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Understanding the biological mechanisms by which extremely low-frequency (ELFs, < 300 Hz) magnetic fields (MFs) interact with 
human brain activity is an active field of research. The implications are twofold: first, such knowledge is required by international 
agencies providing guidelines for general public and workers exposure to ELF MFs (such as ICNIRP, the International Commission on 
Non-Ionizing Radiation Protection). Second, such physiological mechanisms could be exploited to improve current transcranial 
magnetic stimulation (TMS) therapies being developed for a growing number of neurological disorders. Numerous challenges exist in 
identifying these interaction mechanisms such as the presence of artifacts induced by the MF exposure itself in monitored biological 
signals or the variety of spatial (from micrometers to centimeters) and temporal (from milliseconds to minutes) scales involved. In order 
to overcome these issues the use of biophysical models, based on systems of mathematical equations describing electric or metabolic 
activity of brain tissue, has become increasingly important. Indeed, these models make it possible to simulate how brain tissue interacts 
with ELF MFs. In this paper, we will present biophysical modeling results regarding the effects of power-line (60 Hz in North America) 
MFs on human brain activity. Based on reported effects of lasting ELF MF exposure on human neurophysiology we discuss a potential 
physiological mechanism responsible for these effects, namely modulation of synaptic plasticity. By reviewing biophysical models of 
synaptic plasticity we provide evidence that 60 Hz MF exposure could result in brain synaptic plasticity modulation with detectable 
behavioral outcomes. We discuss how these results could be transferred towards therapy, targeting neurological disorders characterized 
by abnormal changes in brain synaptic plasticity. The use of specific ELF MFs designed to induce predictable changes in synaptic 
plasticity (e.g., long-term potentiation/depression in targeted brain areas) constitutes a promising therapeutic avenue and biophysical 
modeling is an ideal guide toward this objective. 

 

1. INTRODUCTION 
Human brain exposure to extremely low-frequency (ELF, < 300 Hz) magnetic fields (MFs) can result in detectable biological 

effects. The reported effects include a modulation of standing balance due to either pulsed MF exposure or 60 Hz exposure 
[1,2,3], a modulation of the electroencephalogram (EEG) alpha (8-12 Hz) power by pulsed MF or sinusoidal MF [4,5] or the 
perception of flickering lights (termed as “magnetophosphenes”) in the visual field in a dark environment [6]. Recently, a new 
approach using functional magnetic resonance magnetic imaging (fMRI) has been initiated in our group and has shown that 
functional brain activation could be impacted by ELF MF exposure. For example, pulsed MF exposure has been shown to 
modulate brain activation related to pain perception in healthy volunteers, with fMRI data acquired before and after the exposure, 
i.e. the reported effects have been detected even after that the exposure had stopped [7,8]. Another study using fMRI in our group, 
studying the effects of power-line 60 Hz MF at 3000 µT on motor (finger tapping) and cognitive (mental rotation) tasks in healthy 
volunteers, has also shown that functional brain activation was modulated in specific regions after a one-hour exposure [9,10]. 
Interestingly, among these studies reporting effects of ELF MF exposure on the human nervous system, it is commonly found that 
reported effects outlast the duration of exposure. Indeed, effects are often detected when the exposure is not active, either before 
or after the exposure, since the exposure can induce significant artifacts in recorded biological signals (e.g., such as EEG). 
Therefore there is the need to understand how ELF MF exposure can result in lasting changes in human neurophysiology.  

 
One possible candidate to explain these lasting effects of ELF MF exposure on the nervous system is the modulation of 

synaptic plasticity: the neurological substrate of learning and memory. Synapses are the communication interface between 
neurons allowing the transmission of action potentials throughout neural networks. Importantly, synapses are not static over time 
but are rather dynamically modified depending of ongoing neuronal activity and external stimuli. This capability for synapses to 
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be modulated over time forms the basis of synaptic plasticity. An illustration of synaptic plasticity is the principle formulated by 
Donald Hebb in 1946 [11] under the principle that “who fires together, wires together”, i.e., neurons that are engaged in a 
common activity tend to reinforce their connection (synapses). The synaptic “strength” or “weight”, quantifying the impact of a 
given synapse on a post-synaptic neuron (e.g., the amplitude of the evoked post-synaptic potential in the post-synaptic neuron) 
can be increased or decreased over time depending on numerous factors including network activity. This mechanism of “wiring 
remodeling” results in the capability for neural networks to adapt and optimize their response to specific stimuli, i.e., to “learn”. 
The exact mechanisms of synaptic plasticity are still the focus of intense research, both from the experimental and theoretical 
points of view. 

 
One challenge in the study of synaptic plasticity is the difficulty to investigate its mechanisms, especially in vivo. Monitoring 

the synaptic weight of millions of individual synapses appears impossible with currently available technology. In this context, the 
use of mathematical models can be precious to improve the understanding of experimental data but also to guide the design of 
future experiments aiming to test this hypothesis. In this paper we present mathematical models of brain activity that provide 
preliminary evidence on the potential modulation of brain synaptic plasticity by ELF MF exposure. First, we expose a 
phenomenological model of synaptic plasticity called “spike-timing dependent plasticity” and illustrate how the perturbation of 
STDP could result in non-linear effects in the detected behavioural response. Second, we quantify using the STDP model the 
potential effects of spike timing perturbation on the modulation of STDP and the non-linearities involved. Finally, we discuss 
possible experimental validations of the hypothesis that ELF MF exposure can induce changes in brain synaptic plasticity. 

 
 

2. PHENOMENOLOGICAL MODEL OF SYNAPTIC PLASTICITY 
 
1) General considerations on spike-timing dependent plasticity 
 
A possible phenomenological approach to quantitatively describe changes in synaptic plasticity is to measure the evolution of 

pre- and post-synaptic weights as a function of pre- and post-synaptic activities [12]. Using this approach several groups have 
performed in the 1990s experimental recordings in which spike timing of pre- and post-synaptic neurons were measured with a 
millisecond resolution while pre-synaptic neurons were stimulated to evoke spikes into post-synaptic neurons. These works have 
resulted in the discovery of ‘spike timing-dependent plasticity’ (STDP) [13,14], which has greatly contributed to our 
understanding of how the brain can store and process information and adapt to new stimuli. Furthermore, STDP has demonstrated 
that brain circuits are able to dynamically adapt at the millisecond time scale bringing significant pieces of evidence regarding the 
neurological substrate of learning. 

 
The principle of STDP is the following: depending of the relative timing of pre- and post-synaptic spike times synaptic weights 

can be increased (termed as synaptic potentiation) or decreased (termed as synaptic depression). Let us consider a system 
composed of two neurons: neuron A, a pre-synaptic neuron having a synaptic contact with neuron B, a post-synaptic neuron. If 
neuron A fires before neuron B, i.e., if there is causality between the firing of A and B, the synaptic weight w is increased 
(synaptic potentiation, Δw > 0). Conversely, if neuron B fires before neuron A, i.e., there is no causality between the firing of A 
and B; the synaptic weight is decreased (synaptic depression, Δw < 0).  

 
The STDP model can be written under mathematical form as [12]: 
 

dw
w

= Ap .exp( τ
τ p

) if τ < 0

dw
w

= Ad .exp(− τ
τ d

) if τ > 0

⎧

⎨
⎪⎪

⎩
⎪
⎪

                                                   (1)

 
 

 

where Ap/Ad are the amplitude of potentiation/depression constants, respectively; τ = tpre - tpost is the time interval between pre- 
and post-synaptic spikes; and τp/d is are the time constant for potentiation/depression, respectively. An illustration of the principle 
of STDP is given in Figure 1 along with a typical STDP curve defined by Eq. 1.  
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Figure 1.  Illustration of the spike-timing dependent plasticity (STDP). Here, A and B are pre- and post-synaptic neurons respectively, while tpre and tpost are the 
times at which action potentials are trigerred. ΔW represents the variation in synaptic weight. The STDP curve is assymetric. Therefore, an equal modulation of 

synaptic potentiation and depression results in a net effect.  

 
The case of STDP is especially interesting in the context of the hypothesis that ELF MF exposure may achieve lasting effects 

on human neurophysiology by modulating synaptic plasticity. Indeed, the STDP model states that the variation of synaptic 
weight, i.e. synaptic potentiation/depression, is critically dependent on the timing between pre- and post-synaptic spikes. 
Therefore, any factor interfering with spike timing should result in a modulation of synaptic plasticity. If the time course of 
synaptic plasticity is sufficiently modified neuronal activity could be modified at the network level since the synaptic strength is 
an important factor in network dynamics [15]. Recently, there has been an experimental and theoretical converging view that ELF 
MF exposure can result in a perturbation of spike timing [16,17,18]. The question is: how can ELF MF exposure result in such a 
spike timing modulation? A time-varying MF induces, according to Maxwell-Faraday’s law, an electric field in brain tissue: 

 

E(t) = r
2
dB(t)
dt

                                                               (2)  

 
where r is the radius of the exposed system. This electric field induces an additive perturbation ΔV of neurons’ membrane 

potential, depending of electric field frequency and amplitude, as described by Schwan [19]: 
 

ΔV = λ E(t)
1+ω 2τ 2

                                                            (3)  

 
Therefore, for a given neuron, this additive perturbation will induce a phase shift of membrane potential oscillations. This sign 

of this phase shift depends on membrane oscillation phase when the perturbation occurs and also of the dynamical properties of 
the membrane (e.g., which types of ionic channels are embedded in the membrane). Depending on the phase space of the 
dynamical system describing membrane dynamics an equivalent perturbation in the membrane potential will have different 
effects. This can be illustrated by writing a simple form of membrane dynamics as a function of conductance-based currents 
(inspired from the Integrate-and-Fire Model [20]): 

 

 
v = − gi (v −Vi )

i
∑ + I(t)                                                           (4)  
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where gi and Vi are the conductance and ionic equilibrium potential for each type of ionic channel and I(t) is the input,playing 

the role of stimulus to the dynamical system (the neuron membrane in this case). Therefore, depending on membrane potential 
values, the stimulus will result in a variable membrane response determined by the value of the right-hand term in Eqn. 4. The 
relation between the stimulus-induced phase shift and the oscillation phase of the neuron is called a “phase response curve” (PRC) 
[21]. The PRC can be determined experimentally by providing a stimulus at different oscillation phases, and is a precious tool to 
assess the sensitivity of neuron membranes to external stimuli, and how the phase of neuronal oscillations can be modified. Two 
qualitatively different types of PRC exist for neuron membranes, termed as “Type 1” and “Type 2” membranes [21]. Type 1 
membranes refer to membranes that can result in an arbitrarily slow firing rate above the firing threshold when stimulated, while 
Type 2 membranes trigger action potentials above a given frequency threshold above the firing threshold. 

 
 

 

Figure 2.  Phase response curves (PRC) for the two different types of neuron membranes (Type 1, left; and Type 2, right), giving the phase perturbation (or 
“phase resetting”) as a function of the intrinsic oscillation phase normalized to unity. Figure from Scholarpedia [21]. 

 

2) Effect of spike timing perturbation on STDP 
 
 
Using the STDP model it is possible to estimate the impact of a perturbation in spike timing (such as those induced by ELF MF 

exposure) on synaptic potentiation/depression events, i.e., the modulation of synaptic weight at the level of a given single 
synapse. Intuitively, from the STDP curve presented in Figure 1 and the STDP model equations (Eqn. 1), if the perturbation in 
spike timing δt is small enough then the amplitude of synaptic potentiation/depression will be modified quantitatively but not 
qualitatively (i.e., synaptic potentiation will not be impacted to the point of resulting in synaptic depression). However, if δt 
becomes sufficiently large and exceeds a given threshold, supposedly corresponding at a threshold in ELF MF flux density, the 
situation is more complex since it becomes possible to cross the vertical axis corresponding to the case where tA-tB=0, separating 
the synaptic potentiation and depression domains. In that situation synaptic potentiation could instead result in synaptic 
depression under the effect of ELF MF exposure and vice-versa. These changes in spike timing perturbation can be explicitly 
calculated using the STDP model, which we detail below. Let δWsham

p be the synaptic potentiation amplitude during a single 

synaptic plasticity event without ELF MF exposure (“sham” condition), and let δWsham
p  be the synaptic weight in the “exposed” 

condition. Let τ p
0  be the mean delay between pre- and post-synaptic spikes in the case of synaptic potentiation events. If 

δ t < −τ p
0  then the net change in synaptic weight between the “sham” and “exposed” conditions writes as, according to the 

STDP model: 
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δWp = δWexp
p −δWsham

p = Ap .exp(
τ p

0

τ p

).[exp(δ t
τ p

)−1]                                       (5)  

which is a non-linear expression. However, if δ t > −τ p
0 , then τ = τ p

0 +δ t > 0 , this means that the synaptic potentiation 
event becomes a synaptic depression event. This limit is therefore important since the synaptic plasticity change is qualitatively 
affected in this situation. The net change in synaptic weight is therefore: 

 

δWp = δWexp
p −δWsham

p = Ad .exp(−
τ p

0 +δ t
τ d

)− Ap .exp(
τ p

0

τ p

)                                     (6)  

 
which is also a non-linear expression. The last case consists in δ t→ ±∞  where the amplitude of the perturbed synaptic 

potentiation event tends towards zero, translating in a cancellation of synaptic potentiation for sufficiently high values of spike 
timing perturbation, i.e. of ELF MF flux density. However, let us note that the ELF MF flux density must be below the threshold 
for action potential initiation in order for these results to hold. Therefore, a cancellation of synaptic potentiation by ELF MF 
exposure for large spike timing perturbation values might be purely theoretical. 

 
The case of synaptic depression can be treated in a similar manner. Let δWsham

d be the synaptic potentiation amplitude during a 

single synaptic plasticity event without ELF MF exposure (“sham” condition), and let δWsham
d  be the synaptic weight in the 

“exposed” condition. Let τ d
0  be the mean delay between pre- and post-synaptic spikes in the case of synaptic potentiation events. 

If δ t < −τ d
0 , the net change in synaptic weight between the “exposed” and “sham” conditions is: 

 

δWd = Ad .exp(−τ d
0 +δ t
τ d

)                                                       (7)
 

 
However, if δ t > −τ d

0,  τ=τ d
0 +δ t < 0 , the synaptic depression event becomes a synaptic potentiation event, resulting in a 

qualitatively different response. In that situation the net change in synaptic weight induced by ELF MF exposure becomes: 
 

δWd = δWexp
d −δWsham

d = Ap .exp(τ d
0 +δ t
τ p

)− Ad .exp(τ d
0

τ d
)                                (8)  

 
The last case, similarly to the case of synaptic potentiation, consists in δ t→ ±∞  for which the synaptic depression amplitude 

vanishes, i.e., a cancellation of synaptic depression. As discussed in the case of synaptic depression, depending on the physical 
properties of brain tissue and the effects of ELF MF exposure on spike timing, this effect might remain theoretical, thus 
motivating the need of further studies. To summarize these results on the modulation of synaptic potentiation/depression events, 
Figure 3 presents the relationship between spike timing perturbation and synaptic plasticity modulation using Eqns (5,6,7,8). 
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Figure 3.  Perturbation of synaptic weight modulation by ELF MF exposure as a function of the perturbation in spike timing. Standard parameter values were 
used for STDP: Ap = 0.8,  Ad = −0.3,  τ p = τ d = 10 ms  [12]; and the average delays between pre- and post-synaptic spikes were τ d

0 = −τ p
0 = 35 ms . 

 

3. DISCUSSION AND FUTURE PROSPECTS 
 

We have presented theoretical evidence for a simple mechanism linking brain tissue exposure to ELF MF with perturbations in 
spike timing that can be linked with a modulation of synaptic plasticity via STDP. These theoretical considerations shed a new 
light on different study results pointing at lasting effects of ELF MF exposure. Furthermore, we have pointed the non-linear 
nature of the interaction between a stimulus inducing perturbations in spike timing with the modulation of synaptic plasticity. This 
theoretical framework, if extended and complemented by human experiments involving ELF MF exposure and tasks involving 
changes in synaptic plasticity (e.g., memory tasks), should lead to the confirmation/information of synaptic plasticity modulation 
as a possible physiological mechanism of ELF MF exposure. Indeed, gradually increasing the MF flux density at a given 
frequency should assist in identifying non-linearities in brain tissue response, e.g. a reversal in the effect direction that could be 
the signature of synaptic plasticity modulation. We believe we have provided mathematical evidence that synaptic potentiation 
and depression can be not only perturbed, but also reversed with a sufficient perturbation of spike timing (i.e., sufficiently high 
MF flux density). 

 
The modeling results that we have presented are mainly based on a phenomenological model of synaptic plasticity: the STDP 

model. Even if this model provides a relevant quantitative description of synaptic weight changes as a function of pre- and post-
synaptic activity the biological mechanisms underlying these changes are not explicitly represented in the model. In order to 
provide a more complete understanding of potential effects of MF exposure on synaptic plasticity the use of more mechanism-
based models should be encouraged. For example, a detailed model of synaptic plasticity has been developed by Shouval et al. 
[22]. This model provides solid evidence that it is possible to bridge mechanism-based and phenomenological models of synaptic 
plasticity using the “calcium control hypothesis”, stating that post-synaptic calcium concentration is a key variable in the 
regulation of synaptic plasticity processes. More specifically this model emphasizes the role of post-synaptic calcium 
concentration on the insertion of AMPA receptors at the synaptic levels, which are glutamate receptors. Calcium currents flowing 
through NMDA channels modulate post-synaptic calcium concentration, in turn controlling insertion of AMPA receptors on the 
membrane and then the synaptic weight. Therefore it would be interested to include a perturbation of post-synaptic membrane 
potential due to ELF MF exposure in order to characterize in silico potential changes in post-synaptic calcium concentration and 
related synaptic weight. A corresponding experimental study would consist in the selective blockade of NMDA receptors which 
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should result in a cancellation of ELF MF exposure-related synaptic plasticity changes, if the hypothesis that ELF MF exposure 
can modulate synaptic plasticity is correct.  

 
We have pointed out several non-linearities in the response of brain tissue that could explain part of the variety of experimental 

results reported in the field of human exposure to ELF MF. First, the membrane depolarization caused by the MF-induced electric 
field in brain tissue can have different effects (depolarization vs. hyperpolarization) depending on neuronal oscillation phase. This 
non-linearity significantly complicates the predictability of brain tissue response to ELF MF exposure since qualitatively 
difference response (e.g., delayed or advanced spikes) can be obtain for similar ELF MF signals depending on neuronal 
oscillation phase. Second, the additive perturbation in membrane potential can in theory induce non-linear perturbations in 
calcium currents flowing through NMDA channels with consequences in synaptic plasticity regulation processes. Third, by 
perturbing spike timing, ELF MF exposure should modulate STDP that is characterized by a non-linear and asymmetric 
relationship between the timing of pre- and post-synaptic spike times. Overall, the non-linearities in neuron membrane response, 
but also in processes regulating synaptic plasticity, can perhaps begin to explain the inconsistency of experimental results in the 
bioelectromagnetics literature. However, the modulation of synaptic plasticity by ELF MF exposure appears a common 
mechanism to the reported lasting effects of ELF MF exposure. To summarize, we summarize in Figure 4 a possible mechanistic 
chain of events linking ELF MF exposure to detectable modulations in behaviour. 

 

 

Figure 4.  Putative mechanistic chain of event proposed to link ELF MF exposure to detectable behavioural outcomes, e.g., modulation of motor function (tremor, 
standing balance). 

 

The hypothesis developed in this paper may, if confirmed experimentally in future studies, have profound consequences on the 
development of new therapies for various neurological disorders. Indeed, a number of neurological diseases are characterized by 
pathological changes in brain synaptic plasticity at different spatial scales (from local changes, e.g., in focal cortical dysplasia; to 
distributed throughout different brain regions, e.g., Parkinson’s disease). Therefore, improving our knowledge of how ELF MF 
frequency and flux density result in either synaptic potentiation or depression in specific brain regions might provide an 
innovative non-invasive therapeutic solution based on MF exposure in the millitesla range. Magnetic stimulation of the brain is 
already used today, for example, using transcranial magnetic stimulation (TMS) Using high MF flux density and gradient values 
(typically, approx. 1 T at > 20,000 T/s). TMS has been reported to have beneficial effects in drug-resistant depression and is being 
explored for the treatment of numerous neurological disorders such as Parkinson’s disease, so far with mixed results perhaps due 
to the lack of knowledge regarding the optimum stimuli settings required. One complication with TMS is that since the MF flux 
density is high it is likely that different distinct biological processes are modulated, such as the triggering of action potentials and 
synaptic plasticity in different neuron populations. Conversely, ELF MF in the millitesla are not able to induce action potentials 
but only to modulate neuronal activity such as the level of noise or the timing of spikes. This more limited impact of ELF MF in 
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the millitesla range on neuronal activity might result in an easier characterization of its effects on the human central nervous 
system. 

4. CONCLUDING REMARKS 
 

In this paper we have proposed that a possible interaction mechanism between ELF MF and brain activity is the modulation of 
synaptic plasticity processes taking place at various scales in the brain. This mechanism has widely validated biological grounds, 
sheds light on existing experimental results reporting lasting effects of ELF MF exposure, and is supported by not only the 
convergence of recent theoretical models but also experimental results. The modulation of synaptic plasticity by ELF MF 
exposure should be investigated further by a convergence of theoretical (neural networks models) and experimental approaches 
(in vitro, in vivo, human). If this mechanism was confirmed by further studies, this may have consequences regarding 
international guidelines on public and workers exposure to ELF MF (such as ICNIRP guidelines). Furthermore, characterizing 
modulation of synaptic plasticity by ELF MF exposure could initiate the development of new therapies for neurological disorders. 
Indeed, since numerous neurological disorders are characterized by pathological changes in synaptic plasticity, specific ELF MF 
could be used to “reverse” these pathological changes in synaptic plasticity to relieve symptoms.  
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