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Abstract
Several aspects of the human nervous system and associated motor and cognitive pro-

cesses have been reported to be modulated by extremely low-frequency (ELF, < 300 Hz)

time-varying Magnetic Fields (MF). Due do their worldwide prevalence; power-line frequen-

cies (60 Hz in North America) are of particular interest. Despite intense research efforts

over the last few decades, the potential effects of 60 Hz MF still need to be elucidated, and

the underlying mechanisms to be understood. In this study, we have used functional Mag-

netic Resonance Imaging (fMRI) to characterize potential changes in functional brain acti-

vation following human exposure to a 60 Hz MF through motor and cognitive tasks. First,

pilot results acquired in a first set of subjects (N=9) were used to demonstrate the technical

feasibility of using fMRI to detect subtle changes in functional brain activation with 60 Hz MF

exposure at 1800 μT. Second, a full study involving a larger cohort of subjects tested brain

activation during 1) a finger tapping task (N=20), and 2) a mental rotation task (N=21);

before and after a one-hour, 60 Hz, 3000 μT MF exposure. The results indicate significant

changes in task-induced functional brain activation as a consequence of MF exposure.

However, no impact on task performance was found. These results illustrate the potential of

using fMRI to identify MF-induced changes in functional brain activation, suggesting that a

one-hour 60 Hz, 3000 μT MF exposure can modulate activity in specific brain regions after

the end of the exposure period (i.e., residual effects). We discuss the possibility that MF

exposure at 60 Hz, 3000 μT may be capable of modulating cortical excitability via a modula-

tion of synaptic plasticity processes.
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Introduction
Human exposure levels to man-made time-varying magnetic fields (MF) have significantly
increased since the industrial revolution. However, the mechanism and response of human
physiology to extremely low frequency (ELF,< 300 Hz) MF exposure is still unclear, although
research has shown that ELF MF exposure may modulate human physiology [1–6] and neuro-
physiology [7–11]. For instance, recent studies suggest that global head exposure to an ELF MF
can modulate human electroencephalographic activity (EEG) and evoked potentials in healthy
volunteers [7–9,11–13]. Furthermore, studies focusing on human motor control have demon-
strated that ELF MF exposure can have an impact on motor behaviour in healthy volunteers,
such as modifications in physiological tremor intensity and in spontaneous standing balance
during exposure to 60 Hz and pulsed ELF MF respectively [14–17].

Organizations such as the International Commission on Non-Ionizing Radiation Protection
(ICNIRP) and the Institute of Electrical and Electronics Engineers (IEEE) publish recommen-
dations concerning maximum levels for safe exposure to ELF MF in order to protect both the
general public and workers [18,19]. Previous basic restrictions from ICNIRP guidelines stated
that the current density induced by MF during occupational exposure ". . . should be limited to
fields that induce current densities less than 10 mA/m2" [20], corresponding to a computed
MF value at the brain level of 1800 μT at a frequency of 60 Hz [21], the power-line frequency
in North America. The 2010 ICNIRP guidelines no longer express the basic restrictions in
terms of induced currents, but instead in terms of induced electric field [19]. With these new
guidelines, the MF level required to reach the updated maximum basic restriction at the level
of the head (estimated radius r = 0.1 m) for occupational exposure at 60 Hz (0.12 V.m-1) is
now 6366 μT.

The previous results pointing towards modulations of postural oscillations [17,22,23] and
physiological tremor [16,22,23], as a consequence of a time-varying MF exposure, suggest that
the MF may have an effect on brain structures associated with these functions. The same
assumption is made in studies reporting an impact of the exposure on cognitive performance
[24,25]. Interestingly, the cerebral activation patterns associated with these cognitive and
motor behaviours are well known and can be characterized using imaging technologies such as
functional Magnetic Resonance Imaging (fMRI), using the so-called Blood Oxygen Level
Dependant (BOLD) paradigm [26,27]. Functional MRI is indeed a non-invasive technique
widely used to investigate brain function in general, allowing detection and quantification of
brain activation patterns associated with specific cognitive or motor tasks [28–30]. It is there-
fore an interesting original imaging modality to investigate if, and how, ELF MF exposure may
modulate brain activity patterns associated with both cognitive and motor functions.

In addition, correspondences between human EEG activity and fMRI activation are well
established, and it is for example demonstrated that occipital EEG alpha activity (8–12 Hz
band) is negatively correlated with functional activation measured using the BOLD fMRI para-
digm [31]: BOLD activation is lower when alpha oscillations are stronger. Based on previous
work reporting that exposure to ELF MF can increase EEG alpha oscillations of healthy volun-
teers [8,9], it is reasonable to extrapolate that it would result in a decreased functional activa-
tion if measured using a resting fMRI protocol (i.e when brain functional activity is measured
at rest). However, fMRI is a technology that is best adapted to measure task-induced brain acti-
vation (i.e. motor or a cognitive task), which will be the focus of this paper.

For instance, in terms of motor tasks, the fMRI activation patterns associated with a finger-
tapping task has been characterized in detail (see for example work by Sadato, Ibanez et al. in
1996 [29] and 1997 [28], as well as Toma and Nakai in 2002 [30]). The amplitude and fre-
quency in a simple finger-tapping task are known to be positively correlated with the
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corresponding BOLD activation (Supplementary Motor Area (SMA), Primary Motor Area
(SM1)) [27]. Also, EEG studies report that sensorimotor functions are associated with a
decrease in alpha activity [32,33]. Interestingly, this also highlights the negative correlation
between EEG and fMRI responses. Therefore, from the literature on the effects of ELF MF on
human neurophysiology, suggesting that EEG alpha activity can be enhenced [9,34] and that
physiological tremor and postural oscillations can be decreased by the exposure [16,17], we
hypothesized that a 60 Hz MF exposure should decrease the spontaneous tapping frequency in
an index-to-thumb finger tapping task performed at natural frequency, and should be associ-
ated with a decrease in the corresponding BOLD activation using fMRI.

In terms of cognitive tasks, the mental rotation task is a well-characterized, standard test
consisting in discriminating if two images representing 3D geometrical shapes are identical but
rotated in space or different [35]. Functional MRI studies have identified the activation of a
network of brain regions involved in this task, which include the cerebellum, the premotor cor-
tex and the superior parietal lobule [36–38]. Interestingly, one study investigating the effect of
a 600 μT, 50 Hz MF in humans found out a decreased performance in attentional and memory
tasks [39]. More recently, Corbacio et al. [25] reported that the improvement associated with
the repetition of a short term memory task no longer existed after a one-hour exposure to a 3
mT, 60 Hz MF. Based on these reports of impaired performance associated with MF exposure,
we hypothesize that a 60 Hz MF exposure will result in a decreased functional activation of the
brain regions involved in the mental rotation task, along with a decrease in the associated
performance.

This paper first presents the results from a pilot study aiming to demonstrate the technical
feasibility and validate the use of fMRI as an appropriate imaging tool in a bioelectromagnetics
study. This pilot protocol tested the effect of a 30-minute, 60 Hz MF exposure at 1800 μT (the
maximumMF flux density value in 1998 ICNIRP basic restrictions [20]). Second, it reports
results, for a larger cohort, involving the execution of two tasks (motor, finger tapping; and
cognitive, mental rotations) before and after exposure to a one-hour 3000 μT MF at 60 Hz. We
discuss the implications of the observed functional brain activity modulation in terms of bio-
logical effects and the mechanisms involved.

Methods

Participants
Twenty-nine healthy right-handed volunteers (N = 29, mean age = 26.7±1.36) were tested in a
pseudo double-blind experiment (i.e. the experimenter discovered the exposure condition,
“control” or “exposed”, only after the end of direct interaction with the participant). This study
was approved by the Health Sciences Research Ethics Board (HSREB) of Western University
(ethics approval #13460E). After participant recruitment (posted advertisements for student
volunteers at Western University, London, Ontario, Canada), participants gave their written
informed consent. Exclusion criteria for participants included a self-reported history of serious
medical illness, drug or alcohol abuse, head or eye injury involving metal fragments or any
magnetic/electrical implants. All participants abstained from caffeinated beverages, alcohol, or
nicotine consumption at least 24 hours before the time of the experiment. Prior to the experi-
ment, a standard MRI screening questionnaire was given to participants to ensure their safety
upon entry to the MRI unit. Participants were also asked to complete the Oldfield handedness
questionnaire [40] to indicate their handedness.

Of the 29 healthy participants who were recruited and participated in the study, 20 datasets
from these participants (average age = 25.87 ± 5.9) were usable for the finger-tapping portion
of the experiment. Of these 20 participants, 11 were “control” and 9 were “exposed” to the
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3000 μT, 60 Hz MF. For the mental rotation portion of the experiment, 21 datasets were usable
(average age = 25.3 ± 5.6). Of these 21 participants, 11 were in the “control” group (6 males, 5
females) and 10 in the “exposed” group (5 males, 5 females). Dataset exclusions were due to the
following: excessive movement during imaging (n = 4), technical issue preventing finger tap-
ping recording (n = 1), inability to see pictures without glasses during the mental rotation task
(n = 2), alcohol during the 24 hours preceding the experiment (n = 1), and a drop-out (n = 1).

Apparatus
The experiment was run using a 3.0 Tesla Magnetic Resonance Imaging (MRI) Scanner (Sie-
mens Verio, Erlangen Germany) and a 32-channel head coil. The MF exposure was produced
by the MRI Z-gradient coil (programmed by our medical physicist, Dr. Jean Théberge, and Sie-
mens Medical Ltd, Canada). An MRI-compatible button press system taped to a glove on the
participant’s right was used to record participant response to visual stimuli (go/no-go). Visual
stimuli for both tasks were displayed on an MRI-compatible projection screen using a custom-
made LabView (National Instruments, Austin, USA) program. Participants were instructed
when to tap by displaying "TAP" or "STOP" on the screen seen by the participant from inside
the MRI using a mirror attached to the head coil. The LabView program also recorded tapping
times and mental rotation answers.

Functional Magnetic Resonance Imaging (fMRI)
Thirty non-overlapping, oblique slices (5 mm thickness, 5% gap) that covered the cerebrum
and cerebellum were imaged using a gradient echo planar imaging (EPI) sequence (parameters:
TE = 50 ms; TR = 3000 ms with 500 ms delay; matrix 64 x 64; flip angle = 90°). 110 whole brain
scans were collected with a 192 mm field of view and 3x3x5 mm voxels (parameters constant
between functional runs). High-resolution T1-weighted anatomical images (1 mm isovoxel)
were also collected with an MP-RAGE (magnetization prepared radio-frequency pulses and
rapid gradient-echo sequence, with the following parameters: TR = 1800 ms, matrix size = 256
x 256, slices ranged between 160 and 192) to co-register these anatomical images with func-
tional images.

Experimental procedure
The two-hour MRI session included three conditions: 1) rest, 2) finger tapping, and 3) mental
rotation; which were performed Pre- and Post- exposure as shown in Fig 1. Participants were
placed in the MRI scanner in a head-first supine position with their heads gently restrained in
a 32-channel phased array head coil lined with foam padding to ensure minimal movement
during the scan. The experiment began with the acquisition of an anatomical image. Partici-
pants then completed the three Pre-exposure conditions (rest, finger-tapping and mental rota-
tion). First, during the rest period, subjects were asked to close their eyes and let their mind
wander. Second, during the finger-tapping task, subjects were asked to rhythmically tap the
index finger to the thumb of the dominant hand at a natural and comfortable frequency. This
choice was made to avoid spurious brain activation induced by any possible cue guiding the
finger tapping frequency, and it offered the possibility to test the potential impact of the expo-
sure on the spontaneous tapping frequency, which would be associated with a change in the
corresponding BOLD activation [27,30]. This task is routinely used in fMRI studies due to the
robustness of induced brain activation [41]. Since the production of functional images requires
comparing periods of activity to periods of rest, the task was performed in alternating 15-sec-
ond blocks. Third, participants were presented with two 3-dimensional objects represented in
2D (i.e. an image of a 3D shape), projected on a screen side-by-side (mental rotation task).
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Participants were asked to mentally compare the objects and determine as quickly as possible,
if: a) the objects are identical (rotated by 0°, 30°, 60°, or 90°), or b) the objects are mirror images
(rotated by 0°, 30°, 60°, or 90°). The goal of the task is to determine both the rate of spatial pro-
cessing and intelligence [42,43]. Specifically, subjects were rated on the speed of responses and
how accurately they could distinguish between mirrored and non-mirrored images. Using
fMRI, brain regions consistently associated with the mental rotation task have been identified
as: posterior parietal cortex (intraparietal sulcus, Broadmann’s area 7), middle frontal gyrus,
extra-striate cortex, hand somatosensory cortex, and frontal cortex [37,44,45]. The order of the
two tasks (finger tapping and mental rotation) was kept identical for each subject. This design
choice was made to avoid an additional source of experimental variability (i.e. the order of pre-
sentation effect), in order to maximize the probability to find an effect, if it exists. Since our
main focus was to extend our pilot results, the finger tapping task was always performed first
after the one hour exposure period; acknowledging the possibility of decreasing the probability
to identify an effect in the mental rotation task if it exists.

Functional data was then acquired for each of the three conditions. Then, the one-hour 60
Hz MF sequence was delivered (exposure or control). After the 60-minute exposure period,
participants repeated the same three tasks under the same three imaging sequences. Upon
removal from the MRI, participants completed a Field Status Questionnaire (FSQ) [46]. This
questionnaire evaluated whether participants were able to detect the presence of the 60 Hz MF,
as well as the degree of certainty in doing so, and the level of comfort and stress felt during the
study. The time course of the experiment is summarized in Fig 1.

60 Hz magnetic field exposure
In the active 60 Hz MF condition, participants were exposed to a 60-minute MF at 60 Hz and
3000 μT within the bore of the MRI unit. The 60 Hz MF exposure was generated by the Z gra-
dient coil of the MRI scanner, and the highest time-varying magnetic field flux density was at
the top of the cortex (magnetic field flux density of 3000 μT at 1 cm underneath the skull, see
Fig 2). Since the gradient coil of the MRI normally generates ‘zero gradient field’ at the isocen-
tre of the MR bore during normal operation and imaging (see [47]), the patient table was
moved horizontally to expose the entire brain to the 60 Hz MF generated by the Z gradient
coil. Note that this MF exposure procedure using the Z gradient coil has been used on the same
MRI scanner in a previous study testing the impact of a specific pulsed 200 μTMF on human
volunteers [48]. It is important to remind here that, when the gradient coil is not active, the MF
present at the isocentre is still 3 T (static—as the static MF from an MRI is always present).
However, the gradient coils are only activated during imaging are exposure sequences, and are
not active the rest of the time. Also, the principle of using the Z gradient coil to deliver the
exposure was used in a previous study from our group [48]. In the control condition,

Fig 1. Time course of experiment. Sequence of imaging and testing periods, including one hour of control or 60 Hz MF exposure to a 60 Hz MF at 3000 μT
during one hour.

doi:10.1371/journal.pone.0132024.g001
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participants were moved to the same position as the exposed group and an audio clip mimick-
ing the sound of the 60 Hz MF was played in the MR room to ensure similar experimental con-
ditions during the 60-minute MF exposure period.

The MF exposure considered in the present study was qualitatively similar to the MF gener-
ated by a power-line in a real-life situation (sinusoidal at the same frequency– 60 Hz, spatial
decay of the MF with distance), and at least partly quantitatively similar (same order of magni-
tude for the MF to which electricity workers can be exposed to). However, the spatial decay
was quantitatively different (constrained by the technical specifications of our MRI system),
and obviously the strong static MF at 3T that was generated by our scanner would not be pres-
ent in a real-life situation. Furthermore, since both groups are exposed to the exact same MRI
static field and imaging sequences, any potential difference observed in functional brain activa-
tion will be due to the 3 mT, 60 Hz MF exposure. This difference might result either from the
60 Hz MF exposure only, or from the addition of the 60 Hz, 3 mTMF to a 3T background
static field.

Fig 2. Magnetic field gradient. The maximal MF level was obtained at the cortical level. The variation of the MF intensity depends on the position along the
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).

doi:10.1371/journal.pone.0132024.g002
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Data analysis
Regions of interest (ROI) were chosen using a priori information regarding the brain regions
associated with the tapping task [28–30]. fMRI data files were analyzed using the software
BrainVoyager (BrainVoyager QX 1.9.10, Brain Innovation, The Netherlands). First, functional
data were pre-processed to compensate for head movement and signal drift, using a built-in
3D motion correction algorithm and temporal filtering. The quality of head movement correc-
tion was systematically inspected after this processing step for each set of fMRI images, using
the movement curves and video files provided by BrainVoyager QX. Second, spatial smoothing
was applied using a built-in 3D Gaussian smoothing of 8 mm Full Width at Half Maximum to
improve the reliability of comparisons between participants. Functional images were then co-
registered with the anatomical T1 weighted images. Third, co-registered images were normal-
ized into the Talairach space. Finally, functional images were evaluated with BrainVoyager
using a general linear model (GLM) multi-study analysis with a value of p< 0.001 (Bonfer-
roni-corrected value). Please note that functional activation maps were calculated in the Talair-
ach space, while anatomical images on which they are co-registered for illustration purposes
were not. Therefore, since the anatomical image used here corresponds to an individual partici-
pant and because there is inter-participant variability in brain anatomy, there may be visual
inconsistencies between the activation regions determined according to their Talairach coordi-
nates and the corresponding location on the illustrations.

Pre-exposure activation maps were produced for all participants to determine if our results
replicated previously published BOLD fMRI studies of the finger-tapping task [38,44] and the
mental rotation task [37,44,45]. ‘Post- minus pre-exposure’ images were produced for each of
the control and 60 Hz MF conditions for each task. Beta weights, evaluating the intensity of the
correlation between a predictor function (on/off) relative to the task and the measured BOLD
activity in given brain voxels, were then extracted from each ROI. Beta weights for each ROI
were analyzed separately using SPSS (SPSS 16.0, SPSS Inc., Chicago, USA), using a mixed
design ANOVA for repeated measures with a between-subjects factor (exposure group). For
this study, p< 0.05 was considered significant and was reported as a ‘non-significant trend’
when 0.05� p� 0.1. Bonferroni corrections accounting for multiple comparisons were sys-
tematically integrated in the statistical analyses conducted with SPSS.

Button press data from the tapping task were analyzed using Matlab (The Mathworks,
USA) to determine the frequency (inverse of the time period between two button presses) and
regularity of the recorded responses. Similarly, for the mental rotation task, the task perfor-
mance (percentage of correct answers) was calculated from the button press data using Matlab.
A repeated measures ANOVA (within subjects: time; between subjects: condition) was applied
to determine if there were significant differences in tapping frequency between groups before
and after the 60 minute exposure period for both groups (“control” and “60 Hz MF”) using
SPSS. Finally, a χ-squared test was applied to the FSQ results for both groups to evaluate the
potential capability of participants to detect the presence of the 60 Hz MF.

60 Hz 1800 μT MF Pilot experiment—specific methods
In this section, we mention the differences in methodology in our pilot experiment (N = 9 at
1800 μT) compared to the full study (N = 20 and N = 21 respectively for the finger tapping and
mental rotation tasks at 60 Hz, 3000 μT). For this pilot experiment, nine healthy right-handed
volunteers participated in this experiment (mean age = 25.5; range = 21–33; 5 women) after
giving written informed consent according to the guidelines of the Western University Health
Sciences Research Ethics Board (#11956E). Participants were randomly assigned to one of two
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conditions (5 60 Hz MF and 5 control—one subject dropped out) after the subject was installed
in the scanner.

This pilot experiment was run on a 1.5 T whole-body MRI scanner (Siemens Avanto,
Erlangen, Germany) with a 12-channel phased array head coil. Once in the MRI, each partici-
pant completed 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 with
functional imaging (BOLD), (3) 30 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 ana-
tomical image collection. Participants were instructed when to start and stop tapping via the
intercom using the words ‘Start’ and ‘Stop’. The 60 Hz 1800 μT MF was produced using the
same custom software MRI gradient system method as the 60 Hz 3000 μT MF in the full
experiment (using the Z gradient coil, please contact the corresponding author to place a
request for this Siemens Gradient System procedure for research purposes) and as previously
validated [48].

ROIs selected were: contralateral (left) primary somatosensory cortex (S1; Talairach coordi-
nates: x = -37; y = -29; z = 58), the contralateral (left) anterior cingulate cortex (AC, in its poste-
rior section; Talairach coordinates: x = -8; y = -3; z = 41), and the ipsilateral (right) cerebellum
(Talairach coordinates: x = 14; y = -52; z = -18).

Results

Pilot results—1-hour exposure at 1800 μT
FSQ results showed that subjects in both groups were unable to judge whether or not they were
being exposed or control exposed to the MF (χ2 = 2.8, df = 1, p> 0.05) and none of the subjects
in either group had a high confidence level in their judgements (maximum 2 out of 5). A χ2
test is a statistical non-parametric test aiming to provide the significance of the difference
between expected and observed distributions.

Regarding fMRI data, the pre-exposure group image revealed activation in three regions
covering several brain structures each (Figs 3–5, top row): first, the contralateral primary
and supplementary motor cortex (M1 and SMA) and the contralateral S1; second, bilater-
ally, the medial section of the premotor cortex, and the posterior section of the AC; third,
the anterior lobe of the ipsilateral cerebellum. Post- minus Pre-exposure comparison
images were produced for each experimental group (GLM analysis from Brain Voyager—
Figs 3–5, middle row for the control exposure group, bottom row for the 60 Hz MF exposure
group) and showed deactivation in the contralateral S1 and AC, and anterior lobe of the
ipsilateral cerebellum in the control group (Figs 3–5, middle row). Surprisingly, no differ-
ence of activation Post-exposure as compared to Pre-exposure was found for the exposed
group (Figs 3–5, bottom row). A within-subjects ANOVA with a between-subjects factor
(group) conducted on beta weight values extracted from these ROI showed a significant
decrease in activation for Post- as compared to Pre-exposure in the S1 (F = 6.8, p < 0.05,
main effect), and the cerebellum (F = 6.8, p< 0.05, main effect), while the activation
decrease in the AC approached significance (F = 4.85, p = 0.063). A significant time by expo-
sure interaction was seen in the AC, confirming that post-exposure deactivation was stron-
ger in the control group than in the exposed group (F = 12.04, p < 0.05). The time by
exposure interaction was not significant either in the cerebellum (F = 1.548, p > 0.2) or in
S1 (F = 1.548, p > 0.2).
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Fig 3. Functional brain activation—primary somatosensory cortex (S1). S1: Top row—Tapping: pre-
exposure group image (N = 9). Middle row—Tapping: post- minus pre-exposure condition (control, N = 5).
Bottom row—Tapping: post- minus pre-exposure condition (60 Hz MF, N = 4). Results centered on the point
of Talairach coordinates (X = -40, Y = -31, Z = 52).

doi:10.1371/journal.pone.0132024.g003
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Fig 4. Functional brain activation—anterior cingulate cortex. AC: Top row—Tapping: pre-exposure
group image (N = 9). Middle row—Tapping: post- minus pre-exposure condition (control, N = 5). Bottom row
—Tapping: post- minus pre-exposure condition (60 Hz MF, N = 4). Results centered on the point of Talairach
coordinates (X = -7, Y = -6, Z = 39).

doi:10.1371/journal.pone.0132024.g004
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Fig 5. Functional brain activation—cerebellum. Cerebellum: Top row—Tapping: pre- exposure group
image (N = 9). Middle row—Tapping: post- minus pre-exposure condition (control, N = 5). Bottom row—
Tapping: post- minus pre-exposure condition (60 Hz MF, N = 4).

doi:10.1371/journal.pone.0132024.g005
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Motor task results—Finger tapping before and after 1 hour exposure at
3000 μT
Similar to our pilot results, participants were unable to detect the 60 Hz, 3000 μT MF as shown
with the results of the χ-squared test (FSQ: χ2 = 3.23, p> 0.05; level of certitude = 2 out of 5).
In addition, one may note that the participants were not confident in their judgment (average
level of confidence: 2 out of 5). The repeated measure analysis on the button press data revealed
no significant changes in the variability of the mean period between two button presses.
Indeed, a decrease in tapping variability occurs over the time course of the experiment, for
both groups, with a non-significant difference in amplitude (not shown). The repeated measure
analysis on the button press data revealed no significant changes in the mean period either.

Functional activation maps generated by Brain Voyager using the procedure described
above (data analysis section) revealed that the finger-tapping task was inducing robust activa-
tion of the contralateral premotor cortex (PM), M1, SMA, S1 and the anterior lobe of the ipsi-
lateral cerebellum. Activation of M1 and of the anterior lobe of the ipsilateral cerebellum by the
finger-tapping task is illustrated in Fig 6. Note that the images presented in this section are cen-
tered on Talairach coordinates corresponding to S1 (x = -41, y = -31, z = 53) for the motor cor-
tex region and on the anterior lobe of the ipsilateral cerebellum (x = 18, y = -47, z = -15).

In order to detect potential modulation in activation patterns by the 60 Hz MF exposure,
Post-exposure (i.e. exposed or control) activation maps were subtracted from Pre-exposure
maps in each experimental group. Interestingly, Post- minus Pre-exposure activation maps
revealed differences between the control and exposed groups. In the control group, no signifi-
cant difference (GLM analysis) in brain activation was observed before as compared to after
the 1-hour resting period (see middle row of Figs 7 and 8 for the motor cortex region and
the cerebellum, respectively). Conversely, in the exposed condition, the GLM analysis (at
p< 0.001) highlighted significant differences in functional activation between Pre- and Post-
exposure in S1 (F = 3.872; p = 0.00023) and in the anterior lobe of the ipsilateral cerebellum
(F = 3.722; p = 0.0003), as illustrated in the activation maps on the bottom row of Figs 7 and 8.

Overall, these results show that functional brain activation induced by finger tapping, mea-
sured using the BOLD paradigm, is significantly higher in the contralateral S1 and in the ipsi-
lateral cerebellum (anterior lobe) after MF exposure, as compared to after control exposure.
This is consistent with our pilot results in which exposed participants had a significantly higher
functional activation Post- than Pre-exposure in the exposed group as compared to the control
group.

Cognitive task results—Mental rotation task before and after 1-hour
exposure at 3000 μT
FSQ results indicate that no participants in either group could determine whether they had
been exposed to the 60 Hz MF or control exposure (FSQ: χ2 = 1.718, p> 0.05; average level of
certainty = 2.8 out of 5), in line with pilot results. Similarly to the finger-tapping task, analysis
of the button press data did not reveal any significant differences in the speed or accuracy of
responses between Pre- and Post-exposure in both control and 60 Hz MF exposure groups.

Pre-exposure (60 Hz MF + control, N = 21) activation maps of the mental rotation task
showed activation in regions associated with integration of visual and motor information,
visual processing and executive function and cognitive control; which are all regions that have
been linked with the mental rotation task in previous fMRI studies [37]. The multi-study GLM
analysis in BrainVoyager revealed a significant post-exposure deactivation in the 60 Hz MF
exposure group in the left intraparietal sulcus, and a decrease in activation in the posterior cin-
gulate. Another multi-study GLM analysis revealed a significant increase in post-exposure
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Fig 6. Pre-exposure finger tapping averaged activation map of the contralateral motor cortex regions (top row) and the ipsilateral cerebellum
(bottom row) for 20 participants for the full study at 3000 μT. The contralateral motor cortex images (top row) presented are centered on the Talairach
coordinates corresponding to S1 (x = -41, y = -31, z = 53) for the motor cortex region. The ipsilateral cerebellum images (bottom row) presented are centered
on the Talairach coordinates corresponding to the anterior lobe of the ipsilateral cerebellum (x = 18, 7 = -47, z = -15).

doi:10.1371/journal.pone.0132024.g006
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Fig 7. Increased activation in S1 in the 60 Hz MF exposure group. *(All images were normalized in Talairach space—BrainVoyager GLM analysis).
Results centered on the point of Talairach coordinates (X = -40, Y = -31, Z = 52). Fig 7. Top) Pre-exposure activation and deactivation for all subjects
(N = 20). Fig 7. Middle) Post—minus- pre control exposure (N = 11). Fig 7. Bottom) Post- minus- pre 60 Hz MF exposure (N = 9).

doi:10.1371/journal.pone.0132024.g007
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Fig 8. Increased activation in the anterior lobe of the ipsilateral cerebellum in the 60 Hz MF exposure group (All images were normalized in
Talairach space—BrainVoyager GLM analysis). Results centered on the point of Talairach coordinates (X = 18, Y = -47, Z = -15). Fig 8. Top) Pre-exposure
activation and deactivation for all subjects (N = 20). Fig 8. Middle) Post-minus-pre control exposure (N = 11). Fig 8. Bottom) Post-minus-pre 60 Hz MF
exposure (N = 9).

doi:10.1371/journal.pone.0132024.g008
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activation in the control group in the occipital lobe. A repeated-measures ANOVA, conducted
on the extracted beta weight values from the ROI, showed significant ‘time by exposure’ inter-
actions. In the posterior cingulate (F = 7.629, p = 0.012), left intraparietal sulcus (F = 4.705,
p = 0.043), and right occipital lobe (F = 5.742, p = 0.027), the interaction revealed a post-expo-
sure deactivation that was significantly stronger in the 60 Hz MF exposure group compared to
the control exposure group (Figs 9, 10 and 11).

In order to rule out the possible role of the gradient fields generated during the fMRI BOLD
sequence, we have measured the electric field (since this is the electric field, and not the MF
itself, that interacts with neuron membranes) induced by the 60 Hz MF exposure and during
an fMRI BOLD sequence. We have used a custom-made MRI-compatible magnetic induction
probe, placed into the MR bore at z = 13 cm to mimic the situation where subjects were
exposed, using a firm foam support. Examples of corresponding time series are presented in
Fig 12. The corresponding power spectrum of magnetic field induction during 60 Hz and
BOLD sequences is presented in Fig 13. This probe was also used to confirm that the measured
MF was corresponding to the programmed pattern delivered through the Z gradient coil of the
MRI system. In both experiments, at the time of the exposure, the patient table was offset 13
cm cranially from the isocentre so that the field at the cortical level was set to be 1.8 mT in the
pilot and 3 mT in the full experiment. The measured peak rate of change of the applied 60 Hz
MF at this offset point were 0.959 T/s (i.e. 0.678 T/s rms) and 1.599 T/s (i.e. 1.13 T/s rms)
respectively (see Fig 12 for a recording at 3 mT). Since dB/dt = 2.π.f.B (f being the frequency),
at 60 Hz, these values actually correspond, as expected, to 1.8 and 3 mT respectively. Note that
this induction probe was calibrated using a Single-Axis high-accuracy Hall Magnetic Field
Transducer (Senis AG 0YA02F, Zurich, Switzerland).

Comparison of power spectra shows that the electric field induced by the fMRI BOLD
sequence, despite a much weaker peak at 60 Hz than the 60 Hz sequence itself, has spectral
components at very different frequencies. Notably, the electric field induced by the BOLD
sequence has one slower component (approx. 10 Hz) on the one hand; and one at significantly
higher frequencies (> 200 Hz) on the other hand. The depolarization of neuron membranes by
electric fields is proportional to 1/

p
(1+ω2τ2) [49,50], where ω = 0032πf (f being the electric

field frequency) and τ is the neuron membrane time constant, typically on the order of 10 ms.
Therefore, the membrane polarization induced by the MF exposure decays with frequency, and
it is unlikely that high-frequency components of the electric field induced by the fMRI BOLD
sequence can explain our results. Furthermore, since both groups followed exactly the same
protocols with the exception of the 60 Hz MF sequence, an effect induced by the fMRI BOLD
sequence would have not shown in our results with the image subtraction performed. For the
same reason, even if the 10 Hz component of the electric field induced by the fMRI BOLD
sequence (see Fig 13) could possibly have a modulatory effect on functional brain activation
(since this frequency component is low), effects would have not shown since the only difference
between the groups was the presence or not of the 60 Hz MF exposure. Another argument sup-
porting the idea that the gradient field are unlikely to be responsible for the observed results is
the fact that magnetophosphenes (perception of flickering lights in the visual field during expo-
sure to ELF MF), which represent the most robust effect of ELF MF exposure in the low milli-
Tesla range, are preferably occurring at 20 Hz, with a frequency-dependant threshold (i.e.
perception threshold increasing with frequency) [51,52].

Discussion
As expected, brain regions previously reported to be activated during both finger tapping and
mental rotation tasks were activated in a robust manner. These regions are thought to be
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Fig 9. Activation in the posterior cingulate during the mental rotation task. Top) Pre-exposure (N = 21); Middle) Post- minus pre- exposure in the control
group (N = 11); Bottom) Post- minus pre- exposure in the 60 Hz MF exposure group (N = 10). Results centered on the point of Talairach coordinates (X = -5,
Y = -53, Z = 16).

doi:10.1371/journal.pone.0132024.g009
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Fig 10. Activation in the left intraparietal sulcus during the mental rotation task. Top) Pre-exposure (N = 21); Middle) Post- minus pre- exposure in the
control group (N = 11); Bottom) Post- minus pre- exposure in the 60 Hz MF exposure group (N = 10). Results centered on the point of Talairach coordinates
(X = -30, Y = -84, Z = 18).

doi:10.1371/journal.pone.0132024.g010
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Fig 11. Activation in the right occipital cortex during the mental rotation task. Top) Pre-exposure (N = 21); Middle) Post- minus pre- exposure in the
control group (N = 11); Bottom) Post- minus pre- exposure in the 60 Hz MF exposure group (N = 10). Results centered on the point of Talairach coordinates
(X = 27, Y = -59, Z = -23).

doi:10.1371/journal.pone.0132024.g011
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involved in the coordination of motor processing, communicating and planning in the case of
the finger tapping task [30]; and in visual attention, perceptual-motor coordination and visual
working memory for the mental rotation task [37]. The comparison of Pre- and Post-Exposure
functional images for both the finger tapping and mental rotation tasks supports the hypothesis
that a 60 minute exposure to a 60 Hz, 3000 μTMF has the capability to significantly modulate
functional brain activation induced by a motor or a cognitive task in narrow brain regions.
Indeed, only brain regions involved in performing the involved task were modulated by the
1-hour 60 Hz MF exposure as compared to the condition where the MF was not present during
the same period of time. However, the 60 Hz MF exposure did not have an effect on variability
of the button press data, frequency of timing, or the performance of the mental rotation task.

At first the results seem to point at a discrepancy between the pilot and the full study, show-
ing a deactivation following the sham treatment in the pilot work (not observed in the full
study), and an increased activation following the MF treatment in the full study (not observed
in the pilot). These differences might arise from the difference between the two protocols such
as the different duration of the rest period between the pre- and post-exposure conditions and
the MF flux density in the full study compared to the pilot study (1 hour, 3 mT; vs. 30 minutes,
1.8 mT respectively). However, it is interesting to highlight that the differences in brain activa-
tion in the exposed and sham groups were qualitatively similar in both the pilot and the full
study: when compared to its pre-exposure condition, brain post-exposure activation was higher
in the exposed group as compared to the sham group in both studies. Indeed, in the sham con-
dition of the pilot study, the post-exposure level of activation was lower as compared to the
pre-exposure condition, hence illustrating a reduction of the activation as a consequence of a
resting period without any time-varying MF exposure. However, this relative reduction of

Fig 12. Time series of the magnetic induction measured during the 60 Hz and BOLD sequences.

doi:10.1371/journal.pone.0132024.g012
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activation between pre- and post-exposure conditions was canceled by the presence of the
actual 60 Hz MF exposure. This illustrates a relative increase of post-exposure activation in the
exposed group as compared to the sham exposed group.

Regarding the finger tapping task results, it is possible that the post-exposure increased
brain activation in S1 and cerebellum, which reveals a result contrary to our hypothesis of
decreased activation, might be related to the ‘practice effect’. Indeed, it has been shown that a
finger-tapping task lasting between 5 and 10 minutes may be sufficient to induce plastic
changes at the cortical level [53,54]. Therefore, we can hypothesize that this post-exposure
over-activation may be caused by a modulation of synaptic plasticity, i.e., the capacity of synap-
tic weights to be modulated over time depending on neural network activity; and that is the
neurological substrate for learning and memory [55]. In this hypothesis, 60 Hz MF exposure
would interfere with changes in synaptic plasticity induced by task practice, which would result
in a higher activation needed to produce the same task. It is important to mention that our pro-
tocol was not designed to investigate the hypothesis that 60 Hz MF exposure might induce

Fig 13. Comparison of the magnetic induction power spectrum for the 60 Hz and BOLD sequences.

doi:10.1371/journal.pone.0132024.g013
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changes in synaptic plasticity, therefore this remains speculative at that stage. However, there is
a significant portion of the literature in neuromodulation research that has demonstrated
changes in synaptic plasticity can result from the application of different neuromodulation
modalities, e.g. transcranial direct/alternating current stimulation (tDCS/tACS) [56], transcra-
nial magnetic stimulation (TMS) [57], deep brain stimulation (DBS) [58]. In addition, there
are theoretical indication of the theoretical validity of potential changes in synaptic plasticity as
a consequence of 60 MF exposure [59]. Therefore, the possibility that the electric currents
induced in the brain by 60 Hz MF exposure is grounded in the neuroscience literature, and
would be worth exploring further. More specifically, since the MF effects are expressed to a
greater degree in the sensory pathways rather than in the motor pathways, it might involve that
the MF exposure is modulating sensorimotor pathways. S1, a structure posterior to the central
gyrus and connected to the motor cortex, is indeed 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 [60,61]. Sensory feedback is used by the cerebellum to moni-
tor and optimize movement, which can be usually seen as increased 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 dedicated to the motor task [62]. Based
on this knowledge, one may hypothesize that the MF exposure investigated in this study might
interact with neural structures involved in simple repetitive motor tasks.

The Post- minus Pre-MF exposure results from the mental rotation task point at decreased
activation in specific brain regions associated with the execution of this task (as in the finger
tapping task), specifically the left intraparietal sulcus and the posterior cingulate. The main
functions of the intraparietal sulcus are perceptual-motor coordination and visual attention,
and is potentially involved in visuospatial working memory [63]; while the posterior cingulate
deactivates during goal-directed tasks [64–67]. Decreased activation upon MF exposure was
also observed in the right occipital region, specifically associated with visual processing. This
decrease in functional activation could be a compensatory mechanism, that is, a rearrangement
in neuronal circuits that would result in the maintenance of the same physiological outcome
(e.g., task performance) in the presence of the external stimulus (60 Hz MF). Mental rotation
task performance results suggest that the ELF MF exposure studied here (60 Hz, 3000 μT)
modulates associated neuroprocessing, although the behavioural outcome is not altered. An
interesting point to consider is that there are reported gender differences in brain activation
associated with the mental rotation task [67,68]. When performance level was controlled for,
females showed strong bilateral activation in the superior parietal lobule, including the intra-
parietal sulcus; males showed activation in the right parieto-occipital sulcus, the left intraparie-
tal sulcus, and the left superior parietal lobe [68]. In the present study, both genders were used
as subjects; however, there were an equal number of males and females in both the control (five
males, five females) and 60 Hz MF exposed (five females, five males) groups, which may pre-
clude a gender bias.

From the results obtained in this study, we can propose, as a potential mechanism of action,
that MF exposure might interfere with brain synaptic plasticity [69]. There is a convergence of
experimental [70] and theoretical [71,72] evidence that low-amplitude electric fields, such as
those generated by ELF MFs, can impact the timing of action potentials (advance/delay). Spike
timing is related to sensory stimuli encoding, as well as the reinforcement or weakening of
synapses, and is for example central to the theory of spike-timing dependent plasticity (STDP),
one of the most important forms of synaptic plasticity [69] and extensively characterized
experimentally and theoretically. The potential impact on spike timing by ELF MF exposure
is an additional argument toward a possible gradual modulation of synaptic efficacy (i.e.,
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cumulative effect) [73]. Changes in synaptic efficacy could in turn alter local circuits’ dynamics,
specifically electrical oscillations and synchronization, and might explain how 60 Hz MF expo-
sure might ultimately result in altered network activity measured using fMRI.

Overall, these results show that functional brain activation induced by finger tapping, mea-
sured using the BOLD paradigm, is higher in the contralateral S1 and in the ipsilateral cerebel-
lum (anterior lobe) after MF exposure as compared to after control 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 control
group. In the case of the mental rotation task, brain functional activation is decreased post-
exposure in the exposed group, compared to the control group, in the left intraparietal sulcus
the posterior cingulate, and right occipital regions. It is difficult to evaluate from these results
the cognitive impact of occupational exposure to 60 Hz MF, even if our results show unaltered
cognitive performance despite changes in brain functional activation. This constitutes never-
theless an interesting direction of research.

It has already been demonstrated that fMRI can be used to measure ELF MF effects on neu-
roprocessing [48] (i.e., information processing by neural networks within the brain). However,
since an MRI scanner uses different types of electromagnetic fields to produce functional
images (static, kHz-time-varying MF, and radio-frequency electromagnetic fields), there is the
possibility that these fields may induce confounds in this type of work, especially since the
amplitude of the imaging MFs can be significantly higher than the ELF MFs under investiga-
tion. Nevertheless, if the exact same imaging sequences are used for both groups (“control” and
“60 Hz MF”), they will be exposed to the exact same normal MRI and fMRI imaging magnetic
fields. Consequently, if fMRI reveals any group differences, they should be attributed to the 60
Hz MF exposure or, alternatively, to a synergetic effect between the MRI imaging fields and the
60 Hz MF exposure, which would still be an effect attributed to the 60 Hz MF. Therefore,
despite the use of electromagnetic fields that can be of a similar peak magnitude (but not fre-
quency) as the ELF MFs of interest, fMRI should be a valuable imaging modality to detect
potential brain functional activity modulation due to the 60 Hz MF exposure.

Conclusion
Using fMRI to quantify brain functional activation during two different tasks (finger tapping
and mental rotation) before and after exposure to a 60 Hz, 3000 μTMF, we have shown signifi-
cant differences in task-dependant brain areas. It should be noted that, despite the modulation
in neuroprocessing presented in this paper, the 60 Hz MF exposure did not impact speed or
accuracy of the tasks, and therefore did not have any physical behavioural impact. Interestingly,
fMRI was able to measure objectively the interaction of a 60 Hz MF at 3000 μT with the human
brain in different motor and cognitive tasks, illustrating that fMRI is an appropriate tool to
image the effects of ELF MF on human neurophysiology. Indeed, our fMRI BOLD results sug-
gest the existence of an objectively measurable interaction between a 60 Hz, 3000 μTMF and
brain activation.

Furthermore, the 60 Hz ELF MF exposure had a selective effect on brain regions associated
with the tasks studied, i.e. the sensorimotor cortex in the finger tapping task; and visual atten-
tion and processing areas for the mental rotation task. Such selectivity of the exposure on
specific brain areas remains to be explored. Despite this limitation, our results confirm the
findings from our pilot study, providing a valuable direction for future research. Finally, the
results reported are obtained after MF exposure, suggesting the existence of biological effects
outlasting the duration of the exposure. The possibility that ELF MF exposure could modulate
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to some extent synaptic plasticity processes, resulting in lasting changes in brain activity, could
be the focus of future research to shed light on the involved interaction mechanisms.

Acknowledgments
The authors thank Mr. Lynn Keenliside for his technical assistance and Dr. Jean Théberge for
programming the 60 Hz MF sequence in the Siemens MRI gradient systems. The authors also
thank Mr. Michael Corbacio for his time and efforts testing participants and Miss Alicia Allen
for her contribution in editing the document.

Author Contributions
Conceived and designed the experiments: AL AWT. Performed the experiments: AL JM JR.
Analyzed the data: AL JM. Contributed reagents/materials/analysis tools: AL JM AWT. Wrote
the paper: AL JM SB AWT.

References
1. Ghione S, Del Seppia C, Mezzasalma L, Emdin M, Luschi P (2004) Human head exposure to a 37 Hz

electromagnetic field: effects on blood pressure, somatosensory perception, and related parameters.
Bioelectromagnetics 25: 167–175. PMID: 15042625

2. Graham C, Sastre A, Cook MR, Kavet R, Gerkovich MM, Riffle DW (2000) Exposure to strong ELF
magnetic fields does not alter cardiac autonomic control mechanisms. Bioelectromagnetics 21: 413–
421. PMID: 10972945

3. Sait ML, Wood AW, Sadafi HA (1999) A study of heart rate and heart rate variability in human subjects
exposed to occupational levels of 50 Hz circularly polarised magnetic fields. Med Eng Phys 21: 361–
369. PMID: 10576426

4. Sastre A, Cook MR, Graham C (1998) Nocturnal exposure to intermittent 60 Hz magnetic fields alters
human cardiac rhythm. Bioelectromagnetics 19: 98–106. PMID: 9492166

5. Sastre A, Graham C, Cook MR (2000) Brain frequency magnetic fields alter cardiac autonomic control
mechanisms. Clin Neurophysiol 111: 1942–1948. PMID: 11068227

6. Tabor Z, Michalski J, Rokita E (2004) Influence of 50 Hz magnetic field on human heart rate variability:
linear and nonlinear analysis. Bioelectromagnetics 25: 474–480. PMID: 15300734

7. Cook CM, Thomas AW, Keenliside L, Prato FS (2005) Resting EEG effects during exposure to a pulsed
ELF magnetic field. Bioelectromagnetics 26: 367–376. PMID: 15887255

8. Cook CM, Thomas AW, Prato FS (2004) Resting EEG is affected by exposure to a pulsed ELF mag-
netic field. Bioelectromagnetics 25: 196–203. PMID: 15042628

9. Ghione S, Seppia CD, Mezzasalma L, Bonfiglio L (2005) Effects of 50 Hz electromagnetic fields on
electroencephalographic alpha activity, dental pain threshold and cardiovascular parameters in
humans. Neurosci Lett 382: 112–117. PMID: 15911132

10. Heusser K, Tellschaft D, Thoss F (1997) Influence of an alternating 3 Hz magnetic field with an induc-
tion of 0.1 millitesla on chosen parameters of the human occipital EEG. Neurosci Lett 239: 57–60.
PMID: 9469655

11. Marino AA, Nilsen E, Chesson AL Jr., Frilot C (2004) Effect of low-frequency magnetic fields on brain
electrical activity in human subjects. Clin Neurophysiol 115: 1195–1201. PMID: 15066545

12. Lyskov E, Juutilainen J, Jousmaki V, Hanninen O, Medvedev S, Partanen J (1993) Influence of short-
term exposure of magnetic field on the bioelectrical processes of the brain and performance. Int J Psy-
chophysiol 14: 227–231. PMID: 8340240

13. Lyskov E, Sandstrom M, Mild KH (2001) Provocation study of persons with perceived electrical hyper-
sensitivity and controls using magnetic field exposure and recording of electrophysiological characteris-
tics. Bioelectromagnetics 22: 457–462. PMID: 11568930

14. Legros A, Beuter A (2005) Effect of a low intensity magnetic field on humanmotor behavior. Bioelectro-
magnetics 26: 657–669. PMID: 16189826

15. Legros A, Beuter A (2006) Individual subject sensitivity to extremely low frequency magnetic field. Neu-
rotoxicology 27: 534–546. PMID: 16620992

16. Legros A, Gaillot P, Beuter A (2006) Transient effect of low-intensity magnetic field on humanmotor
control. Med Eng Phys 28: 827–836. PMID: 16546433

60 Hz Magnetic Field Exposure and Human Brain Activity

PLOS ONE | DOI:10.1371/journal.pone.0132024 July 27, 2015 24 / 27

http://www.ncbi.nlm.nih.gov/pubmed/15042625
http://www.ncbi.nlm.nih.gov/pubmed/10972945
http://www.ncbi.nlm.nih.gov/pubmed/10576426
http://www.ncbi.nlm.nih.gov/pubmed/9492166
http://www.ncbi.nlm.nih.gov/pubmed/11068227
http://www.ncbi.nlm.nih.gov/pubmed/15300734
http://www.ncbi.nlm.nih.gov/pubmed/15887255
http://www.ncbi.nlm.nih.gov/pubmed/15042628
http://www.ncbi.nlm.nih.gov/pubmed/15911132
http://www.ncbi.nlm.nih.gov/pubmed/9469655
http://www.ncbi.nlm.nih.gov/pubmed/15066545
http://www.ncbi.nlm.nih.gov/pubmed/8340240
http://www.ncbi.nlm.nih.gov/pubmed/11568930
http://www.ncbi.nlm.nih.gov/pubmed/16189826
http://www.ncbi.nlm.nih.gov/pubmed/16620992
http://www.ncbi.nlm.nih.gov/pubmed/16546433


17. Thomas AW, Drost DJ, Prato FS (2001) Human subjects exposed to a specific pulsed (200 microT)
magnetic field: effects on normal standing balance. Neurosci Lett 297: 121–124. PMID: 11121885

18. IEEE (2002) C95.6—IEEE Standard for safety levels with respect to human exposure to electromag-
netic fields, 0–3 kHz. IEEE: New York.

19. ICNIRP (2010) Guidelines for limiting exposure to time-varying electric and magnetic fields (1 Hz to 100
kHz). Health Phys 99: 818–836. doi: 10.1097/HP.0b013e3181f06c86 PMID: 21068601

20. ICNIRP (1998) Guidelines for limiting exposure to time-varying electric, magnetic, and electromagnetic
fields (up to 300 GHz). International Commission on Non-Ionizing Radiation Protection. Health Phys
74: 494–522. PMID: 9525427

21. Stuchly MA, Dawson TW (2002) Human body exposure to power lines: relation of induced quantities to
external magnetic fields. Health Phys 83: 333–340. PMID: 12199547

22. Legros A, Corbacio M, Beuter A, Goulet D, Lambrozo J, Plante M, et al. (2010) Human exposure to a
60 Hz, 1800 microtesla magnetic field: a neuro-behavioral study. Revue de l’Électricité et de l’Électroni-
que (REE) 5: 44–55.

23. Legros A, Corbacio M, Beuter A, Modolo J, Goulet D, Prato FS, et al. (2011) Neurophysiological and
behavioral effects of a 60 Hz, 1,800 muTmagnetic field in humans. Eur J Appl Physiol.

24. Crasson M (2003) 50–60 Hz electric and magnetic field effects on cognitive function in humans: a
review. Radiat Prot Dosimetry 106: 333–340. PMID: 14690276

25. Corbacio M, Brown S, Dubois S, Goulet D, Prato FS, Thomas AW, et al. (2011) Human cognitive perfor-
mance in a 3 mT power-line frequency magnetic field. Bioelectromagnetics 32: 620–633. doi: 10.1002/
bem.20676 PMID: 21544842

26. Ogawa S, Lee TM, Kay AR, Tank DW (1990) Brain magnetic resonance imaging with contrast depen-
dent on blood oxygenation. Proc Natl Acad Sci U S A 87: 9868–9872. PMID: 2124706

27. Wexler BE, Fulbright RK, Lacadie CM, Skudlarski P, Kelz MB, Constable RT, et al. (1997) An fMRI
study of the human cortical motor system response to increasing functional demands. Magn Reson
Imaging 15: 385–396. PMID: 9223039

28. Sadato N, Ibanez V, Campbell G, Deiber MP, Le Bihan D, Hallett M (1997) Frequency-dependent
changes of regional cerebral blood flow during finger movements: functional MRI compared to PET. J
Cereb Blood Flow Metab 17: 670–679. PMID: 9236723

29. Sadato N, Ibanez V, Deiber MP, Campbell G, Leonardo M, Hallett M (1996) Frequency-dependent
changes of regional cerebral blood flow during finger movements. J Cereb Blood FlowMetab 16: 23–
33. PMID: 8530552

30. Toma K, Nakai T (2002) Functional MRI in human motor control studies and clinical applications. Magn
Reson Med Sci 1: 109–120. PMID: 16082132

31. Laufs H, Kleinschmidt A, Beyerle A, Eger E, Salek-Haddadi A, Preibisch C, et al. (2003) EEG-corre-
lated fMRI of human alpha activity. Neuroimage 19: 1463–1476. PMID: 12948703

32. Pfurtscheller G, Andrew C (1999) Event-Related changes of band power and coherence: methodology
and interpretation. J Clin Neurophysiol 16: 512–519. PMID: 10600019

33. Toro C, Deuschl G, Thatcher R, Sato S, Kufta C, Hallett M (1994) Event-related desynchronization and
movement-related cortical potentials on the ECoG and EEG. Electroencephalogr Clin Neurophysiol
93: 380–389. PMID: 7525246

34. Lyskov EB, Juutilainen J, Jousmaki V, Partanen J, Medvedev S, Hanninen O (1993) Effects of 45-Hz
magnetic fields on the functional state of the human brain. Bioelectromagnetics 14: 87–95. PMID:
8494559

35. Shepard RN, Metzler J (1971) Mental rotation of three-dimensional objects. Science 171: 701–703.
PMID: 5540314

36. Vingerhoets G, de Lange FP, Vandemaele P, Deblaere K, Achten E (2002) Motor imagery in mental
rotation: an fMRI study. Neuroimage 17: 1623–1633. PMID: 12414300

37. Cohen MS, Kosslyn SM, Breiter HC, DiGirolamo GJ, ThompsonWL, Anderson AK, et al. (1996)
Changes in cortical activity during mental rotation. A mapping study using functional MRI. Brain 119 (Pt
1): 89–100. PMID: 8624697

38. Richter W, Somorjai R, Summers R, Jarmasz M, Menon RS, Gati JS, et al. (2000) Motor area activity
during mental rotation studied by time-resolved single-trial fMRI. J Cogn Neurosci 12: 310–320. PMID:
10771414

39. Preece AW,Wesnes KA, Iwi GR (1998) The effect of a 50 Hz magnetic field on cognitive function in
humans. Int J Radiat Biol 74: 463–470. PMID: 9798957

40. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh inventory. Neuropsy-
chologia 9: 97–113. PMID: 5146491

60 Hz Magnetic Field Exposure and Human Brain Activity

PLOS ONE | DOI:10.1371/journal.pone.0132024 July 27, 2015 25 / 27

http://www.ncbi.nlm.nih.gov/pubmed/11121885
http://dx.doi.org/10.1097/HP.0b013e3181f06c86
http://www.ncbi.nlm.nih.gov/pubmed/21068601
http://www.ncbi.nlm.nih.gov/pubmed/9525427
http://www.ncbi.nlm.nih.gov/pubmed/12199547
http://www.ncbi.nlm.nih.gov/pubmed/14690276
http://dx.doi.org/10.1002/bem.20676
http://dx.doi.org/10.1002/bem.20676
http://www.ncbi.nlm.nih.gov/pubmed/21544842
http://www.ncbi.nlm.nih.gov/pubmed/2124706
http://www.ncbi.nlm.nih.gov/pubmed/9223039
http://www.ncbi.nlm.nih.gov/pubmed/9236723
http://www.ncbi.nlm.nih.gov/pubmed/8530552
http://www.ncbi.nlm.nih.gov/pubmed/16082132
http://www.ncbi.nlm.nih.gov/pubmed/12948703
http://www.ncbi.nlm.nih.gov/pubmed/10600019
http://www.ncbi.nlm.nih.gov/pubmed/7525246
http://www.ncbi.nlm.nih.gov/pubmed/8494559
http://www.ncbi.nlm.nih.gov/pubmed/5540314
http://www.ncbi.nlm.nih.gov/pubmed/12414300
http://www.ncbi.nlm.nih.gov/pubmed/8624697
http://www.ncbi.nlm.nih.gov/pubmed/10771414
http://www.ncbi.nlm.nih.gov/pubmed/9798957
http://www.ncbi.nlm.nih.gov/pubmed/5146491


41. Riecker A, Wildgruber D, Mathiak K, GroddW, Ackermann H (2003) Parametric analysis of rate-depen-
dent hemodynamic response functions of cortical and subcortical brain structures during auditorily
cued finger tapping: a fMRI study. Neuroimage 18: 731–739. PMID: 12667850

42. Johnson AM (1990) The speed of mental rotation as a function of problem-solving strategies. Percept
Mot Skills 71: 803–806. PMID: 2293182

43. Jones B, Anuza T (1982) Effects of sex, handedness, stimulus and visual field on "mental rotation".
Cortex 18: 501–514. PMID: 7166038

44. Harris IM, Egan GF, Sonkkila C, Tochon-Danguy HJ, Paxinos G, Watson JD (2000) Selective right pari-
etal lobe activation during mental rotation: a parametric PET study. Brain 123 (Pt 1): 65–73. PMID:
10611121

45. Corballis MC (1997) Mental rotation and the right hemisphere. Brain Lang 57: 100–121. PMID:
9126409

46. Cook MR, Graham C, Cohen HD, Gerkovich MM (1992) A replication study of human exposure to 60-
Hz fields: effects on neurobehavioral measures. Bioelectromagnetics 13: 261–285. PMID: 1510736

47. Horowitz AL (1995) MRI physics for radiologists: a visual approach. Third Edition.: Springer-Verlag
New-York.

48. Robertson JA, Theberge J, Weller J, Drost DJ, Prato FS, Thomas AW (2010) Low-frequency pulsed
electromagnetic field exposure can alter neuroprocessing in humans. J R Soc Interface 7: 467–473.
doi: 10.1098/rsif.2009.0205 PMID: 19656823

49. Modolo J, Thomas AW, Legros A (2013) Neural mass modeling of power-line magnetic fields effects on
brain activity. Front Comput Neurosci 7: 34. doi: 10.3389/fncom.2013.00034 PMID: 23596412

50. Gianni M, Liberti M, Apollonio F, D'Inzeo G (2006) Modeling electromagnetic fields detectability in a
HH-like neuronal system: stochastic resonance and window behavior. Biol Cybern 94: 118–127.
PMID: 16369796

51. Lovsund P, Oberg PA, Nilsson SE, Reuter T (1980) Magnetophosphenes: a quantitative analysis of
thresholds. Med Biol Eng Comput 18: 326–334. PMID: 6968384

52. Lovsund P, Oberg PA, Nilsson SE (1979) Influence on vision of extremely low frequence electromag-
netic fields. Industrial measurements, magnetophosphene studies volunteers and intraretinal studies in
animals. Acta Ophthalmol (Copenh) 57: 812–821.

53. Classen J, Liepert J, Wise SP, Hallett M, Cohen LG (1998) Rapid plasticity of human cortical movement
representation induced by practice. J Neurophysiol 79: 1117–1123. PMID: 9463469

54. Sanes JN, Donoghue JP (2000) Plasticity and primary motor cortex. Annu Rev Neurosci 23: 393–415.
PMID: 10845069

55. Martin SJ, Grimwood PD, Morris RG (2000) Synaptic plasticity and memory: an evaluation of the
hypothesis. Annu Rev Neurosci 23: 649–711. PMID: 10845078

56. Zaehle T, Rach S, Herrmann CS (2010) Transcranial alternating current stimulation enhances individ-
ual alpha activity in human EEG. PLoS One 5: e13766. doi: 10.1371/journal.pone.0013766 PMID:
21072168

57. Cash RF, Murakami T, Chen R, Thickbroom GW, Ziemann U (2014) Augmenting Plasticity Induction in
Human Motor Cortex by Disinhibition Stimulation. Cereb Cortex.

58. Beuter A, Modolo J (2009) Delayed and lasting effects of deep brain stimulation on locomotion in Par-
kinson's disease. Chaos 19: 026114. doi: 10.1063/1.3127585 PMID: 19566274

59. Modolo J, Thomas AW, Legros A (2013) Possible mechanisms of synaptic plasticity modulation by
extremely low-frequency magnetic fields. Electromagn Biol Med 32: 137–144. doi: 10.3109/15368378.
2013.776341 PMID: 23675616

60. Burton H, Abend NS, MacLeod AM, Sinclair RJ, Snyder AZ, Raichle ME (1999) Tactile attention tasks
enhance activation in somatosensory regions of parietal cortex: a positron emission tomography study.
Cereb Cortex 9: 662–674. PMID: 10554989

61. Johansen-Berg H, Christensen V, Woolrich M, Matthews PM (2000) Attention to touch modulates activ-
ity in both primary and secondary somatosensory areas. Neuroreport 11: 1237–1241. PMID:
10817599

62. Allen G, Buxton RB, Wong EC, Courchesne E (1997) Attentional activation of the cerebellum indepen-
dent of motor involvement. Science 275: 1940–1943. PMID: 9072973

63. Todd JJ, Marois R (2004) Capacity limit of visual short-term memory in human posterior parietal cortex.
Nature 428: 751–754. PMID: 15085133

64. Binder JR, Frost JA, Hammeke TA, Bellgowan PS, Rao SM, Cox RW (1999) Conceptual processing
during the conscious resting state. A functional MRI study. J Cogn Neurosci 11: 80–95. PMID:
9950716

60 Hz Magnetic Field Exposure and Human Brain Activity

PLOS ONE | DOI:10.1371/journal.pone.0132024 July 27, 2015 26 / 27

http://www.ncbi.nlm.nih.gov/pubmed/12667850
http://www.ncbi.nlm.nih.gov/pubmed/2293182
http://www.ncbi.nlm.nih.gov/pubmed/7166038
http://www.ncbi.nlm.nih.gov/pubmed/10611121
http://www.ncbi.nlm.nih.gov/pubmed/9126409
http://www.ncbi.nlm.nih.gov/pubmed/1510736
http://dx.doi.org/10.1098/rsif.2009.0205
http://www.ncbi.nlm.nih.gov/pubmed/19656823
http://dx.doi.org/10.3389/fncom.2013.00034
http://www.ncbi.nlm.nih.gov/pubmed/23596412
http://www.ncbi.nlm.nih.gov/pubmed/16369796
http://www.ncbi.nlm.nih.gov/pubmed/6968384
http://www.ncbi.nlm.nih.gov/pubmed/9463469
http://www.ncbi.nlm.nih.gov/pubmed/10845069
http://www.ncbi.nlm.nih.gov/pubmed/10845078
http://dx.doi.org/10.1371/journal.pone.0013766
http://www.ncbi.nlm.nih.gov/pubmed/21072168
http://dx.doi.org/10.1063/1.3127585
http://www.ncbi.nlm.nih.gov/pubmed/19566274
http://dx.doi.org/10.3109/15368378.2013.776341
http://dx.doi.org/10.3109/15368378.2013.776341
http://www.ncbi.nlm.nih.gov/pubmed/23675616
http://www.ncbi.nlm.nih.gov/pubmed/10554989
http://www.ncbi.nlm.nih.gov/pubmed/10817599
http://www.ncbi.nlm.nih.gov/pubmed/9072973
http://www.ncbi.nlm.nih.gov/pubmed/15085133
http://www.ncbi.nlm.nih.gov/pubmed/9950716


65. Mazoyer B, Zago L, Mellet E, Bricogne S, Etard O, Houde O, et al. (2001) Cortical networks for working
memory and executive functions sustain the conscious resting state in man. Brain Res Bull 54: 287–
298. PMID: 11287133

66. Shulman GL, Fiez JA, Corbetta M, Buckner RL, Miezin FM, Raichle ME, et al. (1997) Common Blood
Flow Changes across Visual Tasks: II. Decreases in Cerebral Cortex. J Cogn Neurosci 9: 648–663.
doi: 10.1162/jocn.1997.9.5.648 PMID: 23965122

67. Mourao-Miranda J, Ecker C, Sato JR, Brammer M (2009) Dynamic changes in the mental rotation net-
work revealed by pattern recognition analysis of fMRI data. J Cogn Neurosci 21: 890–904. doi: 10.
1162/jocn.2009.21078 PMID: 18702583

68. Jordan K, Wustenberg T, Heinze HJ, Peters M, Jancke L (2002) Women and men exhibit different corti-
cal activation patterns during mental rotation tasks. Neuropsychologia 40: 2397–2408. PMID:
12417468

69. Gerstner W, Kempter R, van Hemmen JL, Wagner H (1996) A neuronal learning rule for sub-millisec-
ond temporal coding. Nature 383: 76–81. PMID: 8779718

70. Radman T, Su Y, An JH, Parra LC, Bikson M (2007) Spike timing amplifies the effect of electric fields on
neurons: implications for endogenous field effects. J Neurosci 27: 3030–3036. PMID: 17360926

71. Modolo J, Thomas AW, Stodilka RZ, Prato FS, Legros A. Modulation of Neuronal Activity With
Extremely Low-Frequency Magnetic Fields: Insights From Biophysical Modeling.IEEE 5th international
conference on bio-inspired computing, Liverpool (2010). 2010.

72. Stodilka RZ, Modolo J, Prato FS, Robertson JA, Cook C, Patrick J, et al. (2011) Pulsed magnetic field
exposure induces lasting changes in neural network dynamics. Neurocomputing 74: 2164–2175.

73. Nemenman I, Lewen GD, Bialek W, de Ruyter van Steveninck RR (2008) Neural coding of natural sti-
muli: information at sub-millisecond resolution. PLoS Comput Biol 4: e1000025. doi: 10.1371/journal.
pcbi.1000025 PMID: 18369423

60 Hz Magnetic Field Exposure and Human Brain Activity

PLOS ONE | DOI:10.1371/journal.pone.0132024 July 27, 2015 27 / 27

http://www.ncbi.nlm.nih.gov/pubmed/11287133
http://dx.doi.org/10.1162/jocn.1997.9.5.648
http://www.ncbi.nlm.nih.gov/pubmed/23965122
http://dx.doi.org/10.1162/jocn.2009.21078
http://dx.doi.org/10.1162/jocn.2009.21078
http://www.ncbi.nlm.nih.gov/pubmed/18702583
http://www.ncbi.nlm.nih.gov/pubmed/12417468
http://www.ncbi.nlm.nih.gov/pubmed/8779718
http://www.ncbi.nlm.nih.gov/pubmed/17360926
http://dx.doi.org/10.1371/journal.pcbi.1000025
http://dx.doi.org/10.1371/journal.pcbi.1000025
http://www.ncbi.nlm.nih.gov/pubmed/18369423

