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Abstract

The reports dealing with the effects of electromagnetic fields (EMFs) on brain electrical activity have been inconsistent. We suspected
that the use of linear methods and models accounted for some of the variability, and we explored the issue by using a novel approach to
study the effects of EMFs on the electroencephalogram (EEG) from rabbits. The EEG was embedded in phase space and local recurrence
plots were calculated and quantified to permit comparisons between exposed and control epochs from individual animals. Statistically
significant alterations in brain activity were observed in each animal (n510) when it was exposed to 2.5 G, 60 Hz, as assessed using each
of two recurrence-plot quantifiers. Each result was replicated; a positive-control procedure ruled out the possibility that the effect of the
field was a product of the method of analysis. Measurements performed while the rabbits were under anesthesia suggested that the effect
was mediated byN-methyl-D-aspartate and/ora -adrenoceptors. No differences were found between exposed and control epochs in any2

animal when the experiment was repeated after the rabbits had been killed, indicating that a putative interaction between the field and the
EEG electrodes could not account for the observed effects. We conclude that EMF transduction resulting in changes in brain electrical
activity could be demonstrated consistently using a nonlinear method of analysis.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction negative effects, depending on the strength of an accom-
panying electric field [10,11]. In a series of animal and

Low-frequency electromagnetic fields (EMFs) are com- human studies, we showed that weak magnetic fields of
mon in the environment. Their effects on brain electrical 0–60 Hz altered the EEG in roughly half the subjects
activity have been studied in human and animal experi- studied [2–6,17]. In this study we addressed ourselves
ments, typically by means of spectral analysis, but the generally to the question of why the effects of fields on
reports have not revealed a recognizable pattern of re- brain activity have appeared to be variable.
sponse to fields. Exposure to 16 Hz, 289 mG altered Recent evidence suggested that the baseline EEG is at
activity in rat hippocampal slices [12], but neither a zero least partly generated by low-dimensional chaotic sources
frequency field that was 5000 times stronger nor a 4-Hz [1,14,20,23]. These reports raised the possibility that the
pulsed microwave field had any effect on the electroence- effects of fields on the EEG might involve nonlinear
phalogram (EEG) from human subjects [15,24]. Exposure neuronal networks. If so, approaches specifically geared
to 200–300 mG, 60 Hz, produced both positive and toward quantifying dynamical activity in the EEG would

be expected to be more sensitive than spectral analysis for
detecting changes due to the fields, and consequently*Corresponding author. Tel.:11-318-675-6180; fax:11-318-675-
might yield more consistent results. Recurrence quantifica-6186.
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data that does not parse the activity into linear and by direct measurement using a three-axis magnetic field
nonlinear categories [25,27,28]. Rather, it quantifies the sensor (Bartington MAG-03, GMW, Redwood City, CA).
activity according to objective rules irrespective of the The exposure units were energized by power supplies
number or dynamical nature of the individual sources, or consisting of an isolation transformer, autotransformer, and
how their outputs might combine to produce the measured series capacitors, and were operated in series resonance at
signal. 60 Hz to eliminate powerline harmonics. Fourier analysis

We modeled the effect of the field on the basis of a of the coil currents showed that the strongest harmonics
complexity conjecture (explained below), and used RQA to were more than 40 dB below the fundamental. The power
test the hypothesis that the field altered the dynamical supplies were housed in solid copper boxes to minimize
activity of the brain in individual animals. The data the magnetic fields created by surface eddy currents.
strongly supported the hypothesis, and showed that the During an experiment, the rabbit was restrained in an
effect of the field depended on consciousness. acrylic box mounted inside a light-tight wooden box that

minimized environmental influences and standardized the
animal’s sensory environment. The assembly was placed in
the four-coil unit such that the rostral–caudal and unit axes

2 . Materials and methods were parallel, and the rabbit was located within the
homogeneous region of the field. A field of 2.5 G, 60 Hz

2 .1. Exposure system was used because it is representative of the largest field
typically found in the environment due to the electrical

Magnetic fields were produced using a coaxial arrange- power system. The field was a subliminal stimulus as
ment of four square coils [19], each 66 cm on a side and judged by the complete absence of a behavioral response
wound using 12-gauge magnet wire (Fig. 1). Each coil was when the field was presented, and its presentation was not
dipped in epoxy to minimize potential vibrations from accompanied by any sensory cues to the rabbit. The
interactions between the coil turns, and wrapped with average geomagnetic field at the location of the rabbit was
grounded aluminum foil to eliminate possible effects due 305 mG, 22.68 below the horizontal. The geomagnetic
to electric fields. The number of turns in the outer and component along the direction of the 60-Hz field was 239
inner coil pairs (85 and 35, respectively) and the coil mG.
spacings (633.4 cm and68.5 cm from the center-line)
were chosen so that the magnetic field strength varied by2 .2. Animals
less than 5% throughout the volume occupied by the
rabbit, as predicted using commercial software (MF3D, Five female (nos. 1–5) and five male (nos. 6–10) New
ERM Inc., Pittsburgh, PA); the homogeneity was verified Zealand rabbits were used in the study. All animal

Fig. 1. Schematic representation of the experimental system. A computer-generated timing signal controlled switching of the stimulus. The timing signal
was also fed into one of the channels of the EEG amplifier to facilitate identification of the exposed (E), sham (S), and control (C) epochs of the EEG in
each trial (theith trial is illustrated). The location of the rabbit relative to the field-producing coils (shaded bars) is shown.
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Notice of correction:
The original print version omitted Fig. 2, and contained incorrect legends for Figs. 2-12. These errors have been corrected here.
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