIG. 2-4C). Likewise, VE closer to 50 % would indicate that the 

total variance is gradually equally shared by PC1 and PC2 indicating a dispersed sway 

bounded by a circle (FIG. 2-4 B). 

To investigate the acute effects of DC and MF, the sway responses were all analyzed during 

the first 2 seconds after stimulation onset within which the peak postural response for DC 

was found and reported in previous work (52). 

 

 

Figure 2-4 Graphical representation of dependent variables found with Principal 

Component Analysis. In all panels, the movement of COP is represented by the black 

line. In A, the red line represents the main direction of sway at an angle 𝛉 symbolized 

by the grey shaded area. A direction of sway at 90 degrees angle would indicate a pure 



74 

 

AP sway. In B and C red ellipses are examples of dispersion of the orientation of sway 

in space. In B, 52 % of the variance explained is expressed along the first PC whereas, 

in C, 98 % of the variance explained is expressed along the first PC. 

 

 Statistical analysis 

All statistical analyses were performed using R version 3.3.2 (53). A level of significance 

of  = 0.05 was adopted throughout data analysis. Percentages were not normally 

distributed, therefore, a logarithmic transform was used for VE. 

One set of control data was randomly chosen and used to compare the effect of DC while 

the other set was used in contrast to MF stimulations. To investigate the effect of DC 

stimulations (DC vs CTRL), paired t-tests were used to analyze mean velocity as well as 

VE. To explore the effect of frequency on mean velocity as well as on VE, the data were 

analyzed by one-way repeated-measures ANOVAs with frequency (CTRL + the 3 

frequencies modalities) as the within-subject variable. 

For 𝛉 analyses, circular statistics were used using the circular library in R. Using 

Rayleigh’s test for uniformity of the distributions, we first ensured that 𝛉 data samples 

were not distributed uniformly. Mean 𝛉 and Angular Deviation (± AD) were used to 

describe the main direction of sway. A Watson-Williams two-sample test was used to 

investigate the effect of DC on the direction of the sway. A Watson-Williams multi-sample 

test was used to investigate the effect of frequency on the direction of the sway (54). 

 

 Results 

 DC Stimulations.  

The effect was unambiguous and reflected previous findings. Systematic loss of balance 

towards the anodal side was observed. Table 2-1 shows that both velocities (t (19) = 5.1398, 

p < 0.001, r2 = 0.58) and VE (t (19) =  2.91, p < 0.05, r2 = 0.30) were significantly greater 
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during DC than without. However, 𝛉 did not change with DC  (F (1,38) = 0.48, p = 0.49) 

and stayed generally aligned along ML. 

Table 2-1 Descriptive statistics for the DC results (CTRL vs DC). Mean and standard 

errors (± SE) values for Velocities and Variance Explained as well as mean angles and 

angular deviations (± AD) for Theta. 

 

2.3.2 ELF-MF stimulations  

No significant differences between frequency of MF stimulation were found on Velocity 

(F (3,57) = 1.26 , p = 0.29, FIG. 2-5A) nor on VE (F (3,57) = 0.42 , p = 0.73, FIG. 2-5B). 

Similarly, no significant differences were found for 𝛉 (F (3,76) = 1.52, p = 0.21) between 

the frequency conditions. The FIG. 2-6 shows participants majorly swayed along the ML 

axis with a circular mean of - 0.77° for all conditions.  

CTRL DC

2.5 ± 0.3     5.3 ± 0.6   

 82.3 ± 2.6     91.6 ± 2.1

- 8.7 ± 39.5     - 0.3 ± 31.2 

*** p < 0.001   for paired t-test comparing CTRL and DC 

    * p < 0.05     for paired t-test comparing CTRL and DC 

Velocity  (cm/s) ***

Variance Explained (%) *

Theta  (°)

CTRL : Control Condition ; DC: Direct Current condition
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Figure 2-5 Mean velocities (A) and Variance explained (B) for CTRL vs all MF 

experimental conditions. Error bars represent 95% confidence intervals 
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Figure 2-6 Average sway orientation for CTRL vs all MF experimental conditions. 

The black lines represent the main direction of sway (PC1) at the angle 𝛉. The length 

of each black line is proportional to the mean quantity of movement expressed by the 

participants. Ellipses are a representation of the mean area of COP displacement. 

Shaded areas from light green (CTRL) to dark green (90 Hz) represent the angular 

deviation as frequency increases 
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2.3.3 Phosphene perceptions  

Out of the 20 participants, 13 (65 %) declared seeing phosphenes at least once during the 

entire experiment. 

 

  Discussion 

Given the very important neurophysiological similarities between the retinal and the 

vestibular sensory cells and the fact that electromagnetic induction produces 

magnetophosphenes, this study aimed to investigate the impact of full head 50 mT 

homogeneous ELF-MF stimulations at 20 Hz, 60 Hz and 90 Hz on human postural control 

in which the vestibular system plays a major role. 

We replicated the “Static Subject Changing Field” experiment from Glover et al. (21) with 

a greater number of participants, more sensitive postural outcomes measures at higher 

dB/dt values than their 4 T/s vestibular threshold. 

First, the use of a DC stimulation enabled us to validate the postural variables chosen in 

this work. As predicted, DC increased the quantity of movement. Indeed, greater velocity 

values characterized the loss of balance experienced by all participants. Similarly, 

increased sway alignment shown by greater VE values and the direction angles along the 

mediolateral axis portrayed the well-known DC-induced movements directed towards the 

anodal side in the frontal plane (for review see (40)). 

Contrary to our hypothesis, our findings showed no postural response to ELF-MF 

stimulations despite being up to tenfold above Glover’s 4 T/s threshold. Indeed, in our 

study, peak dB/dt levels reached 8.89 T/s, 26.66 T/s, and 39.98 T/s at 20 Hz, 60 Hz, and 

90 Hz respectively.  

For their international guidelines and standards, ICNIRP and IEEE-ICES  need in-situ E-

Field threshold assessments to which uncertainty and safety factors are applied to fully 

protect the public as well as the workers (1,2). These publications estimate in-situ E-Fields 

using Maxwell equations applied to an ellipsoid model (55), but have acknowledged later 
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that anatomical models could also be used (2). Nonetheless, it is acknowledged that good 

estimations of in-situ E-Fields are also obtained with analytical spherical models (56). 

Therefore, we estimated the in situ induced E-Field generated by our stimulations, with the 

following equation derived from Maxwell’s third law: 

 

where E represents the induced E-Field and r the radius of the Faraday’s loop within a 

homogeneous alternating flux density B of frequency f. Given a 5 cm radius loop 

encompassing both vestibular systems (FIG. 2-7), the 4 T/s threshold presented by Glover 

et al. (21) would produce 0.1 V/m tangentially to that loop. Following the same reckoning, 

our stimulation would produce peak E-Field at 0.225 V/m, 0.65 V/m, and 1 V/m for our 

respective frequencies at the level of the vestibular systems. Despite having E-Field values 

twice to ten times higher than the theoretical threshold estimated by Glover et al. (21), no 

differences in the quantity of movement, spatial dispersion nor on the direction of sway 

were observed.  
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Figure 2-7  Bottom view of field orientation within a head representation. Both yellow 

structures are the vestibular systems. The green crosses represent the homogeneous 

MF increasing towards the top of the head. The light blue circle symbolizes a 5 cm 

radius Faraday’s loop encompassing both vestibular systems. The dark blue arrows 

represent the tangential induced E-Fields generated at selected points of the loop. 

In this light, several key points should be addressed to understand the absence of postural 

response: i) the role of the frequencies of stimulation used to reach high dB/dt values, ii) 

the role of the orientation of the MF, and finally iii) the anatomy and physiology of the 

vestibular structures impacted. 

First, stimulation frequencies of 20 Hz, 60 Hz, and 90 Hz were chosen to generate dB/dt 

levels theoretically capable of triggering vestibular responses. 

Importantly, in the case of electrical stimulation of the vestibular system, it is considered 

that postural outcomes are mostly due to semicircular canal activation (for review see (57)). 

Moreover, with alternating signals, as stimulation frequency increases, the weight of the 
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otolithic input increases while the weight of the canalithic input decreases (58). As a 

consequence, the high frequencies used in our study may have mainly impacted the 

otoliths, potentially yielding to weaker postural modulations.  

Second, since the otoliths were the most likely impacted targets of our magnetic 

stimulations, their relative orientation to the induced fields must be considered. The 

otolithic subsystem is composed of the utricle and the saccule, which are responsible for 

detecting head horizontal and vertical linear accelerations respectively. The utricle is 

mostly planar, lying in the horizontal plane, whereas the saccule is mostly planar, lying 

orthogonally in the vertical plane. Given the orientation of both utricles and saccules in 

space, their respective vestibular hair cells would predominately be crossed 

perpendicularly by the induced E-Fields. Considering that only E-Fields colinear to the 

body of the neuronal cells have a maximum impact (59), only a fraction of the induced E-

Fields could have influenced the otolithic hair cells. Therefore, considering that the induced 

E-Field threshold to modulate vestibular function was indeed met, its alignment relative to 

sensitive target cells (hair cells) may not have been optimal to allow a functional response.  

Finally, anatomically both saccules’ and utricles’ maculae are divided by a striola. On each 

side of the striola, the vestibular hair cells are oppositely disposed, such that for any 

imposed head acceleration, one side will be excited while the other side will be inhibited 

(40,60). Considering such cross-striolar inhibition mechanisms (61), any impact of induced 

E-Fields and currents on oppositely oriented hair cells would be reduced within each 

otolithic sub-systems, on each side of the head (40). Consequently, little net vestibular 

signals would only be generated and integrated.  

In summary, i) the use of high frequencies limited the postural responses by favorizing the 

otolithic over the canalithic system ii), only a fraction of induced E-Field influenced the 

otolithic hair cells, and iii), this remaining fraction of induced E-Field was subjected to the 

cross-striolar inhibition mechanism in both utricular and saccular maculae which further 

limited the effect on postural control. 

Interestingly, studies using 0.7 T/s 60 Hz ELF-MF stimulations orthogonal to ours, have 

observed an impact on human postural control (62–65). However, these results should be 
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interpreted with caution. First, the dB/dt value was far below the theoretical 4T/s threshold. 

Second, the whole body was exposed and, therefore, the effects could have resulted from 

other sensory and/or motor modulations. Nonetheless, the suggestion of the crucial effect 

of the orientation of the field can also be found in the magnetophosphene literature. Indeed, 

magnetophosphenes thresholds can vary 2.5 fold depending on field orientation (56). 

Considering Lövsund et al. (66,67), in which the fields exposed the participants’ head 

laterally, the 2019 IEEE ICES standards (2) report a magnetophosphenes threshold at 20 

Hz to be at 0.075 V/m peak. Yet considering Hirata et al. (56), this threshold could be 

lowered to 0.04 V/m peak when the field is orientated vertically. While vertical magnetic 

fields are well suited to impact retinal cells, lowering the magnetophosphenes thresholds 

(56), the same field orientation is, as seen in our results, ineffective on the vestibular hair 

cells  

Furthermore, the vestibular systems, being more deeply nestled within the skull than the 

eyes, the Faraday’s loop encompassing both vestibular apparatuses, is smaller than the loop 

enclosing both eyes. Therefore, the E-Fields at the vestibular system level are smaller than 

at the retinal level. However, with our MF at 20 Hz, an E-Field of 0.225 V/m is induced at 

the vestibular system level, which is more than 5 times stronger than the 0.04 V/m peak 

phosphene threshold calculated by Hirata et al. (56) with the same field orientation. It is 

also 3 times stronger than the 0.075 V/m peak estimated head exposures threshold of the 

guidelines (2). This indicates that with the dB/dt values reaching 40 T/s in the current study, 

the induced E-Fields for the retina and/or the CNS were above the threshold values used 

as bases in the guidelines and recommendations. Despite induced E-Fields exceeding the 

electrostimulation threshold values from the guidelines, no sensorimotor effects, besides 

phosphenes, were found in our study. Therefore, given the close neurophysiological 

similarities between vestibular hair cells and retinal cells, the absence of postural 

modulation showed by our results could challenge the idea of generalizing the threshold 

from retinal effects to the entire CNS. Indeed, our results suggest that the generalization 

based on neurophysiological similarities may not be appropriate. It is important to keep in 

mind that field orientation and structure localization in the CNS are also important 

parameters playing a role in the ability of an external MF to induce effective 
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neurostimulation. Yet, such considerations would greatly benefit from specific dosimetry 

work concerning the vestibular system, which is still lacking to date. 

It is also important to keep in mind that the main objective of this work was to study the 

potential effect of a whole head exposure to a power-frequency MF on postural outcomes. 

In these specific conditions, it was hard to control for magnetophosphenes’ perception, 

which has to be acknowledged as a possible confounding factor. This is however unlikely 

since body sway recordings during flickering light perceptions with frequencies above 16 

Hz do not significantly differ from recordings with uniform room illumination (68), 

suggesting that magnetophosphenes perception would not have modulated postural 

outcomes. Yet full adaptation to darkness could reduce phosphene perception and help to 

better control such factors (69). 

 

 Conclusion 

Our study suggests that before a formal investigation of the level for an acute postural 

response to ELF-MF, further research should address the difficulty of specifically targeting 

the vestibular system. Furthermore, more parameters such as MF orientation and frequency 

as well as vestibular anatomical and neurophysiological specificities need to be taken into 

consideration. Complementarily, more specific and potentially more responsive vestibular 

outcomes such as vestibular related eye movements or neck muscle activation should be 

thoroughly studied (42,70–72) to conclude on the significance and importance to study the 

impact of induction on the vestibular system within the frame of the guidelines. 

Nonetheless, given the favored anatomical location of the retina, the fact that there is no 

inhibition mechanism at its level compared with the vestibular system, and the sensitivity 

of the retinal receptors, phosphenes remain to date the most sensitive response to ELF-MF 

stimulations. Therefore, to protect against potential adverse reactions associated with 

induced electrostimulation and to stay conservative, phosphenes should remain the basis 

of the international guideline.  
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3 Human Postural Responses to High Vestibular Specific 
Extremely Low-Frequency Magnetic Stimulations 

(Published in IEEE-Access) 

 

 Introduction 

The generation, distribution, and use of alternating current (AC) are ubiquitous in modern 

societies, exposing the public to 50/60 Hz Extremely Low-Frequency Magnetic Fields 

(ELF-MF < 300 Hz). According to Faraday’s law of induction, changing magnetic flux 

density over time (dB/dt, measured 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 the public is crucial. In that regard, international agencies 

such as the International Commission for Non-Ionizing Radiation 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 induction in humans is the perception of 

magnetophosphenes. Magnetophosphenes are flickering visual manifestations perceived 

when exposed to sufficiently strong time-varying 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 processing (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), responsible for detecting head rotational and linear accelerations respectively. 
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Vestibular hair cells transduce mechanical information (i.e. head movements) into an 

electric signal treated by the central nervous system (CNS) (12). Compellingly, as for the 

retinal cells (13), small intensity currents 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 stimulations.  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 

postural outcomes under lateral stimulation of the vestibular system. 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 further 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 currents’ 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 stimulation 

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 
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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. 

 

 Methods 

 Participants 

Thirty height 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 volunteers with a history of any 

vestibular-related pathology or dysfunction, 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. 

 

 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. 3-1 left panel) inserted within each 

coil. As in our previous 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. 3-1 right panel). Although we only stimulated the right vestibular 

system in this study, we kept both coils not to introduce any postural bias due to 

asymmetrical load. The whole headset was suspended by a rod system, designed to support 

up to 10.5 kg, 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. 3-1right panel).  
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We controlled the system and collected data using a custom LabVIEW™ 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 MTS™ Magnetic Resonance 

Imaging gradient amplifier capable of delivering up to 200 Arms at ± 345 V (MTS 

Automation, Horsham, PA, USA). We delivered Direct Current (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 participant’s body 

sway at 1 kHz according to 6 degrees of freedom: forces and moments data each in the 3 

dimensions. Data was saved in a single measurement file, along with the MTS™ 

amplifier’s current time series, used to synchronize all measurements with MF expositions, 

for later analysis.  The Center of Pressure (COP) trajectory was calculated post-recording 

using a calibration matrix provided by the manufacturer. No hardware filtering was 

applied. 

 

 Protocol 

We fully equipped the participants after they gave their written informed consent. We used 

the same monaural montage for both DC and AC stimulations (FIG. 3-1 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. 3-1 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 electrodes (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 kΩ throughout 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. The MF headset exposure system was then set over 

the StarStim exposure cap. To ensure careful headset placement, we centered the coils at 
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the mastoid processes level. For consistency, we kept both the StarStim cap and the MF 

exposure device on the head during all testing conditions.  

 

 

Figure 3-1 Representation of experimental exposition apparatus. The left panel shows 

a diagram of the custom coils system centered over the mastoid process. The 

electrodes (yellow circles) delivering the DC and AC currents, were placed in a 

monaural configuration behind the right mastoid and the C7 spinous process. The 

right panel shows a volunteer standing on the foam pad, wearing the vest self-

sustaining the MF headset device unloading the weight of the coils. 

We tested participants in periods of 20 seconds. We asked them to stand on a 6-cm thick 

foam pad (Airex AG, Switzerland) placed on the force plate, with the eyes closed, arms 

resting at their side, and feet together to maximize vestibular 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-
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experiment analysis, we randomly assigned the CTRL trials to an experimental condition 

and we respectively tagged them as “CTRL DC”, “CTRL AC” and “CTRL MF” for DC, 

AC and MF 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 without 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 randomized and were recorded at the end of the trials.  

Subjects wore earplugs throughout the experiment to conceal 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. 

 

 Data analysis  

The COP time series were filtered with a low pass bidirectional 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 Matlab 

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, balance is best 

controlled by coordinating the body in space in both dimensions simultaneously (32). 

Second, biomechanical 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 exposure system.  Finally, monaural electrical stimulations were used 

(different from the binaural bipolar montage in (21)), which induce oblique deviations in 



98 

 

the AP and ML plane (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. 

 

Figure 3-2 Graphical representation of postural sway for one participant. Left panels 

show the Center of Pressure (COP) before (black) and during the stimulation (blue 

in control condition, CTRL, and red in direct current condition, DC). These COP 

movements can be summarized on the right panels by their 95% confidence ellipses. 

The displacement from the ellipses’ barycenter from pre-stimulation to during-

stimulation provides distance  and the angle 𝛉 of the displacement. Finally, the size 
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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. 3-2 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. 3-2 right panels).  

Two analyses were done for sway size. First, we calculated the distance rho () between 

PRE-STIM and STIM barycenters (FIG. 3-2 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. 3-2 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-STIM mean velocities 

( speed) for each trial in order to individualize the analysis of the stimulations’ impact. 

 

 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  = 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 stimulation device 

(ON vs OFF) as well as the effect of our positive control (DC vs CTRL), we implemented 
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paired t-tests to analyze  and  speed. Two-way ANOVAs (2 stimulation modalities (AC 

/ MF) x 6 conditions (CTRL plus five frequencies)) for repeated measures were used to 

test the effect of frequency of the time-varying exposure types on  and  speed. Rao’s 

spacing test for circular uniformity was used to determine whether 𝛉 was distributed 

uniformly. If not, the mean 𝛉 and angular deviation  (±  AD), as well as the mean resultant 

vector length (||r ||), were implemented to describe the main direction of sways from PRE-

STIM to STIM barycenters. ||r || is a measure of angular dispersion around the mean ranging 

from 0 to 1. The closer ||r ||, gets to 1, the more the angles are concentrated around the 

angular mean thus describing one specific direction (41) 

 

 Results 

 

 Differences in CTRL conditions  

As seen in FIG. 3-3 and F FIG. 3-4, all CTRL conditions (blue dots) were equivalent. 

Indeed, no differences were found for  (F (2,74) = 1.58, p = 0.21) and for  speed (F 

(2,74) = 0.53, p = 0.5907)). Also, no specific sway directions were found in the different 

CTRL groups (p > 0.05). 

 

 Effect of Stimulation device 

Postural sway size was not affected by wearing the headset as no significant effect was 

found on  (t (37) = -0.77, p = 0.44) nor on  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). 

 

 Effects of positive control  

 speed (t (37) = 7.81, p < 0.0001, R2
 = 0.62 - see FIG. 3-3) and   (t (37) = 6.15, p < 0.001, 

R2 = 0.5 - see FIG. 3-3) were significantly greater with DC than CTRL signing more 
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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°, ||r ||  = 0.82, p = 0.001), whereas no 

significant mean sway was found for CTRL (p > 0.05), see FIG. 3-3). 

 

Figure 3-3 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  speed 

(amplitude only) while transparency shows actual  speed (amplitude and sign: most 

transparent express higher speed in pre-exposure).  

 

 Effects of AC and MF stimulations 

FIG. 4-4 depicts 𝛉,  and  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 3-1). Two-

way ANOVAs (2 stimulation modalities (AC/MF) x 6 conditions (CTRL plus 5 
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frequencies)) for repeated measures indicated no significant main effects of stimulation 

condition for  (F (1,37) = 2.8 , p = 0.1) nor on  speed (F(1,37)= 0.80, p = 0.37).  

Table 3-1 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  

speed and . No information about 𝛉 is reported since no mean angle could be 

computed. 

 

Equally, no significant main effects of frequency were found for  : (F (5,185) = 0.70, p = 

0.62) and for  speed (F (5,185) = 1.83, p = 0.1). Also, no interaction effects were found 

for  : (F (5, 185) = 0.88, p = 0.49) and for  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. 

 

Figure 3-4 Postural modulations for AC (left) and MF (right) at 60 Hz compared to 

control conditions (blue dots). Results at 60 Hz are representative 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 
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difference in   speed (amplitude only) while transparency shows actual  speed 

(amplitude and sign: most transparent express higher speed in pre-exposure). 

 

 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 instantaneous effect on human balance. With higher  speed and 

greater , 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 stimulation at the same intensity triggered a postural response, the 

absence of AC results must, therefore, lay in the time-varying characteristics of that 

stimulation. 



104 

 

However, for the ELF-MF, we still need to consider the intensity. Indeed, the in-situ 

induced E-Field strength is intimately 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 derived from Maxwell’s third law 

 

where E represents 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. 3-5), 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 3-2. 

To date, we did not find specific dosimetry work concerning the vestibular system 

published in the literature. However, in implanted epileptic participants, Huang et al. (46) 

found that 2 mA sinusoidal transcranial electrical stimulation generates 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 CNS. Furthermore, given 

the high conductivity 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 2-2).  
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Table 3-2 ELF-MF and AC stimulations estimated peak E-Field values across all 

frequencies. 

 

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 vestibular 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 neuronal cells 

have a maximum impact (49). Therefore, we need to consider field orientation relative to 

the anatomical structures. 

20 Hz 60 Hz 90 Hz 120 Hz 160 Hz

MF 0.054 0.159 0.24 0.321 0.426

AC 0.4 0.4 0.4 0.4 0.4
Estimated E-Field (V/m)
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FIG. 3-5 Representation of a lateral view of E-Fields impacting the right vestibular 

system (3D grey structures). The upper panels consider a canalithic level while the 

lower panels represent an otolithic level. The light blue crosses represent the 

homogeneous MF increasing from the right to the left side of the head. The red circles 

symbolize the Faraday’s loops encapsulating the entire human vestibular system. The 

red E⃗⃗  arrows represent the tangential induced E-Fields generated either at the 

anterior canal ampulla (upper right panel) or at the utricle (lower right panel). The 

dark blue E⃗⃗ col arrows represent the fractional component of E⃗⃗  aligned with the hair 

cells showing little impact at the canalithic level and greater impact at the utricular 

level. 

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 
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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. 3- 

5, top panels), whereas most of the E-Field would be aligned with the utricular hair cells 

(FIG. 3-5, bottom panels). The saccule being mostly considered orthogonal to the utricle, 

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 delivered 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 coming 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 contribution. Since postural behavioral responses due to vestibular 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 divided mostly 
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in half by a striola, on each side of which the vestibular hair cells are symmetrically 

polarized such that electrical stimulations excite one half while inhibiting the other (29,57). 

Consequently, for a homogenous E-Field stimulation over the entire utricle, little net 

vestibular signals would be generated and integrated, possibly leading to lower utricular 

effects (58). 

Finally, it is hypothesized that for the biomechanical system to work efficiently, only 

frequencies required to control 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 neurons 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 3-2) are now all above the reflexive 

vestibular threshold. Furthermore, Forbes et al. (62), recording human neck motoneuron 

activity, showed that 300 Hz AC stimulations modulate canalithic activity. This not only 
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highlights their sensitivity to such high frequencies but also that their activation translates 

into myogenic reflexive activity through less integrated vestibulospinal 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 parameter. 

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 stimulations cannot have functional 

effects on postural outcomes. Yet, vestibular reflexes are sensitives to both higher 

stimulation frequencies and lower stimulation intensities. Consequently, further protocols 

should implement eye-tracking methods (64,65) to study the ELF-MF impact on the 

vestibulo-ocular reflex. Furthermore, given the field orientation, 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 cervical vestibular evoked myogenic potentials, 

both sensitive to E-Fields (66,67). 

 

 Conclusion  

We did not find postural modulations with our lateral vestibular ELF-MF stimulations, 

which is consistent with the finding from our strong entire head top-down ELF-MF 

stimulation study (22). Based on Lövsund et al. (11), 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 similarities 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 
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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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4 Vestibular Extremely low frequency magnetic and 
electric stimulation effects on human subjective visual 
vertical perception 

(Under review in Brain Stimulation) 

  Introduction 

Electric fields (E-Fields) applied to the human vestibular systems modulate their hair cell 

activity (1–4). The most well-known and reported means for such vestibular specific E-

Fields modulation involves applying direct (DC) or alternating (AC) electric currents to 

the mastoid processes (for review, see (5)).  

Since Michael Faraday’s work, we know that variations in magnetic flux density over time 

(dB/dt measured in T/s) also generate E-Fields and currents in conductors, such as the 

human body, via magnetic induction. Interestingly, some evidence points that induced E-

Fields from time-varying magnetic fields (MF) can modulate the vestibular system activity 

(6–8).  

This high sensitivity of the human vestibular system to small electrical signals is critical 

from a general public health perspective. Indeed, international recommendations and 

standards regarding the general public and workers’ exposure to so called extremely low-

frequency magnetic fields (ELF-MF; < 300 Hz) are based on the smallest exposure levels 

triggering a reliable systematic neurophysiological response documented to date, which 

refers to magnetophosphene perception (9,10). Magnetophosphenes are defined as the 

perception of flickering lights in the peripheral visual field as a consequence of an ELF-

MF stimulation (11).  

Magnetophosphene perception is reported to result from the ability of the retinal graded 

potential cells to detect small in-situ E-Fields variations produced by both AC and time-

varying MF and transduce them into a visual perception (12). Interestingly, graded 

potential cells are also found in other sensory systems such as the vestibular system (13). 

Indeed, the vestibular hair cells are the graded potential cells transducing the mechanical 

head acceleration outcomes into electric signals carried by the vestibular nerves. Vestibular 

hair cells are found in the semi-circular canals as well as in the otoliths (composed of 
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saccule and utricle), respectively sensing linear and angular head accelerations. The 

extreme sensitivity of the hair cells makes the vestibular system another likely target of the 

ELF-MF induced E-Fields.  

Previous work from our group (14,15) suggested that both application and orientation of 

ELF-MF might preferentially target the otolithic subsystems. Particularly, a monaural 

lateral ELF-MF stimulation at the mastoid level would preferentially expose the utricle 

(14). Furthermore, with higher frequencies the weight of the otolithic input increases while 

the weight of the canalithic input decreases (16). Therefore, at powerline frequencies, 

otolithic information is more likely to be much more predominantly integrated than 

canalithic inputs. Moreover, a specific utricle assessment, known as ocular vestibular 

evoked myogenic potentials (oVEMPS) (17,18),  shows that utricles are best tuned at 100 

Hz as eye muscle responses progressively decrease above and under this frequency (19–

21). Interestingly, oVEMPS are still high at 50 Hz (20), indicating that E-Fields at 

powerline frequency could modulate otolithic function. 

As shown in orbital flight research, the otoliths sense the linear-pull of gravity and, 

therefore, greatly contribute to the assessment of verticality (22). One of the most 

commonly used spatial orientation tasks is the subjective visual vertical (SVV). The SVV 

is the measure of the angle between the perceived vertical and the “true” (gravitational) 

vertical (23). The SVV is multimodal, relying on visual, proprioceptive, and cortical 

afferences but it is known as primarily linked to the vestibular function (24,25). In fact, the 

capability of perceiving verticality has been more specifically related to the vestibular 

otolithic function (26) and utricular activation in particular when the head is held upright 

(27). 

The SVV is sensitive to a variety of vestibular stimulations including DC (28–31). The 

literature showing SVV modulations with transcranial electric stimulation applied at the 

mastoid processes is particularly interesting when studying ELF-MF upon the vestibular 

system because it suggests that induced E-Fields targeting the vestibular organs might 

indeed generate changes on a vestibular task.  
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For DC, the effect is well documented as a misperception of SVV toward the anodal 

electrode (28–31). A metanalysis of Zink et al. (32) presented the relationship between 

SVV and ocular rotation (24). It showed that while SVV misperception increases linearly 

with the stimulation current, the ocular torsion, on the other hand, increases following a 

negative exponential curve (24). From the model provided in Dalmaijer’s work, we can 

assess that with a 2 mA DC stimulation, about 70% of SVV measurement can be interpreted 

as originating from ocular torsion. It is therefore likely that an alternating ocular rotation, 

due to the changing polarity of the time-varying E-Fields, would modulate SVV results.  

However, there could be differences in the SVV outcomes between AC and MF 

stimulations as electrophosphenes and magnetophosphenes differences have been 

acknowledged for decades (33). Indeed, the head’s anatomical structures such as bone, 

cerebrospinal fluid, and skin could dampen the E-Fields generated by AC (34,35). 

However, we do not expect such a mechanism with ELF-MF penetrating all structures 

without impediment. Furthermore, electrical vestibular stimulations globally impact the 

entire system (5,36,37) whereas a monaural lateral ELF-MF could be more utricular 

specific (14). Therefore, we suggest that compared to AC, lateral monaural ELF-MF 

stimulations will more specifically affect the utricular system. Thus, we focused on the 

perception of verticality as a biomarker of the utricular performance and we compared the 

effects of both AC and ELF-MF vestibular stimulations, expecting to find greater 

modulation of verticality perception with the latter. 

  Methods 

 Participants 

Thirty-three (33) participants (10 males, 24.6 ± 4 years) took part in the experiment. We 

excluded participants with any history of vestibular-related pathology, chronic illnesses, 

neurological diseases affecting normal body movements, and prone to seizures. We also 

ruled out people self-reporting permanent metal devices above the neck or using 

recreational drugs. Finally, we asked our participants to abstain from alcohol and caffeine 

intake for 24 hours before the experiment. This protocol was approved by Western 
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University’s Ethics Board for Health Science Research Involving Human Subjects 

(protocol #109161). 

 Stimulations 

We delivered ELF-MF exposures via a custom exposure system consisting of a 176-turn 

coil (11 turns of 16 layers over a length of 6.2 cm, 6 cm inner diameter, and 22 cm outer 

diameter) made of 5 mm wide hollow square copper wire cooled by circulating water and 

powered by an MTS™ Magnetic Resonance Imaging (MRI) gradient amplifier array 

capable of delivering up to 200 Arms at ± 345V (MTS Automation, Horsham, PA, USA). 

ELF-MF exposure was delivered using a single-coil centered at the level of the left mastoid 

process (FIG. 4-1 upper panel). 

We produced DC and AC with a transcranial current stimulation device (StarStim, 

Neuroelectrics, Spain) and the NIC software (Neuroelectrics Instrument Controller, 

version 1.4.1 Rev.2014-12-01) was used to drive the StarStim device via Bluetooth. In both 

electrical stimulations, a binaural bipolar montage (Anode-Left, Cathode-Right for DC) 

delivered electric stimulations at the mastoid processes. 

Participants were exposed to i) a control condition (CTRL) with no stimulation, ii) a Direct 

Current stimulation (DC) at 2 mA used as a positive control, iii) Alternating Current 

stimulations (sinusoidal, peak ± 2 mA) given at 4 frequencies (20 Hz, 60 Hz, 120 Hz, and 

160 Hz), and iv) alternating sinusoidal ELF-MF stimulations at the same frequencies.  

As described by the following equation derived from Maxwell’s third law:  

𝑬 =
𝒓

𝟐

𝒅𝑩

𝒅𝒕
 =  𝝅 𝒓𝒇𝑩  

where E represents the induced E-Fields, r the radius of the Faraday’s loop encompassing 

a homogeneous alternating MF of flux density B, and frequency f, the intensity of the 

stimulation is linearly proportional to the frequency of stimulation. To compare similar 

intensity AC stimulations to ELF-MF stimulations, we decreased the flux density 

proportionally to the stimulation frequency to keep a constant dB/dt level (chosen to be 

12.3 T.s-1) across frequencies. Table 4-1 summarizes the intensity levels reached at 3 cm 

from the casing of the coil where the vestibular system should be located (38).  
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Figure 4-1 Magnetic flux density distribution around the exposure device for a 20Hz 

stimulation. On the left panel, the black lines show the outer boundaries casing, and 

the grey lines show the outer boundaries of the solenoid. The vestibular system 

(represented as the two yellow structures into the skull) lays approximately 3 cm from 

the casing of the coil. The right panel shows the dB/dt values along the Mediolateral 

axis at the level of the vestibular level. The dashed line represents the position of the 

coil casing (black) and the vestibular system (red) along the mediolateral axis. 

For both ELF-MF and AC stimulations, we chose the frequencies following the subsequent 

rational. As stated in the introduction, otoliths are best-tuned at 100 Hz, and responses 

progressively decline under and above this value (19–21). Therefore, we opted to 

investigate two frequencies above and two frequencies below 100 Hz. The main goal of 

this study is to study responses at 60 Hz (i.e. the powerline frequency in North America). 

Also, we chose 20 Hz since AC stimulations up to such frequency generate ocular torsions 

(39). Finally, we kept both 120 and 160 Hz since otolithic responses drop dramatically at 

200 Hz (20). 

Table 4-1 Alternating magnetic field intensity (in rms) expressed in mT and T.s-1 at 3 

cm from the casing of the coil for the four frequency conditions. We intentionally 

decreased the level of flux density to keep a stable dB/dt across frequency conditions. 
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 Procedure 

After giving written informed consent, we equipped the participants with the electric 

stimulation device. We saturated the circular 25 cm2 Ag/AgCl electrodes (StarStim, 

Neuroelectrics, Spain) with 8 mL of saline solution to provide proper conduction between 

the electrodes and the skin. We then secured the electrodes using the StarStim exposure 

cap and tape. To ensure appropriate stimulations, we maintained electrodes' impedances 

strictly below 10 kΩ throughout the experiment following the manufacturer's 

recommendations. Before starting the testing, we exposed the participants to 5 seconds DC 

(2 mA) and AC (peak ± 2 mA at 20 Hz) exposures while standing feet together, arms by 

their side, and eyes closed. This was done i) as familiarization samples and ii) to make sure 

that  DC made participants sway towards the anodal side (for review (5)).  

We asked the participants to sit on a sturdy stool during the time of the experiment. To 

avoid any environmental visual bias, we asked the participants to look through an open 

cone to a monitor displaying a dotted white line over a black background oriented towards 

the left with a random angle bounded between -25º and -20º. Participants' eyes were 43 cm 

away from the screen displaying a 15 cm long dotted line, representing a visual angle of 

23º. We asked the participants to use the wheel of a mouse to control the angle of this white 

line and align it with what they perceived to be the gravitational vertical. We instructed the 

participants to press the left button of the mouse to validate the measurement and record 

the final angle of the line when they reached the final alignment. They performed two 

consecutive measurements during one 30-s stimulation and repeated each stimulation twice 

for a total of 20 stimulations. One-minute rest periods were given between trials to avoid 

participant fatigue and dissipate the stimulation effects in between blocks. A second 

investigator, blinded to the type of stimulation, was present at all times, to position the 

participants correctly at the beginning of each trial and to make sure they maintained the 

proper positioning throughout the trials. To conceal the noise generated by the coil, subjects 

wore earplugs throughout the experiment. We presented all conditions in a pseudo-

20 Hz 60 Hz 120 Hz 160 Hz

12.3 12.3 12.3 12.3

98.0 32.8 16.4 12.3Flux denstity B (mT)

dB/dt (T.s-1 ) 

Intensity
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randomized order, where higher flux density conditions (i.e. four 20Hz) were distributed 

at an equal time interval from each other to allow the proper cooling time of the coil. We 

fully randomized all other stimulations. 

 Data collection and analysis 

We collected the final angle of the line after adjustment (SVV), the initial angle of the line 

before the adjustment, and the adjustment time from the moment the line appeared on the 

screen to the button-click marking the final adjustment with a custom HTML/javascript 

program. 

To account for the interindividual variability of SVV measurements and the known bias of 

the initial angle of presentation (40), we averaged the four measurements for each condition 

and subtracted the averaged SVV of each experimental condition from the CTRL averaged 

SVV. Thus, we obtained a difference to the CTRL value of the SVV angle that we will 

describe in the rest of this work as dSVVmean. We calculated the same difference for the 

standard deviations of the SVV over the four repetitions (dSVVstd). This dSVVstd 

represents how variable an adjustment was compared to the CTRL condition. 

Finally, knowing that the initial angle was randomly chosen, to compare the adjustment 

time for every condition and every participant, we computed an adjustment velocity as the 

angular distance between the initial angle and the final angle over the adjustment time. This 

variable was also averaged and presented as a difference to CTRL and called dVel. 

The data analysis was performed with python (v.3.7.6) and R (v.3.6.0). A level of 

significance of α = 0.05 was adopted throughout data analysis. dSVV variables were 

computed by subtracting the averaged SVV from the CTRL averaged SVV. Therefore, the 

dSVV for CTRL is equal to zero (dSVV CTRL = CTRL minus CTRL). Since the 

theoretical true vertical would correspond to a normal Gaussian distribution centered on 

zero, we implemented this distribution to the TRUE vertical condition. As a consequence, 

the effect of DC stimulations can be tested as DC vs TRUE. A one-tailed one-sample t-test 

was conducted, with the expectation that dSVVmean for the DC condition to be below 0 

(bias towards the anode expected). 
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We compared 2 stimulation types (AC and MF) and 4 stimulation frequencies (20 Hz, 60 

Hz, 120 Hz, and 160 Hz) with 2-ways repeated measure ANOVAs on dSVVmean, 

dSVVstd, and dVel. We presented the generalized eta squared (𝛈𝐆
𝟐) as a measure of the 

effect size as it is recommended for repeated measures ANOVAs (41). 

 Results 

The analysis of SVV angles shows that 3 participants demonstrated SVV angle > 2.5º in 

the CTRL conditions. Healthy participants are normally able to align the perceived vertical 

within ± 2 degrees of the true gravitational vertical [29]. Therefore, we decided to classify 

these 3 participants as outliers and to remove them from the statistical analysis 

 

Figure 4-2 Swarm plot representation of SVV angle assessment for all participants 

overall experimental stimulations (CTRL: Control, DC: Direct Current, AC: 

Alternating Current, MF: Magnetic Field) by frequency conditions (from CTRL and 

DC on the left panel to 160 Hz for AC and MF on the right panel). The solid dots 

represent the data collected for the 3 participants exhibiting SVV angles > 2.5º in the 

CTRL condition. The shaded dots represent the measurements of SVV kept in the 

statistical analysis. 

The results first consisted of comparing the effect of the DC stimulation on the perception 

of verticality. FIG. 4-2 shows the large variability among the participants in terms of SVV 
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angle perception. This variability is smaller when considering dSVV, which represents the 

difference in degrees between measurements in the CTRL condition and measurements in 

the experimental condition (i.e. DC, AC, or MF). By comparing these dSVV in the DC vs 

TRUE conditions, we are testing if the DC condition was significantly lower than a 

condition with no stimulation. As expected, [45,46], the t-test showed that dSVV for the 

DC condition was significantly lower than 0 (t29 = -2.0104, p = 0.027, r2 = 12%) which 

describes a misperception towards the anodal stimulation on the left side. The mean dSVV 

for DC was -0.32º ± 0.8º. 

FIG. 4-3 presents the dSVVmean, dSVVstd, and dVel results for both AC and MF 

stimulations. Two-way ANOVAs (2 stimulation modalities × 4 frequencies) for repeated 

measures indicated no significant main effects of frequency conditions for dSVVmean (F3,87 

= 1.97, p = 0.12), dSVVstd (F3,87 = 0.31, p = 0. 82), and dVel (F3,87 = 1.70, p = 0.18). 

Similarly, no significant stimulation main effect was found for dSVVmean (F1, 29 = 0.6, p = 

0.45). However, dSVVstd (F1, 29 = 7.86 p = 0.009, 𝛈𝐆
𝟐= 2%) showed that while the variability 

of SVV is lower than CTRL for AC exposure, it is however greater than CTRL in the 

instance of MF stimulation (FIG. 4-3). Similarly, dVel (F1, 29 = 9.04, p = 0.005, 𝛈𝐆
𝟐  = 2%) 

showed that velocities to adjust the SVV measurement were greater in AC conditions than 

in the MF conditions. Finally, no interaction effects were found for dSVVmean (F3,87 = 1.87, 

p = 0.14), dSVVstd: (F3,87= 0.76, p = 0. 52) and for dVel: (F 3,87 = 0.27, p = 0.84). 
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Figure 4-3 Boxplots representation of dSVVmean, dSVVstd, and dVel distributions 

comparing AC and MF stimulations. Individual measurements are presented as 

swarm plot over each boxplot. Only dSVVstd and dVel yielded significant differences 

between AC and MF. 

 Discussion 

The current international standards and guidelines consider the impact of ELF-MF on 

neural networks through the paradigm of phosphene perception (42,43).  The actual 

hypothesis regarding phosphenes 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 (12). Yet, the International Commission 

on Non-Ionizing Radiation Protection (ICNIRP) acknowledges uncertainties regarding 

how electrostimulation impacts human neurophysiology in the ELF-MF frequency range 

(44). In this perspective, this work was intended to shed light on some knowledge gap, by 

investigating other graded potential cells located in the vestibular system. 

Considering previous work from our group (14,15), we argued that ELF-MF stimulations 

applied laterally would more specifically trigger the vestibular hair cells within the 

utricular subsystem. Hence, the first aim here was to study the potential acute effect of 

vestibular exposure to a power-frequency MF by investigating the SVV in which the utricle 
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plays a significant role (27). Furthermore, given potential differences between AC and MF, 

the second aim of this work was to compare the results from both stimulations.  

We hypothesized more important modulations in SVV outcomes with MF than with AC 

given that i) the intensity related to AC is potentially dampened by the head’s anatomical 

structures but not with MF and ii) the ELF-MF stimulations would more preferentially 

affect the utricular system then AC. Finally, given that the utricles are best-tuned at 100 

Hz and eye muscle responses progressively decrease above and under such frequency (19–

21), we also expected a frequency effect with our stimulations. 

It is well known that DC impacts the SVV towards the anodal side of the stimulation 

(45,46). This was also the case in our study. Also, given that both the SVV dotted line 

appearance and the anodal side were oriented towards the left, DC shortened the time to 

set the SVV score.  

Considering previously reported results, with the intensity used in this work, our DC result 

was likely due to ocular torsion (24,30,31,47–49), Thus, this validated DC as a positive 

control. 

With AC, the current’s polarity switches with frequency, and torsional eye movements 

should therefore be modulated accordingly. The same rational applies to our ELF-MF 

stimulations given their sinusoidal nature. Therefore, we didn’t expect a tonic response 

with a stable ocular torsion generating a constant SVV error towards the anodal side, but 

rather an increased variability in the SVV results. 

Even though no effect was found on dSVVmean, results show that ELF-MF performance 

was more variable compared to performance under AC, and it took more time for the 

participants to achieve verticality adjustments with the former than with the latter. This 

means that in order to get equivalent results, the adjustment performance was less optimal 

with ELF-MF than with AC. Therefore, we need to reflect on whether the E-Fields intensity 

was indeed higher in ELF-MF than with AC at the utricular level. 

Depending on the frequency, the information coming from both vestibular subsystems does 

not seem to be equally integrated within the vestibular nuclei. Indeed, Carriot et al. (16) 
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showed that, as stimulation frequencies increases, more otolithic inputs than canalithic 

inputs are integrated. Given that our frequency range started at 20 Hz, which is considered 

as the upper physiological frequency limit for the vestibular system (50,51), the otolithic 

information was likely more integrated than the canalithic ones. 

The electrical AC stimulations applied in this study used a classical binaural bipolar 

montage. Thomas et al. (52) showed that such a montage with a 1 mA stimulation intensity 

generates a maximum of 0.08 V/m at the vestibular system. However, such maximum E-

Fields value is generated at the canalithic level whereas, due to the more resistive otolithic 

structures, less signal is spawned at the otolithic subsystem (52). Based on Thomas et al.’s 

results, our 2 mA AC stimulations would have produced a maximum of 0.04 V/m peak at 

the otoliths (52). 

The ELF-MF stimulations used here were scaled to target a constant dB/dt value in the 

order of 12.3 T.s-1
rms. As in previous work from our group (14,15), the in-situ E-Fields at 

the vestibular level were estimated using the equation described in the methods. 

Considering a radius of 6 mm encompassing the entire vestibular system (53),  the utricular 

E-Fields values can be estimated at 0.053 V/m peak (14).  

Since E-Field values as low as 0.008 V/m are reported to be sufficient to start triggering 

ocular torsions (49), it confirms that both our AC and MF stimulations were sufficiently 

strong to trigger vestibular-related rotational eye responses.  

Interestingly, the estimated E-Field level for ELF-MF was a little higher than the AC values 

at the utricle level (0.053 V/m peak vs 0.04 V/m peak) and could serve as a reason for the 

discrepancies found in our results.  

However, only the E-Fields colinear to the neuronal cell body have a maximum 

neurophysiological impact (54). Therefore, depending on the orientation of the E-Fields 

relative to the hair cells, only a fraction of the absolute induced E-Fields values could have 

modulated them. Thus, the maximum peak values cannot by themselves explain our results 

and we need information relative to the E-Fields’ orientation for both stimulation 

modalities.  
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Electric stimulation modalities are applied to the skin at the skull level (55). Given volume 

conduction as well as the anisotropic and non-homogeneous properties of the head’s 

anatomical structures (56), the currents diffuse following the path of least resistance (35). 

Depending on how the local electric vector fields align with the utricular hair cells, the 

relevant E-Fields strength could have been much lower than the 0.04 V/m peak reported 

above. On the contrary, the ELF-MF goes through the anatomical structures without any 

hindrance, and the induced E-Fields are always orthogonal to the magnetic fields, 

constraining the currents in specific directions. In that regard, we have previously argued 

that lateral MF stimulations relative to the vestibular system induce E-Fields aligned with 

the utricular hair cells (14). Therefore, with MF, the utricle could have received all or close 

to 0.053 V/m peak E-Fields strength.  

Furthermore, the vestibular montages used between the two stimulation modalities (AC 

and MF) differed and should also be considered. A binaural bipolar montage was used with 

AC. This implies that the vestibular systems on both sides of the head are modulated in 

antiphase, meaning that while one system is excited, the other is inhibited. This induces a 

greater firing rate difference between the two systems which the brain interprets as a greater 

acceleration of the head in one direction. On the contrary, a left monaural lateral stimulation 

was used with the ELF-MF stimulations. Therefore, in this case, the firing rate in the right 

ear remained constant throughout the trials. For a given stimulation intensity, the binaural 

montages usually induce larger vestibular outcomes. Hence, in order for the SVV results 

to be more variable with ELF-MF would mean that the monaural lateral MF stimulation, 

in this case, induced a greater difference between the two vestibular systems than the 

binaural bipolar montage used with AC. This could only be the case if the E-Fields strength 

at the utricular level was much higher with ELF-MF than with AC since higher stimulation 

intensity inflates vestibular outcome modulations (57). 

In summary, stronger and more utricular-specific ELF-MF stimulations could explain the 

dSVVstd difference with the AC stimulation modalities 

However, caution is still needed. Indeed, if ELF-MF more specifically targeted the utricles 

with higher E-Field levels, greater effect size would have been expected, which is only in 

the order of 2 % of the total variance here. Furthermore, since the utricular-specific Ovemps 
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responses are frequency-dependent (19–21), an effect resulting from a more important 

utricular modulation with ELF-MF should also lead to a frequency impact, which was not 

seen.  

According to Dalmaijer et al. (24), with E-Fields levels tested in the current study, 

modulation of SVV perception should mostly result from eye torsion. However, torsional 

eye movement amplitudes decrease as stimulation frequencies increases (less than 0.2° at 

20 Hz) (39). Therefore, a 20 Hz stimulation may result in too small ocular torsions to be 

able to modulate SVV. Moreover, it is also suggested that, with E-Fields, torsional eye 

movements are mostly related to canalithic activity (39,52,58), and that higher frequencies 

such as 20 Hz are known to promote otolithic instead of canalithic activation (16). All these 

aspects are justifying the possible contribution of an alternative explanation supporting our 

results. 

The modulation of cortical regions activated by the ELF-MF signal cannot be excluded. 

Indeed, the position of the coil system is compatible with a potential direct effect on the 

temporoparietal cortices (FIG. 4-1 upper panel). According to the model (FIG. 4-1 lower 

panel), the dB/dt levels at these cortical regions are estimated at 20 T.s-1
rms or higher.  

Interestingly these cortical areas are implicated in spatial cognition, including the 

perception of spatial orientation (59). Otero-Millan et al. (60)  found SVV perception 

alterations with transcranial magnetic stimulations, showing SVV bias shift uncorrelated 

with torsional eye movements. Moreover, patients with temporoparietal lesions also 

present SVV biases (61). Therefore, the ELF-MF stimulations could have impacted the 

higher levels of multisensory processing of vestibular, somatosensory, and visual 

information within those brain areas (50,62) leading to modulations of SVV outcomes. 

Furthermore, temporoparietal brain areas are also involved in subjective mental time 

perception (63), especially during tasks implicating the vestibular system (64). This is 

consistent with the longer SVV adjustment time we found with MF than with AC. The fact 

that the MF-induced E-Fields were not aligned with the cortical neuronal structures limits 

the potential impact on the temporoparietal cortices, which may explain the small effect 

sizes accounting only for 2% of the total variance for both dSVVstd, and dVel. 
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In summary, SVV performance was less optimal with MF than with AC. This result could 

be due to a greater utricular activation with ELF-MF than with AC. However, given the 

lack of frequency effect expected for such stimulations, the position of our MF stimulation 

coil, and considering the dB/dt values generated at these sites, we cannot exclude 

temporoparietal cortices modulations with ELF-MF. 

Further ELF-MF investigations should focus on vestibular biomarkers more specifically 

sensitive to E-Fields, like otolithic-specific assessments such as ocular (65–67) and 

cervical (68–70) vestibular evoked myogenic potentials. Lower stimulation frequencies 

should also be considered and the implementation of new eye-tracking techniques (39,71) 

could help confirm and better understand the possible eye impact reported here. Finally, 

targeting the temporoparietal cortices with ELF-MF stimulations would also help 

dissociate and disentangle the origins of the effects found herein. 

 Conclusion 

Our results further shed light on the differential impacts between similar non-invasive AC 

and MF vestibular stimulations applied at the mastoid process. Variations in E-Fields 

orientation in space relative to neuronal anatomical structures modulate the E-Fields 

strength and thus the impact on such structures. These bricks of new knowledge are of 

paramount importance to expand the scientific bases at the foundation of international 

guidelines and standards, to broaden the protection of workers and the general public alike.  
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5 General discussion and conclusion 

 General discussion 

Extremely Low-Frequency Magnetic Fields (ELF-MF) are ubiquitous in modern societies 

and raise health and safety concerns for both workers and the general public (1–5). More 

than four decades of research have amassed a large body of evidence on the impact of ELF-

MF on retinal photoreceptors. This research has identified that the well-known 

phenomenon of magnetophosphenes is thought to result from modulation of the rods’ 

membrane potential (6). Being the most sensitive response to ELF-MF, 

magnetophosphenes form the basis for the 0.075 V/m peak synaptic threshold (4). This 

threshold is generalized for the entire ELF frequency range to all of the neurological 

structures within the central nervous system. Yet, such threshold relies upon a subjective 

report of a visual perception and accordingly is limited. Guidelines would gain in precision 

from setting their threshold on more objective measures of ELF-MF’s impact on human 

neurophysiology. However, such objective outcomes are yet to be defined and proven. 

The fact that the retinal photoreceptors are graded potential cells is hypothesized as the 

mechanism  for producing phosphenes (6). Interestingly, the vestibular hair cells are also 

graded potential cells (7,8) and are sensitive to E-Fields (9–11). In addition, when 

triggered, the vestibular system provides precise motor outputs that can be easily recorded 

and observed (12,13). Thus, the vestibular system could potentially be an alternative model 

for setting safe thresholds. This thesis was, therefore, an attempt to investigate whether the 

vestibular system was indeed a good candidate for such an alternative model.  

International guidelines and standards base their ELF-MF threshold on the most sensitive 

responses to such fields, which currently are phosphenes (1–5). This enables them to set 

the lowest possible threshold (0.075 V/m peak) to keep both the workers and the public 

safe from potential adverse effects (1–5). The first step was therefore to figure whether a 

lower threshold than the currently established synaptic threshold (1–4) could be found with 

the vestibular system. 
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In Chapter 1, I attempted to estimate the lowest E-Field threshold triggering a vestibular 

modulation. Given that we looked at postural control in our two first studies (Chapter 2 

and 3), I needed to find a theoretical postural threshold first. This estimation was mainly 

based on two published papers. In 2015, Yang et al (14), provided evidence showing that 

only 0.32 mA at the mastoid processes starts producing vestibulospinal outcomes. 

Additionally, Huang et al.(15) showed that 1 mA  at the skull could generate 0.2 V/m at 

both the cortex level and deeper structures within the brain. Given the information provided 

in Huang et al.(15), this was thought to be generalizable to the entire brain and, therefore, 

to the vestibular system as well. Given the linear relationship between the intensity of the 

current in mA and the induced E-Fields, I estimated a 0.06 V/m vestibulospinal threshold. 

Interestingly this threshold is already lower than the 0.075 V/m peak synaptic phosphene 

perception threshold (4). However, the results from Huang et al.(15), may not be directly 

relevant to the vestibular system. According to the first dosimetry vestibular specific 

estimation (16), 1 mA at the mastoid processes could, in fact, generate 0.08 V/m at the 

vestibular system level. Furthermore, given that Severac-Cauquil et al. (13) showed that 

0.1 mA applied at the mastoid process triggered vestibulo-ocular outcomes, a more 

sensitive and precise vestibulomotor threshold could potentially be found as low as 0.008 

V/m. Of course, further dosimetry studies will need to be conducted to confirm whether 

this is actually the case. Nonetheless, the E-Fields sensitivity of the vestibular system was 

indeed worth studying within the context of the guidelines since, theoretically, vestibular 

outcomes could be triggered at lower E-Fields levels than the actual phosphene threshold.  

However, altogether, the results presented in this thesis provide converging evidence that the 

vestibular outcomes cannot dethrone the phosphenes so easily. Although, as estimated in 

Chapter 1, the hair cells could trigger vestibular responses with E-Fields levels under the 

threshold found within the guidelines (1–5), the translation from a hair cell’s potential 

membrane modulation to an overt measurable vestibular outcome is not straight forward.  

For instance, in the context of our behavioural postural control studies (Chapters 2 and 3) no 

modulations were observed. Yet, in both cases the highest in-situ E-Fields at the vestibular 

system was found at 0.432 V/m in Chapter 3 and at 1 V/m in Chapter 2. Although, being 

respectively more than fivefold (Chapter 3) and tenfold (Chapters 2) above the guideline’s 
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0.075 V/m peak synaptic threshold (1–5), no objectively measured outcomes were observed 

in both postural control experiments. On the other hand, we detected a small effect on the 

perception of verticality with in-situ E-Fields estimated at 0.053 V/m peak at the vestibular 

system (Chapter 4), approximately 30% below the guidelines’ 0.075 V/m peak synaptic 

threshold. This could advocate in favor of SVV as an alternative approach to phosphenes. 

However, phosphenes are quite a consistent response to ELF-MF stimulations and given 

the very small effect size found in our last study (Chapter 4), caution is therefore needed 

before switching from phosphenes to vestibular responses to substantiate guidelines. 

Nonetheless, our results question the main basis on which the guidelines are actually set. 

Indeed, for the full ELF-MF frequency range, the guidelines and standard threshold are set and  

expressed in terms of a single in-situ E-Field strength at the synaptic level (2,4), Yet, we have 

demonstrated, with a very sensitive sensory system, having close neurophysiological properties 

to both the retina and the brain (6,17), that stimuli above the guideline threshold could lead to 

no observable sensorimotor response (Chapters 2 and 3).  

Secondly, orientation of the fields is not considered at the guidelines and recommendations 

level and should be taken into account in the future. We have argued that depending on 

top-down or mediolateral orientation of the fields, the hair cells within the vestibular 

system could be either impacted (Chapters 3) or not (Chapters 2), potentially being 

observed with the right orientation depending on the type of outcomes analyzed (Chapter 4 

vs Chapter 2). Thus, as shown for the retina (18) and other brain neural structures (19,20), ELF-

MF field orientation is of paramount importance. Nonetheless, with the same mediolateral field 

orientation, SVV effects could also be observed with 0.053 V/m (Chapter 4), whereas postural 

modulations were not with 0.423 V/m (Chapter 3). Therefore, it appears that the E-Field 

values must be considered together with the orientation (Chapter 4). 

Frequency specificity is also overlooked in the guidelines. Although the guidelines 

acknowledge that the threshold could be frequency dependent, they mainly consider a 

single in-situ E-Field value of 0.075 V/m peak for the entire ELF frequency range (1,4). 

Yet, as shown by Carriot et al (21), for the vestibular system, the integration of the 

afferents’ inputs vary depending on the stimulation frequency Indeed, as stimulation 

frequency increases, the weight of otolithic information being integrated is more important 
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while the opposite occurs with the canalithic inputs (21). Frequency specificity is also 

important at the retinal photoreceptors level, as phosphenes threshold responses also rely 

on different frequency levels (22–25). Furthermore, frequency dependency varies between 

tasks. Studies have shown evidence that in a postural control context, frequencies could be 

low-pass filtered (26–29) resulting in an absence of outcome modulation, while the hair 

cells themselves could be efficiently triggered at the same or higher  frequencies (9,30). 

This was further demonstrated in this thesis, as for the same frequency range, small effects 

were observed with SVV (Chapter 4) but not with the postural tasks (Chapters 2 and 3). 

Therefore, a single threshold for the entire ELF frequency range applied indiscriminately 

to all neural structures does not seem appropriate for guidelines trying to protect the 

workers and the public alike. 

 General limitations 

The first limitation was the use of high stimulation frequencies throughout this thesis. 

Physiologically, it has been hypothesized that for the biomechanical system to work 

efficiently, only frequencies required to control task-specific muscle physiology are used 

(27). Evidence suggests that depending on the task and the needs, high frequency currents 

could be low-pass filtered at several stages (26). First neurologically when being integrated 

and transferred through different vestibulospinal pathways (31), then at the muscle level 

(26,27,29), and then finally be further biomechanically low-pass filtered by the inertia of 

the body (32). Indeed, non-invasive electric vestibular stimulation up to 300 Hz trigger 

myogenic responses in the neck (31), whereas leg muscles only respond below 20 Hz (33), 

while 95% of the spectral power of COP time-series is located below 5 Hz (34,35). 

Therefore, in both of the postural studies (Chapter 2 and 3), but more so in Chapter 3 where 

it was hypothesized that an impact could have been generated at the utricle level, these 

low-pass filtering effects could have further dampened the small net acceleration signal 

from the utricle. Altogether, our stimulations could have produced responses that were too 

small to observe through postural sway analysis. In our third study (Chapter 4), given that 

SVV is hypothesized as a torsional eye movement due to the E-Fields, the filtering 

mechanisms were less likely to impact the outcome (26). Nonetheless, the high frequencies 

could have also limited the effect obtained and yielded variable results. Indeed, as 
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frequencies of the stimulations increase, the amplitude of the torsional eye response 

decreases accordingly, and at 20 Hz, eye torsion is already smaller than 0.2° (36). 

Therefore, considering lower frequencies could have provided a greater impact and such 

frequency reduction will need to be considered in futures studies. 

A second limitation for the first two studies (Chapters 2 and 3) was the choice of postural 

sway as the sole outcome measure and different parameters could have sensitized the 

analysis. Modulating head orientations could have been an interesting parameter to change 

during our postural control experiments. Because the vestibular system is fixed to the head, 

the information it provides to the CNS lies within a craniocentric reference frame (37). 

However, for the brain to compute accurate motor control and balance, the information 

provided by the vestibular system must be translated into a body reference frame (37). For 

the brain to make this reference frame transformation accurately, it needs to rely on other 

sensory inputs as well as motor-related information (37,38). Neck proprioception seems to 

play a crucial role in the transformation process. In 1983, Lund & Broberg (39) showed 

that by modulating head orientation in space relative to the feet, the electric vestibular 

stimulation outcome was expressed in a different plane. As the head faced forward, even 

if the trunk is rotated, the outcome will be expressed in the frontal plane. However, if the 

participants had their heads tilted toward one side, about the yaw axis, the outcome was 

expressed in the sagittal plane (39). By giving information concerning where the head lies 

in reference to the body, proprioception, therefore, helps the brain coordinate 

vestibulospinal reflexes accordingly to stabilize our body in space if needed. Therefore, 

head orientation modifications around the yaw axis, directly impact the orientation of 

postural outcome and therefore axial muscle activity. Tilting the head could have sensitized 

information concerning the directions of sway analyzed in both postural studies (Chapters 

2 and 3). Also, by emphasizing axial muscle activity, turning the head along the yaw axis, 

could have been evaluated through the use of electromyographic (EMG) analysis which is 

a more sensitive outcome measure than postural sway during a balance task (26–29,31,40–

42). 

Another limitation in this thesis was the population investigated. Most of our participants 

were active university students in their early twenties. The fact that regular sports practice 

can reduce the effects of E-Fields on postural control (43) might have been an issue in the 
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two first postural studies of this thesis (Chapters 2 and 3). Also, given that our population 

samples consisted mostly of young adults, the results reported in this thesis cannot be 

generalized to other age groups, since age-related changes have been observed when E-

Fields specifically impact the vestibular system (44–46). 

Finally, both postural control (Chapters 2 and 3) and SVV (Chapter 4) are highly integrated 

outcomes. In that regard, vestibular perception, for instance, could have also been a 

limitation of this work. Although the vestibular system is very quick to stabilize the eye in 

the orbit (7 ms for the vestibulo-ocular pathways) and the head on the torso (∼8–10 ms for 

the vestibulo-collic pathways ) (26), for multisensory integration purposes (47), it seems 

to be slow when it comes to perception (48). Even though the natural frequency bandwidth 

of the vestibular system ranges up to 30 Hz (49), no human vestibular perception is 

recorded above 5 Hz (38). On average vestibular perception starts 438 ms after GVS onset 

(47). The greatest vestibular perceptions are felt under 2 Hz (50) corresponding to a 500 

ms period. Moreover, as the frequency of stimulation increases the percentage of 

participants perceiving a sensation of self-motion decreases (50). Therefore, with the direct 

current stimulations, the time delays needed for perceived head movement could have been 

enough to induce both the postural (Chapters 2 and 3) as well as the SVV (Chapter 4) 

changes seen with our positive control results. Yet, with a sinusoidal stimulation at 20 Hz, 

the current period is 50 ms while at 160 Hz it drops to 6 ms. While this is enough to induce 

reflexive myogenic responses (31), it may not be enough to be perceived. This may explain 

why no specific vestibular perceptions were observed in all of the studies included in this 

thesis (Chapters 2, 3, and 4). Given the high cognitive processes occurring in all of the 

tasks used in this thesis, this might explain why our stimulations between 20 Hz and 160 

Hz, appeared ineffective in strongly modulating vestibular outputs.  

The vestibular perception argument could indeed be paramount and have safety 

consequences. Indeed, both workers and the public can be exposed to ELF-MF levels 

exceeding the guidelines’ synaptic threshold. Vestibular perception is, therefore, an 

important point to consider in the health and safety contexts. Using a synaptosome model, 

Masoudian et al., (51) found that considering the time of exposure, the strength of the flux 

density, and the exposition frequency, ELF-MF stimulations could modulate glutamate 
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concentrations within the synaptic cleft. Depending on how these three parameters are 

combined, an increase in glutamate concentration occurs (51). These results are important 

given that glutamate is the main neurotransmitter of the vestibular system. Furthermore, 

when in excess in the synaptic cleft, glutamate leads to neuronal death through the 

excitotoxicity phenomenon (52,53). This is extremely important since power lines ELF-

MFs oscillating at 50 Hz or at 60 Hz worldwide are ubiquitous in our daily lives, but no 

vestibular perception is felt; accordingly people could be unaware of potential adverse 

effects. Considering the important issue of protection of the public and workers in ELF-

MF environments, this knowledge gap needs to be addressed in future studies, to contribute 

to the literature supporting MF safety exposure guidelines for workers and the public. 

 Future studies 

The current thesis was the first steppingstone in investigating specific ELF-MF interactions 

on the vestibular system and provides the foundation for many important directions for 

future research. Future studies on powerline frequency vestibular specific ELF-MF 

stimulations should first avoid any perception vestibular tasks as in our thesis and fully 

concentrate on less integrated outcome measures. Vestibular reflexes should, therefore, be 

a priority. 

 

 Eye movement analysis  

Electrical vestibular stimulations modulate eye movement (13,54–59). With such 

stimulations, small amplitude ocular torsions could be recorded with E-Fields potentially 

as low as 0.008 V/m (see above). The vestibulo-ocular reflex could respond to frequencies 

up to 70 Hz and probably higher (26) and could therefore be impacted by ELF-MF power 

line stimulations. Nystagmus amplitudes are proportional to current intensity (60) meaning 

that outcomes should increase with E-Field strength. However, they decrease with 

increasing frequencies (36). Therefore, the angular resolution of the analysis will need to 

be taken into consideration in a future study. Otero-Millan et al. (61) have described a new 

3D eye-tracking analysis technique which they claim to be better than the scleral search 
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coil, considered as the actual gold standard. Therefore, this technique could be 

implemented in future protocols investigating ELF-MF VOR responses. 

 

 Myogenic responses  

Vestibular-evoked myogenic potentials (VEMPs) seem also to be an interesting 

investigation choice. First, VEMPs are recognized as specific otolithic tests (62) and have 

been researched thoroughly both on healthy participants (63) and patients (64–68). They 

can be used to investigate both vestibulospinal (cVEMPs) (27,41,69–71) and vestibulo-

ocular (oVEMPs) (72–75) pathways. CVEMPs mostly rely on ipsilateral saccular irregular 

afferents while oVEMPs test the utricular macula of the contralateral ear (76,77).  

Second, otoliths can phase-lock with high-frequency stimuli up to 2000 Hz (30) and 

important VEMPS responses can be recorded at power line frequencies  (78–80). VEMPS 

can be obtained using electric vestibular stimulations (62,69,70,73,81). Furthermore, these 

galvanic induced VEMPs are as reliable as the more classical ones evoked by sounds or 

vibrations (69,70,72,73). Our SVV results suggest that monaural lateral ELF-MF 

stimulations could be utricular specific when the head is upright. Therefore, with the head 

upright, powerline frequency ELF-MF could induce oVemps responses. Furthermore, with 

the neck completely flexed, the ELF-MF stimulations could become more saccular specific 

and induce cVEMP responses. Thus, depending on field orientations and head position, the 

specificity of those tests could help better understand whether ELF MF stimulations 

precisely trigger a specific vestibular region. 

 

 Cortical activity  

Brain imaging studies show activation and deactivation of specific cortical areas when the 

vestibular system is stimulated (50,82–84). Most of the studies related to that subject reveal 

vestibular responses in the insular, temporoparietal, somatosensory, cingulate, and frontal 

cortices as well as in the cerebellum and the hippocampus (50,85–88). 

In that context, EEG seems an interesting technique to consider. EEG recordings have been 

obtained with different types of vestibular stimulations such as natural types of movements 

(89–92), caloric stimulation (93), auditory stimuli made by clicks and short-tone bursts  
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(94) and electric vestibular stimulations (95–97). Comparisons and matching activations at 

cortical level with vestibular specific ELF-MF stimulations would therefore be 

informative. Indeed, if the induced currents activate the vestibular system in a similar way, 

the same type of activation should be recorded. Functional Near-Infrared Spectroscopy 

(fNIRS) could also be an alternative as specific vestibulo cortical recordings have also been 

done with this technique (98–101). Yet, fNIRS as a lower temporal resolution and EEG 

could therefore be favored for power line frequency stimulations. 

 

 Autonomous responses  

The vestibular system is systematically triggered when one is in movement or must regulate 

his posture. Research findings have shown a link between the vestibular system and the 

autonomous system. While adjusting posture or when moving through space, the vestibular 

system regulates both respiratory and cardiovascular systems accordingly (102). The 

superior canal via a neurological connection with the abdominal muscles could play a 

major role in the breathing processes (103). The vestibular system is equally engaged in 

adjusting cardiovascular responses (104). The vestibular system senses both the linear and 

the angular accelerations of the head through the otolithic and canalithic system 

respectfully. Participants subjected to head accelerations see an increase in their blood 

pressure as well as a modulation of their electrocardiogram output (105). Heart rate 

variability can also be modulated by vestibular electrical stimulations (106). Acute 

vestibular symptoms include nausea, tachycardia, sweatiness, palpitations, and vomiting 

which can be also induced when stimulated by specific electrical currents applied to the 

vestibular system (102). 

Pupillometry could also be of interest. Asymmetry in pupil size known as anisocoria occurs 

in vestibular pathologies (107). In the introduction of their paper, Chin Tang and Gernandt 

(108) acknowledge pupil reactions to vestibular stimulations. Indeed pupillary reactions to 

vestibular stimulations have been recorded using different types of vestibular stimulation 

such as rotational or caloric stimulations (109). Also, specific utricular stimulations can 

trigger rhythmic dilatations and constrictions of the pupils (110). 
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 Animal models and C-Fos 

C-Fos is a good neuroanatomical biomarker indicating increased activity within the 

investigated area and is commonly used to provide evidence of vestibular end-organs 

stimulation (111–113). Interestingly, both ELF-MF (114) and sinusoidal vestibular 

stimulations (115) produce the same C-Fos-labeled neurons in the vestibular nuclei, 

indicating that both stimulations activate the vestibular end-organs. Although these results 

relate to animal models with very different vestibular sensitivity than in humans, these 

results are nonetheless promising in providing evidence of exclusive ELF-MF stimulations 

modulating the vestibular end-organs and could be considered in future studies. 

 General conclusion  

Altogether this thesis underlines that generalizing the retinal outcomes to the entire SNC 

is inappropriate. Indeed, other sensory systems and the brain neurological structures may 

ultimately not behave similarly as the photoreceptors. Sensory and structural specificities 

as well as how the afferences are integrated should also be considered.  

As far as powerline frequencies are concerned, vestibulomotor outcomes could start being 

triggered at 0.008 V/m peak and may not be consciously perceived. Therefore, the notion 

of 0.075 V/m peak as a one size fits all synaptic threshold for the entire ELF range is likely 

not appropriate. Paramount parameters such as frequency specificities and E-Fields 

orientation will need to be more emphasized in future guidelines and standards. 
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