
     

  1 
 

 
 
 
 
 
 
 
 

Magnetophophene perception and associated neurophysiological responses of 
the human central nervous system exposed to 50 and 60 Hz magnetic fields of 

up to 50 mT 
 
 

A. LEGROS1,2, 3, 4, J. MODOLO1,2,3, D. GOULET5, M. PLANTE5, M. SOUQUES6, F. 
DESCHAMPS7, G. OSTIGUY5, G. MEZEI8, J. LAMBROZO6, A.W. THOMAS1,2, 3 

 
 

1Human Threshold Research Group, Lawson Health Research Institute, London (ON) 
Canada 

2Department of Medical Biophysics, Western University, London (ON) Canada 
3Department of Medical Imaging, Western University, London (ON) Canada 

4School of Kinesiology, Western University, London (ON) Canada 
5Hydro-Québec, Montréal (Qc) Canada 

6Service des études médicales, EDF, Paris, France 
7Service Environnement Réseaux, RTE, Paris, France 

8Electric Power Research Institute, EPRI, Palo Alto, USA 
alegros@lawsonimaging.ca 

 
 
 
 

Inquiry No.: 000072 

 
 

EMF-ELF-2013 
                        

 

WebSite	 http://www.pac.ne.jp/2013cigre_nara/ 
e mail : 	  emf_elf_2013@pac.ne.jp 
 
 



     

  2 
 

SUMMARY 
 
In the Extremely Low Frequency range (ELF), international guidelines on magnetic field (MF) 
exposure are based on acute ‘well-established effects’ on the human central nervous system, 
characterized by the best estimate of retinal magnetophosphene perception threshold. 
Magnetophosphenes are described as ‘flickering-lights’ perceived in a dark environment when 
exposed to a sufficiently strong time-varying MF. Although magnetophosphenes are the most robust 
exposure-related established effect, the perception threshold at power frequencies (50 and 60 Hz) 
remains uncertain, since it is based on extrapolated estimates from non-replicated experimental data 
acquired at lower frequencies. This project is therefore aiming to supplement the results from the 
literature regarding exposure in the milliTesla range at power frequencies with reliable MF exposure 
thresholds systematically inducing effects in humans and with plausible mechanisms of action.  The 
main specific objective here is to experimentally test the magnetophosphene detection threshold in 
humans exposed to MF flux densities between 0 and 50 milliTesla at 50 and 60 Hz. The electrical 
activity of the brain (electroencephalographic - EEG) and the physiological tremor responses are also 
investigated. This project is in its early stages, and only preliminary data confirming that the 
magnetophosphene perception threshold is actually below 50 milliTesla at 50 and 60 Hz, and that 
human EEG and physiological tremor can be recorded during the exposure periods, are presented here. 
When completed, this project will provide accurate MF flux density exposure thresholds measured in 
humans at 50 and 60 Hz systematically inducing magnetophosphene perception and associated 
changes in EEG, as well as potential physiological tremor and associated EEG changes.   
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INTRODUCTION 
 
Many studies suggest neuromodulatory effects (i.e. modifications of electrical, metabolic, or chemical 
processes taking place in the central nervous system as a consequence of an exogenous stimulus) due 
to electric fields induced by time-varying magnetic fields (MF) exposure in the Extremely Low 
Frequency range (ELF, < 300 Hz, see [1-3] for review). For instance, electroencephalography (EEG) 
is the central nervous system biomarker that has probably been studied the most in the context of 
ELFMF research. Although the literature results are very heterogeneous (partially because of the wide 
variety of protocols used), the most consistently reported effect on EEG is an increase of the resting 
occipital alpha rhythm (8-12 Hz) as a consequence of exposure [4, 5]. It is interesting to note here that 
these reported effects are persistent (i.e., outlast the duration of exposure), since in most cases the EEG 
cannot be recorded during the ELFMF exposure conditions due to MF-induced signal artefacts. Other 
studies have focused on human motor or cognitive behaviour and possible exposure effects on 
physiological baselines and performances. In terms of motor control, results show that an ELFMF 
exposure can, under certain circumstances, reduce the normal antero-posterior standing balance [6, 7] 
or modulate physiological tremor amplitude [7-9] in healthy volunteers. Vestibular-related postural 
responses and vertigo have also been reported as a consequence of moving the head in the strong static 
magnetic field of a Magnetic Resonance Imaging (MRI) scanner [10, 11]. In terms of cognition, 
disruptions in attention and working memory were reported with exposures as low as 0.6 milliTesla 
(mT) at 50 Hz [12], and our group has also observed changes in short-term memory processes with a 
one hour, 3 mT exposure at 60 Hz [13]. More specifically, this last result suggests a cancellation, with 
ELFMF exposure, of the performance improvement classically associated with the repetition of a task. 
It is interesting to notice that this same interference in performance improvement has also been 
reported in a reaction time task when given before and after a 1 hour exposure to a 1.26 mT MF at 45 
Hz [14]. A movement-induced time-varying MF exposure tested in an MRI environment has been 
reported to impact neurocognitive performance as well [15]. Post-exposure persistent effects have also 
been observed using functional Magnetic Resonance Imaging (fMRI) in a standard finger tapping task: 
specific brain regions displayed higher levels of activation after one hour of exposure to a 60 Hz, 1.8 
and a 3 mT MF (2 different experiments) as compared to after a sham condition [16]. One of the 
putative mechanisms potentially supporting these observations could involve an increase in cortical 
excitability due to synaptic plasticity processes (i.e., dynamic changes in synaptic efficiency). Capone 
et al. have tested this hypothesis and have shown that a pulsed MF (peak value 1.8 mT) delivered 
during 45 minutes can indeed have a persistent effect by increasing cortical excitability [17]. 
Interestingly, MRI imaging procedures given in a 1.5 and 7T scanner have also been shown to impact 
cortical excitability in healthy volunteers [11].  
 
Put together, these effects suggest that an ELFMF stimulus in the mT range could be capable of 
having a persistent effect (in the order of minutes) on neurophysiological processes and behaviours, 
which could be interpreted as the consequence of synaptic plasticity modulations. ELFMF exposure 
induces an electric field as described by Maxwell-Faraday’s law, resulting in an additive cell 
membrane potential perturbation [18, 19] dependant on neuronal morphology and electric field 
orientation [20]. For ELFMF exposure in the low mT range, this membrane perturbation is insufficient 
to trigger action potentials, but might play a role in synaptic communication [21-23]. Synaptic 
processes can indeed be affected by a presynaptic membrane depolarization of 1 mV, while a 
depolarization as little as 60 µV seems to be capable of affecting the synapses in the retina [24-26], 
and to give rise to the perception of phosphenes. Magnetophosphenes are described as flickering 
visual perceptions and are the most well-established and consistent biological effect of ELFMF on 
human neurophysiology [22, 23, 27]. Following the work from Lövsund et al. [28], Silny reported 
human perception of magnetophosphenes induced by an intermittent 1 hour ELFMF between 10 and 
20 mT (frequency range = 5-60 Hz) [29]. In the same study, an effect of exposure was reported on 
visual evoked potentials (VEP) lasting past the end of the exposure period, suggesting a persistent 
effect and thus a possible impact on synaptic plasticity. 
 
Both ICNIRP and IEEE recommendations/guidelines aim to protect individuals against adverse health 
effects [21, 22] of electromagnetic fields (EMF) exposure. The threshold for magnetophoshene 
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perception is estimated to be the lowest at 20 Hz (between 5 and 10 mT - 50 to 100 V/m of induced E-
field – 10 to 14 mA/m2 of induced current density) and then to increase with frequency [21, 22, 28-
31]. Although magnetophosphenes are the most robustly exposure-related established effect, the 
perception threshold at power frequencies (50 and 60 Hz) remains uncertain, since it is based on 
estimates extrapolated from non-replicated experimental data acquired at lower frequencies.  
 
Our current project aims to: 1) establish the magnetophosphene perception threshold at 50 and 60 Hz 
in healthy volunteers; 2) simultaneously study the electroencephalographic (EEG) response in 
corresponding brain regions, 3) study the impact of the same stimulus on physiological tremor, which 
is another highly sensitive neurophysiological indicator.  
 
MATERIAL AND METHODS 
 
Two exposure systems have been designed and developed for this project: a local head exposure 
system and a global head exposure system. Both systems are controlled using a LabView™ program 
driving a MTS™ Magnetic Resonance Imaging gradient amplifier capable of delivering up to 200 A 
(rms) at ± 345 V (MTS Automation 433 Caredean Dr. Horsham PA). First, the local exposure system 
consists of a 176 turn coil (16 layers of 11 turns each – 6 cm inner diameter and 22 cm outer diameter) 
made of hollow square copper wire cooled by circulating water (Figure 1, right). This coil allows MF 
exposures between 0 and 100 Hz up to 50 mT at 3 cm from the coil side without any perceptible noise 
or vibration produced. Second, the global exposure system consists of a set of two 50 cm diameter 22-
turn coils separated by 25 cm, positioned parallel to the ground at the head level, centered with the 
eyes, which allows homogeneous exposure at 50 and 60 Hz of up to 50 mT (± 5% across the human 
brain and eyes – Figure 1, left). The MTS constant-current amplifier drives the required current trough 
a transformer and a set of capacitors, pushing up to 650 A (rms) in the coils at full power. The global 
exposure system is developed in collaboration with the Research Institute of Hydro-Québec (Dr. Duc 
Nguyen – IREQ). Volunteers will wear earplugs to prevent them from earing the small “buzz” 
produced by the coils during exposure. The distributions of the MF produced by both coil systems, 
calculated using the ‘Biot and Savart Law’, are presented in Figure 1. Calculations have been 
confirmed by measurements made using a single axis MF Hall transducer (± 200 mT range with 0.1 % 
accuracy- Senis™ 0YA05F-C.2T2K5J probe, GMW Associates, San Carlos, USA).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Left section - A graphic sketch of the global exposure system. The left graph represents a 
scaled coronal view of a human anatomical image superimposed to the field distribution, as calculated 
using the ‘Biot and Savart Law’, produced by our global head exposure system (represented by the 2 
horizontal transparent grey rectangles). The head of the subject is exposed to a homogeneous 50 mT 
MF (5 mT contour lines). Right section - Our local exposure coil. A scaled representation of a 
transversal slice of human head is superimposed with the field distribution, calculated using the ‘Biot 
and Savart Law’, is presented in the right graph. The vertical transparent grey rectangle represents the 
coil dimensions. The exposed eyeball is non-homogeneously exposed to 50 mT at 50 and 60 Hz.  
 
Two separate experimental protocols detail these objectives; both are approved by the Western 
University ethics board (HSREB #18882 and #103066). The first protocol tests 2 groups of volunteers 
(n = 25 at 60 Hz, n = 5 at 50 Hz), each tested in 2 local exposure conditions (eyeball and occipital 
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cortex using the small coil) and 1 entire head exposure condition, each scanning 11 magnetic flux 
density conditions (0 to 50 mT, 5 mT increments). Each flux density condition is repeated 5 times 
(random order) and separated with 5 seconds without exposure. Tested volunteers report 
magnetophosphene perception by button-press, while their occipital EEG activity is continuously 
recorded (MRI-compatible EEG system, caps, and cables allowing recordings of EEG and ECG 
during 50 mT exposure - Neuroscan-Compumedics Inc, Melbourne, Australia). Magnetophosphene 
perception is expected to be associated with an EEG alpha spectral power decrease (8-12 Hz).  
 
The second protocol involves a local motor cortex exposure, and primarily aims to establish a 
magnetic flux density threshold at 60 Hz showing a systematic modulation in human brain, muscle 
and/or physiological tremor activity.  This pilot study consists in testing the physiological tremor 
recorded at the tip of the dominant index finger (Microlaser sensor LM10, series ARN11, Matsushita 
Electronic Work, Ltd., Osaka, Japan – 5 µm resolution), the associated electromyographic (EMG - 
extensor carpi radialis) and EEG activity (sensorimotor cortex region), under the 0-50 mT flux density 
scanning protocol described above. We anticipate an increase of physiological tremor amplitude and 
associated electrophysiological signals at the flux density corresponding to the magnetophosphene 
perception threshold.   
 
PRELIMINARY RESULTS 
 
Although the experiments have not started yet, we have started testing volunteers acquiring pilot data 
to test our protocols. All the volunteers we have pilot tested so far (n=9) have reported visual 
perceptions qualified as being magnetophosphenes, both at 50 and 60 Hz, for flux densities reaching 
50 mT. Tremor and EEG data have been acquired in both phantoms and humans before, during and 
after the exposure conditions to test for MF artefacts in the data (button-press has also been tested). 
Analyses confirm that all the data, including EEG data (which are the most prone to distortion due to 
electromagnetic noise/interference), are artefact-free in the frequency ranges of interest, even during 
MF exposure conditions. Various Fourier and wavelet based filtering procedures have been tested and 
are very effective in removing the 50 and 60 Hz contaminations. Regarding the magnetophosphenes 
protocol, post-processed preliminary data show the absence of exposure-induced artefacts in the EEG 
data while recorded during exposure, both in a phantom and in a volunteer (presented in Figure 2). 
The data also show a decrease in alpha EEG activity in the 50 mT exposure condition at 60 Hz.  
Physiological tremor time series recorded before, during and after the MF exposure conditions of up to 
50 mT are also artefact-free and can be used for both individual and group analyses (see Figure 3 for 
an example). 
 
 
 
 
 
 
 
Figure 2: Band-pass filtered (4 – 45 Hz) EEG (O2 electrode) recorded in an organic phantom 
(watermelon - left) and a subject (middle) with the 50 mT, 60 Hz exposure OFF (blue lines) and ON 
(red lines). Averaged power spectra (5 repetitions/condition) show decreased EEG alpha activity (8-12 
Hz) in the exposed subject. Phantom data and power spectra show artefact-free EEG in the alpha band. 
 

Figure 3: Averaged tremor power spectra (5 repetitions/condition) 
in the 50 mT, 60 Hz exposure OFF (blue) and ON (red) conditions. 
Increased power can be visualized near 12 Hz. Simultaneous EEG 
and EMG data have also been collected but are not presented here.  
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CONCLUSION 
 
We have demonstrated the feasibility of our protocols and have initiated preliminary data collection in 
order to test the human central nervous system responses to 50 and 60 Hz MF exposures of up to 50 
mT. To date, all the subjects who went through the protocol were able to describe MF exposure-
induced magnetophosphene perceptions when exposed at eyeball-level, in a dark environment, to flux 
densities approaching 50 mT. The perception is mostly described as a vibration of the visual flux (in 
various locations of the visual field) starting and stopping at the onset and the offset of the MF 
exposure. More specifically, we have demonstrated so far that we can produce local and global head 
MF exposures of up to 50 mT in the 0-100 Hz frequency rang, that artefact-free EEG data are 
available without and with MF exposure, that artefact-free tremor data are available without and with 
MF exposure, that we can systematically induce magnetophosphene perception at 50 and 60 Hz at 50 
mT (20 Hz also tested), and will we therefore be able to detect individual and group threshold values. 
The protocol tested in 1 preliminary subject suggests a decrease in EEG alpha activity measured in the 
occipital cortex, which would be, if confirmed when the project will be completed, coherent with our 
hypotheses. 
 
We are therefore confident that this project will lead to the establishment of reliable well-characterized 
acute effects as a consequence of ELFMF exposure. This should provide new experimental evidences 
supporting a plausible underlying interaction mechanism, which we propose to related to modulations 
of synaptic plasticity processes, with the support of theoretical modeling [19, 32]. Indeed, 
mathematical models mimicking neuronal activity at various spatial and temporal scales offer an 
opportunity to approach the mechanisms of action from a complementary perspective. Computational 
neuroscience models describe neuronal electrical activity (e.g., generation and propagation of action 
potentials) using validated equations simulating synaptic communication [33]. With our already 
initiated mathematical modeling work to explore the interaction between ELFMFs and brain activity 
[19, 34, 35], we show that lasting changes may be induced in neuronal activity by specific stimuli 
[35], and that ELFMF exposure can theoretically impact single neurons’ activity predominantly in two 
frequency bands: 60-70 Hz and 100-120 Hz, confirming earlier findings [18]. These are converging 
evidence of the theoretical capability of an ELFMF in the mT range (10 mT and higher) to sufficiently 
depolarize neuronal membranes to impact their spike timing, which is critical since a well-
characterized form of synaptic plasticity, termed ‘spike-timing dependent plasticity’ (STDP), is a 
function of the timing between pre-/post-synaptic spikes [36]. The plausible chain of events here 
would suggest that induced electric fields from ELFMF could cause a membrane depolarization 
capable of changing spike timing and thus synaptic plasticity. If this hypothesis can be further 
confirmed, it would not only identify a plausible biological chain of events describing the interaction 
between ELFMF and the human central nervous system, thereby bringing a precious contribution 
available to international regulators; but it would also pave the way for novel non-invasive medical 
and/or performance-related translational applications.  
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