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Abstract 

Extremely Low Frequency Magnetic Fields (ELF MF, below 300 Hz) have been reported to damped 
involuntary motor activity in healthy subjects. Brain electrical activity also seems to be modulated by such 
exposures. We have recently shown, using functional Magnetic Resonance Imaging (fMRI), that more activation 
was involved by a finger-tapping task after a 30 minutes exposure to a 1800 µT, 60 Hz MF as compared to a 
sham condition. The aim here was to extend our results to a 1 hour exposure to a 60 Hz MF at 3000 µT. Based 
on our pilot results, we expected a higher task-induced activation associated with MF exposure in the 
contralateral S1 and in the ipsilateral cerebellum (anterior lobe). Functional brain images were collected during a 
finger tapping task at natural rhythm completed before and after an hour of rest, which may (real; n=9) or may 
not (sham; n=11) have corresponded to a MF exposure period. Functional images were analyzed with 
BrainVoyager QX2.0.8.1480. Results were consistent with our pilot work and showed and increased activation 
(contralateral S1 and ipsilateral crebellum) after MF exposure as compared to sham. We are speculating that MF 
exposure might induce plastic changes detectable using fMRI. 
 
Introduction 

Several recent experimental studies suggest that exposing the human brain to Extremely Low-Frequency 
(ELF, below 300 Hz) Magnetic Fields (MF) have the capability to interact with brain rhythms, as well as motor 
and cognitive functions. For example, in healthy participants, electroencephalographic signals (EEG) and event-
related potentials (ERPs) have been shown to be modulated by ELF exposure (Cook et al. 2004; Ghione et al. 
2005). Specific motor functions such as standing balance (Legros et al. 2010a; Thomas et al. 2001)and 
physiological tremor (Legros and Beuter 2006; Legros et al. 2010a)have also been reported to be responsive to 
time-varying MF. Following these observations, we recently proposed a pilot study using functional Magnetic 
Resonance Imaging (fMRI) as a tool to study if brain functional activationinduced by a finger tapping task can 
be modulated by a 30 minute exposure to a 60 Hz, 1800 µT MF(Legros et al. 2010b). Indeed, it is well known 
that a finger tapping task activates, among other structures, the contralateral Supplementary Motor Area (SMA) 
and Primary Motor Cortex (M1)(Toma and Nakai 2002). Interestingly, the corresponding activation level has 
been shown to correlate with the frequency and amplitude of the tapping task (Sadato et al. 1997). Since our 
pilot study revealed a higher task-induced brain functional activation in the MF exposure condition in specific 
brain regions (including the primary somatosensory cortex - S1 (Legros et al. 2010b)), our objective was to 
extend our results to a longer exposure period (1 hour) and a higher field intensity (3000 µT). Based on our pilot 
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results, we anticipate a higher task-induced activation with MF exposure in motor cortical regions. 
 
Materials and methods 

Procedure 
Healthy right-handed volunteers (n = 19, mean age = 25.5; range = 21-33.5) were tested in a pseudo double-

blind experiment (i.e. the experimenter discovered the exposure condition, "sham" or "exposed" only after direct 
interaction with the participant ended). Participants gave their written informed consent, according to the 
guidelines of the Research Ethics Board of the University of Western Ontario (ethics approval #13460E). None 
of the participants met MRI exclusion criteria. In addition, all participants abstained from caffeinated beverages, 
alcohol, or nicotine consumption on the day of the experiment. Prior to the experiment, a standard MRI 
screening questionnaire was given to participants in order to ensure their safety upon entry to the MRI unit. 
Participants were also asked to complete the Oldfield handedness questionnaire (Oldfield 1971)in order to 
confirm their handedness (all participants were right handed). Participants were randomly assigned to one of the 
two conditions (sham or exposed) by the experimenter from 20 possible choices (11“sham” and 11“exposed”, 2 
data sets were incomplete). After that the group attribution was assigned, the participant was installed in the MR 
bore. This procedure ensured that the experimenter was blinded from the exposure condition while interacting 
with the participant, allowing the procedure to be pseudo double-blinded. 

 
The entire experiment was run on a 3 T whole-body MRI scanner (Siemens Avanto, Erlangen, Germany) 

using a 32-channel phased array head coil. Participants were positioned supine in the MRI bore,using foam 
inserts positioned on either side of their head to limit head motion throughout the experimental session. Once in 
the MRI bore, each participantcompleted a 1-hour and 10 minute testing session including (1) a set of head 
localizing images, (2) 5 minutes and 30 seconds of the rhythmic index-to-thumb opposition task (also referred to 
as finger tapping task) during functional imaging, (3) 60 minutes of rest during which the participant may or may 
not have been exposed to the 60 Hz MF, (4) a second period of 5 minutes and 30 seconds of rhythmic index-to-
thumb opposition task with functional imaging, and (5) 10 minutes of anatomical image collection. The 
procedure is illustrated in Fig. 1. 

 
 
 
 
 
 
 

Figure 1. Experimental procedure: functional images were acquired during the finger tapping task, before 
and after an exposure of 60 minutes to a 60 Hz, 3000 µT MF.  
 

During the rest period, 9participants were exposed to the 60 Hz MF at 3000 µT (value at the cortical level – 
exposed group) and the other 11 participants were not (sham group). The MF exposure signal was produced by 
the Z gradient coil of the scanner itself (specially programmed by our physicists, Dr. Jean Théberge). Blood 
Oxygen Level Dependent (BOLD)functional images were acquired using the lab’s 3 T MRIscanner (Siemens 
Verio, Erlangen, Germany). 
 

At the end of the experimental session, participants were asked to fill a Field Status Questionnaire 
(FSQ(Cook et al. 1992)) to ensure that they were unaware of the exposure condition. A Chi-squared test was 
also applied onthe FSQ results. 
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Task 
BOLD functional images were acquired while participants were performing the rhythmic index-to-thumb 

opposition task, which is a task routinely used in fMRI since it induces robust brain activation(Riecker et al. 
2003). The finger tapping task consisted of rhythmically tapping the index finger to the thumb of the right hand, 
at afrequency as natural and as comfortable as possible. Since the functional images are obtained by the 
comparison of periods of activity to periods of rest, this task was performed in alternating 15 second rest vs. 
tapping blocks. Participants were instructed when to start and stop tapping by displaying the words "TAP" and 
"STOP" on a MRI-compatible screen that was seen by the participant from inside the scanner using a mirror 
attached to the 32-channel head coil. 

 
fMRI 
Thirty non-overlapping, oblique slices (5 mm thickness, 5% gap) that covered most of the cerebrum and 

cerebellum were imaged using a T1-weighted gradient echo planar imaging (EPI) sequence (with the following 
parameters: TE = 50 ms; TR = 3000 ms with 500 ms delay; matrix 64 x 64; flip angle = 90°). A total of 110 
whole brain scans were collected with a 192 mm field of view and 3x3x5 mm voxels (parameters constant 
between functional runs). Also, we collected high resolution T1-weighted anatomical images (1 mm isovoxel) 
with an MP-RAGE (magnetization prepared radio-frequency pulses and rapid gradient-echo sequence, with the 
following parameters: TR = 1800 ms, matrix = 256 x 256, slices ranged between 160 and 192) in order to co-
register these anatomical images with functional images. 

 
60 Hz magnetic exposure 
In the “exposed” condition, participants were exposed to a 60 minute MF at 60 Hz and3000 µT generated by 

theZ gradient coil of the 3 T Siemens Verio scanner. Since the gradient coil of the MRI generates zero field at 
the isocentre of the MR bore(see Fig. 2), the patient table was moved in order to expose the entire brain to the 60 
Hz MF. In the “sham” condition, participants were moved to the same position than the “exposed” group in 
order to ensure similarexperimental conditions during the 60 minute rest period. The 60 Hz sinusoidal exposure 
delivered by the scanner generated the highest time-varying magnetic field intensity at the top of the cortex 
(intensity of 3000 µT at 1 cm underneath the skull). 

 
 
 
 
 
 
 
 
 
 
Figure 2.The maximal MFlevel was obtained at the cortical level. The variation of the MF intensity depends 

on the position along the MR bore Z-axis and is shown in red: the MF intensity delivered by the gradient coil 
linearly decreases to reach zero at the isocentre (at the level of the first cervical vertebrae). 

 
Data processing and analysis 
The data files obtained from the MRI sessions were analyzed using the software BrainVoyager 

(BrainVoyager QX 1.9.10, Brain Innovation, The Netherlands). First, functional data were pre-processed in 
order to compensate for head movement and signal drift, using a 3D motion correction algorithm and temporal 
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filtering. Second, spatial smoothing was applied using a 3D Gaussian smoothing of 8 mm Full Width at Half 
Maximum in order to improve the reliability of comparisonsbetween participants. Third, functional images were 
co-registered with the anatomical T1 weighted images. Forth, co-registered images were normalized into a 
Talairach brain space. Fifth, functional images were evaluated using BrainVoyagerusing a general linear model 
(GLM) multi-study analysis. Note that though the functional activation maps were calculated in the Talairach 
space, the anatomical image on which they are co-registered for an illustrating purpose in this paper is not. 
Therefore, since the anatomical image used here corresponds to an individual participant and since there is inter-
participant variability in brain anatomy there may be visual inconsistencies between the activation regions 
determined according to their Talairach coordinates and the visual location on the illustrations.  

 
Results 

In both sham and exposed groups, the participants were not able to discriminate if they had been exposed to 
the 60 Hz MF or to the sham condition (FSQ results, χ²=3.23, p > 0.05). In addition, one may note that the 
participants were not confident in their judgment (average level of confidence: 2 out of 5). Functional activation 
maps as generated by Brain Voyager using the procedure described above revealed that the finger tapping task 
was inducing robust activation of the contra-lateral premotor cortex (PM), M1, SMA, S1 and the anterior lobe of 
the ipsilateral cerebellum. Activation of M1 and of the anterior lobe of the ipsilateral cerebellum by the finger 
tapping task is illustrated in Fig. 3 and 4. Note that the images presented in this section are centered on the 
Talairach coordinates corresponding to S1 (x = -41, y = -31, z = 53) for the motor cortex region and on the 
anterior lobe of the ipsilateral cerebellum (x = 18, y = -47, z = -15). 

 
 
 
 
 
 
 
 
 
 
 
Figure 3. Pre-exposure finger tapping averaged activation map for our 20 participants. The activation of the 

contralateral motor cortex regions is shown here. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Pre-exposure finger tapping averaged activation map for our 20 participants. The activation of the 

ipsilateral cerebellum is shown here. 
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In order to detect modulations in the activation patterns potentially induced by the 60 Hz MF exposure, Post- 

treatment (i.e. exposed or sham) activation maps were subtracted to pre- treatment maps in each experimental 
group. Interestingly, the Post-minus Pre-exposure activation maps revealed differences between the sham and 
exposed groups. Indeed, in the sham group, no significant difference in brain activation was observed before as 
compared to after the 1 hour resting period (see Figs. 5 and 6 for the motor cortex region and the cerebellum, 
respectively). 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Post-minus Pre-activation map (centered on S1) for the sham group. The GLM analysis did not 

show any Post-minus Pre-exposure difference in the motor cortex region (at p < .001). Data shown is from a 
group analysis using the 11 participants of the sham condition. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Post-minus Pre-activation map (centered on the anterior lobe of the ipsilateral cerebellum) for the 

sham group. The GLM analysis did not show any Post-minus Pre-exposure difference in the cerebellum (at p < 
.001). Data shown is from a group analysis using the 11 participants of the sham condition. 

 
Conversely, in the exposed condition, the GLM analysis highlighted significant differences in functional 

activation between Pre- and Post-exposure in S1 and in the anterior lobe of the ipsilateral cerebellum, as 
illustrated in Figs. 7 and 8.  
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Figure 7. Post-minus Pre-activation map (centered on S1) for the exposed group. The GLM analysis shows 

an over-activation Post- as compared to Pre-exposure in S1 (at p < .001). Data shown is from a group analysis 
using the 9 participants of the exposed condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8. Post-minus Pre-activation map (centered on the anterior lobe of the cerebellum) for the exposed 
group. The GLM analysis shows an over activation Post- as compared to Pre-exposure in the anterior lobe of the 
cerebellum (at p < .001). Data shown is from a group analysis using the 9 participants of the exposed condition. 

 
Overall, these results show that functional brain activation induced by finger tapping, measured using the 

BOLD paradigm, is higher in the contralateral S1 and in the ipsilateral cerebellum (anterior lobe) after MF 
exposure as compared to after sham exposure. This is consistent with the results of our pilot study in which the 
exposed participants had a significantly higher functional activation Post- than Pre-exposure in the exposed 
group as compared to the sham group (Legros et al. 2010b). 
 
Discussion and conclusion 
 

As expected, brain regions reported to be activated during a finger tapping task were activated in a robust 
manner. These regions are thought to be involved in the coordination of motor processing, communicating and 
planning (Toma and Nakai 2002).  The results of this study support that a one hour exposure to a 60 Hz, 3000 
µT MF has the capability to modulate brain activation induced by a simple finger tapping task in narrow brain 
regions: indeed, only brain regions involved in performing the task (rhythmic index-to-thumb opposition task) 
appear to be modulated by MF exposure. These areas were found to have significantly increased activation after 
a 1 hour MF exposure, compared to the condition where the MF was not present during the same period of time. 
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What could be the reason for increased brain activation in S1 and the cerebellum Post-exposure? One may 

speculate that it is related to the practice effect. Indeed, it has, for example, been shown that a finger tapping task 
lasting between 5 and 10 minutes is sufficient to induce plastic changes at the cortical level (Classen et al. 1998; 
Sanes and Donoghue 2000). Therefore, we can hypothesize that this Post-exposure over activation could be 
caused by a modulation of synaptic plasticity, i.e., the capacity of synaptic weights to be modulated over time 
depending on neural network activity. In this scenario, ELF MF exposure would interfere with the changes of 
synaptic plasticity induced by the practice of the task, which would result in a higher activation needed to 
produce the same task. 

 
More specifically, since the MF effects are expressed to a greater degree in the sensory pathways rather than 

in the motor pathways, it may mean that the MF exposure is modulating the sensorimotor pathways. It indeed 
appears that S1, a structure posterior to the central gyrus and connected to the motor cortex, is directly related to 
the initial processing of cutaneous somatosensory information. Particularly, haptic stimulation (i.e. stimulation 
of the tactile sense) of the right index finger has been shown to be associated with an increase of blood flow in 
the contralateral S1 (Burton et al. 1999; Johansen-Berg et al. 2000). Sensory feedback is used by the cerebellum 
to monitor and optimize movements and this is usually seen as activation in the brain region ipsilateral to the 
moving hand. It is also known that more widespread activation of the cerebellum is associated with higher levels 
of attention that is dedicated to the motor task (Allen et al. 1997). Based on this knowledge, one can predict that 
MF exposure may interact with activity levels of neural structures that control simple repetitive motor tasks.  
Karni et al. (1995) produced results showing that a brief practice of repetitive simple finger movements (in a 
single fMRI session) can modulate brain activation patterns when performing the task. Given this, we 
hypothesize that MF exposure will induce synaptic plastic changes when participants practice finger tapping and 
this would result in increased neural activity during the second attempt at the task compared to a second attempt 
with no MF. This prediction is supported by studies completed by Classen et al. (1998) and Sanes and Donoghue 
(2000), in which five to ten minutes of practice of a simple repetitive thumb motion induces plastic changes at 
the cortical level, thus indicating the facilitation of skill acquisition. Therefore, we are looking for the potential 
mechanism of action underlying the results observed in our study, and propose that MF exposure may interfere 
with the synaptic plasticity of the brain (Gerstner et al. 1996). One should also consider that spike timing 
(advanced or delayed) is impacted by brain exposure to ELF MF as per experimental (Radman et al., 2007) and 
theoretical (Modolo et al., 2010) evidence. Timing of spikes is related to sensory stimuli encoding (Nemenman 
et al. 2008) as well as synaptic weight evolution, so this is an additional argument toward the potential of ELF 
MF exposure to modulate synaptic weights gradually. This in turn could alter local circuits’ dynamics 
(specifically the collective oscillations and synchronization) and could explain how small variations of spike 
timing due exposure may result in altered network activity measured in fMRI studies. 

 
It cannot be concluded how MF targets specific areas (contralateral, S1, ipsilateral cerebellum) based on our 

research, and thus we cannot determine that MF target these areas exclusively. Either way, the results confirm 
the findings from our pilot study, which provides a valuable direction for future research. Also, there is definite 
potential for using fMRI to study ELF MF effects on brain function. Finally, our fMRI analysis suggests that 
there is an interaction between a 60 Hz, 3000 µT MF and brain tissue, which is expressed through an increased 
activation of the sensorimotor pathways involved in a simple finger tapping task. This may mean that the 
exposure increased the tactile sensitivity in healthy subjects, and this opens an interesting avenue for future 
research using this paradigm. 
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