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ABSTRACT We inquired into the biophysical basis of the ability of weak electro-
magnetic fields (EMFs) to trigger onset and offset evoked potentials, and to produce
steady-state changes in the electroencephalogram (EEG). Rats were exposed to a 2.5-
G, 60-Hz magnetic field and the neuroanatomical region of glucose activation associ-
ated with the effect of the field on the EEG was identified by positron emission tomog-
raphy (PET) using fluorodeoxyglucose (FDG). Paired emission scans from the same
animal with and without field treatment were differenced and averaged, and t values
of the brain voxels computed using the pooled standard deviation were compared with
a calculated critical t value to identify the field-activated voxels. Increased glucose uti-
lization occurred in hindbrain voxels when the field was applied orthogonally to the
sagittal plane, but not when the angle between the field and the sagittal plane varied
randomly. Distinct FDG activation effects were observed in response to transient (both
onset and offset) and steady-state magnetic stimuli. Observations of increased glucose
utilization induced by magnetic stimuli and its dependence on the direction of the field
suggested that signal transduction was mediated by a force detector and that the pro-
cess and/or early posttransduction processing occurred in the hindbrain. Synapse
65:617–623, 2011. VVC 2010 Wiley-Liss, Inc.

INTRODUCTION

Humans can detect weak electromagnetic fields
(EMFs), as assessed on the bases of their ability to ex-
hibit onset and offset evoked potentials, and steady-
state changes in brain electrical activity while the stim-
ulus is present (Carrubba et al., 2007; Marino et al.,
2010). Increased neuronal activity is associated with
increased energy metabolism (Pizzagalli et al., 2003),
so the transient and steady-state changes in brain elec-
trical activity were presumably mediated by increased
glucose utilization. Rats exhibited a magnetic sense
similar to that of humans, and signal transduction was
accompanied by increased uptake of fluorodeoxyglucose
(FDG), as determined by PET (Frilot et al., 2009).

We proposed that the biophysical basis of EMF
transduction was a force on a glycocalyx molecule
attached to the gate of a calcium-ion channel in the
membrane of a specialized electroreceptor cell
(Marino et al., 2009). In this view the component of
the force along a structurally significant molecular

axis alters the probability of the ion channel to be in
the open state, resulting in signal transduction. The
hypothesized process is energetically possible even for
low-strength EMFs (Kolomytkin et al., 2007).

Our aim here was to test whether EMF transduc-
tion was dependent on the direction of the field, and
whether the previously reported EMF effects on FDG
uptake actually consisted of distinct but related
effects. In experiments where each rat served as its
own control, we compared the FDG levels voxel by
voxel in the presence and absence of EMFs to detect
EMF-induced increased glucose utilization and deter-
mine whether it consisted of distinct effects associ-
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ated with transient and steady-state characteristics of
the EMF stimulus, and to assess whether the effect
due to transient fields depended on the direction of
the field, as predicted by our model of signal trans-
duction.

MATERIALS AND METHODS
Animal exposure

Female Sprague-Dawley rats, approximately 300 g,
were exposed in a darkened room to a 60-Hz magnetic
field having a root mean square strength of 2.5 G
(250 lT). Fields of comparable strength occur in the
general environment; those used in magnetic reso-
nance imaging or transcranial stimulation are three
to four orders larger.

We passed a computer-controlled current through a
multiturn square coil to produce the applied field,
which was uniform to within 10% throughout the
region occupied by the rats; the coil was dipped in ep-
oxy to guard against the possibility of vibration. The
rise- and fall-times of the field (the aspects of the field
that produce onset and offset evoked potentials) were
about 10 ms. The rats were not aware of the presence
of the field, as determined qualitatively based on the
absence of behavioral responses when it was turned
on or off. The equipment that generated and con-
trolled the magnetic field produced no auditory or vis-
ual clues, and was located outside the room where
the rat was located. The background 60-Hz magnetic
field (present when no experimental magnetic field
was applied) was 0.1 mG (0.01 lT).

In the first experiment the rats were constrained so
that the field was applied coronally, orthogonal to the
sagittal plane. Prior to the experimental session, each
rat was accommodated to the constraint device by
means of once-a-day practice sessions until the device
was accepted with no manifestations of discomfort
(three to five sessions). In the second experiment each
rat was free to roam in the cage during field expo-
sure, resulting in a random vector relation between
the field and the long axis of the rat. Separate groups
of 10 rats were used in the two experiments.

Data acquisition

The rats were injected within 15 s (injection vol-
ume, 0.5 ml) in the tail vein with 11 MBq (610%) of
18F-labeled FDG; either magnetic-field or sham-field
exposure commenced immediately thereafter and con-
tinued for 45 min. In the first experiment, each rat
was injected and scanned three times: once after field
exposure using a 100% duty cycle (field on at t 5 0,
off at t 5 45 min), once using a 50% duty cycle (on for
2 s, off for 2 s repetitiously for 45 min), and once after
sham-field exposure (control) for 45 min. In the sec-
ond experiment the rats were injected and scanned
twice, once after field exposure for 45 min using a

50% duty cycle and once after sham exposure. The
minimum time between injections was two days; in
both experiments the order of the exposure conditions
was counterbalanced.

Immediately following field exposure or sham expo-
sure the rats were anesthetized (5% isoflurane) and
PET scans were obtained within 15 min (Concorde
microPET, Knoxville, TN). The sinograms were cor-
rected for scattered radiation and attenuation, and
images were generated using a standard filtered
back-projection algorithm. The image matrices were
128 3 128 pixels with a pixel size of 0.85 3 0.85
mm2; the spatial resolution in the axial direction was
1.21 mm (63 pixels).

Data analysis

The images were aligned (12-parameter affine trans-
formation, with the normalized mutual information as
the cost function), spatially normalized to the average
of all the scans in the experiment, smoothed in all
dimensions (full-width at half-maximum, 2 mm), and
cropped to isolate brain regions (SPM, Matlab, Math-
works, Natick, MA). Paired exposed and control images
were subtracted to form difference images which were
averaged across all the rats in the experiment to create
a mean difference image (MDI) (Shimoji et al., 2004;
Worsley et al., 1992). This procedure resulted in two
MDIs in the first experiment, corresponding to the 50%
and 100% duty-cycle exposure conditions, and one MDI
in the second experiment.

The pooled standard deviation was determined and
used to compute a three-dimensional distribution in
which each voxel was represented by a t value, result-
ing in a brain t map T(x), where x is the voxel coordi-
nates. Voxels activated by field exposure were identi-
fied by locating the values in T(x) that were greater
than the critical t value, namely the value for which
P < 0.025. The critical t value was calculated using
Pðtmax > tÞ ¼ Rð4 logeð2ÞÞ

3=2ð2pÞ$2ðt2 $ 1Þe$t2=2, where
R is the number of resolution elements in the search
volume (4088 mm3) divided by the product of the full
widths at half maximum along the three imaging
axes (Worsley et al., 1992). For our MDIs R 5 510
elements, which resulted in a critical t value of 4.697.
The Euler characteristic of the distribution of acti-
vated voxels was used to estimate the number of iso-
lated regions of activation (Worsley et al., 1992).

The anatomical locations of the statistically signifi-
cant voxels were identified by localizing them in a rat
magnetic resonance (MR) brain atlas (Schweinhardt
et al., 2003). The process of superimposing the emis-
sion data on the MR dataset was repeated five times
and the variation in placement of a representative
voxel (mean 6 SD) from the emission scan on its cor-
responding MR voxel was 1.4 6 0.9 mm, measured
along the superior/inferior axis. Thus there was an in-
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Fig. 1. Increased FDG uptake in the rat hindbrain produced by a
magnetic field having a duty cycle of 50%. The activated voxels (P <
0.05) were located in the mid-sagittal region and occurred in three
consecutive PET slices (locations shown in the inserts). First column,
coronal magnetic resonance (MR) sections of the rat brain (Schwein-
hardt et al., 2003); slice thickness, 1.2 mm. Second column, average

difference PET image (n 5 10 rats) (superimposed outlines from MR
atlas). Third column, locations in the image plane of the voxels acti-
vated by the magnetic field. Color bar for the difference image is
expressed as a percent difference between the average exposure and
sham-exposure PET images. Voxel dimension 0.845 3 0.845 mm.
Caudal view. Field applied orthogonal to the plane of the section.

Fig. 2. Increased FDG uptake in the rat hindbrain produced by a magnetic field having a duty
cycle of 50%. Consecutive transverse MR atlas slices (a through d), 0.85 mm thick (Schweinhardt
et al., 2003). The activated voxels (P < 0.05) are outlined in black. Voxel dimension 0.845 3 1.21
mm2. Dorsal view. Field applied in the plane of the section.
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herent error of about 2.3 mm (mean 1 SD) in ascer-
taining the anatomical location of the activated
voxels.

As a negative control for the analysis, the normal-
ized voxel values were randomized prior to forming
the MDIs and then evaluated as previously, resulting
in a determination of a critical value of t. The process
was repeated 100 times to assess the empirical proba-
bility that the critical t value calculated from the ex-
perimental data could have been achieved by chance.

RESULTS

When the rats were constrained so that the angle
between the field and the rat’s body axis was fixed,
fields having a duty cycle of 50% and (to a lesser
extent) 100% both stimulated FDG uptake in the hind-

brain (Figs. 1–4). The respective standard deviations
pooled over the search volume for the 50% and 100%
duty-cycle scans were 24.4% and 23.0%; the respective
maximum t values were 8.18 and 5.05. In the 50%
duty-cycle MDI the activated region consisted of 31
voxels (26.8 mm3), with an Euler characteristic of 1
and no holes in the excursion set, indicating one iso-
lated region of activation (Figs. 1 and 2). The 100%
duty-cycle MDI yielded an activated region of four vox-
els (3.5 mm3) with no holes in the excursion set (Figs. 3
and 4). The average percent change in FDG uptake
6SD in the activated voxels was 53.4 6 8.5% and 33.9
6 1.2% for the 50% and 100% MDIs, respectively. By
comparing the location of the activated voxels in the
PET image with a standard MR atlas of the rat brain
(Schweinhardt et al., 2003), the activated regions were
located in the hindbrain (Figs. 1–4).

Fig. 3. Increased FDG uptake in the rat hindbrain produced by a
60-Hz magnetic field having a duty cycle of 100%. The activated voxels
(P < 0.05) were located in the midsagittal region and occurred in two
consecutive PET slices (locations shown in the inserts). First column,
coronal magnetic resonance (MR) sections of the rat brain (Schwein-
hardt et al., 2003); slice thickness, 1.2 mm. Second column, average

difference PET image (n 5 10 rats) (superimposed outlines from MR
atlas). Third column, locations in the image plane of the voxels acti-
vated by the magnetic field. Color bar for the difference image is
expressed as a percent difference between the average exposure and
sham-exposure PET images. Voxel dimension 0.845 3 0.845 mm2.
Caudal view. Field applied orthogonal to the plane of the section.

Fig. 4. Increased FDG uptake in the rat hindbrain produced by a 60-Hz magnetic field having a
duty cycle of 100%. Consecutive transverse MRI atlas slices, 0.85 mm thick (Schweinhardt et al.,
2003). The activated voxels (P < 0.05) are outlined in black. Voxel dimension 0.845 3 1.21 mm2.
Dorsal view. Field applied in the plane of the section.
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To confirm the reliability of the analysis, the voxel
values were randomized prior to formation of the dif-
ference image. During 100 iterations the critical value
of 4.65 was never achieved in either of the two control
MDIs when the angle between the field and the rat’s
body axis varied randomly.

In the second experiment the standard deviation
pooled over the search volume was 26.7%, but t
<4.697 for all voxels indicating the absence of FDG
activation by the field. The average percent change
6SD over the 31 voxels that were activated in the
50% duty-cycle exposure was 213.3 6 8.8%.

DISCUSSION

Separate brain networks mediate onset and offset
responses to stimuli as well as responses that occur
after the transient effects have ended (referred to
here as steady-state responses) (Pratt et al., 2008;
Yamashiro et al., 2009). Presumably each response
requires increased glucose utilization. We proposed
that transduction of EMFs was mediated by a direc-
tionally specific force exerted by the induced electric
field on the gate of an ion channel (Kolomytkin et al.,
2007). Our goal here was to detect increased FDG
uptake in the brain due to magnetic stimulation
under conditions that would support our biophysical
theory of EMF transduction.

When the rats were exposed to a magnetic field
having a duty cycle of 50% they experienced 45 min
3 60 s 7 2 s per stimulus epoch 5 1350 stimulus
periods resulting in a total (onset 1 offset) of 2700
evoked potentials that, by hypothesis, were each
accompanied by an incremental glucose uptake that
did not occur in the same animal during a 45-min
sham-exposure period. Field exposure using a 50%
duty cycle resulted in activation of a 13-mm3 region
in the hindbrain (Figs. 1 and 2), as expected (Frilot
et al., 2009). When the rats were exposed using a
100% duty cycle, only two evoked potentials were
triggered corresponding to the onset of the field and
its offset 45 min later; consequently the only mean-
ingful stimulus was the presence of the magnetic
field. Increased activation was detected (Figs. 3 and
4), but it involved a brain volume only 27% of that
involved in mediating the effect due to the three com-
bined stimuli associated with a 50% duty-cycle (onset,
offset, and steady-state responses). The steady-state
stimulus was applied continuously for 45 min com-
pared with about 13 min (2 s per 7-s trial) during the
50% duty-cycle condition. The observation of less acti-
vation despite the large increase in the duration of
the steady-state stimulus suggested that the
increased glucose utilization observed under the 50%
condition was probably due to the transient stimuli
(evoked potentials). Because of the general phenom-

Fig. 5. Model for detection of electric fields. The glycocalyx consists of oligosaccharide side
chains covalently bound to adsorbed and transmembrane proteins, including ion channels. An
applied electric field E exerts a force F on the negatively charged glycocalyx molecules bound to the
gate or interleaved with the bound molecules, thereby mechanically opening the channel gate.
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enon of adaptation, somatic stimuli, light, sound,
touch as examples, usually produce a greater change
in brain electrical activity compared with that due to
the simple presence of the stimulus in the subject’s
environment. The larger region of brain activation in
the first experiment is therefore consistent with the
electrophysiological results.

According to physical law, magnetic fields induce
electric fields in the body. We previously proposed a
mechanism for transducing the electric field in which
the field exerted a force on negatively charged oligo-
saccharide side chains bound to an ion-channel gate,

thereby mechanically opening the gate (Marino et al.,
2009) (Fig. 5). The sensitivity of the process depends
on the strength of the field and the effective size of
the glycocalyx region that interacts with the field; a
region with a radius of about 9 lm can detect a field
of 100 lV/m, which is near the limit of detectability
demonstrated by lower life forms (Kolomytkin et al.,
2007). As illustrated (Fig. 5), the optimal direction of
the field is orthogonal to the membrane surface. In
actuality the optimal direction will depend on the
structural characteristics of the glycocalyx, the details
of which are generally unknown. Nevertheless the
proposed mechanism implies that the local direction
of the field at the cell membrane is a critical factor in
the transduction process. We reasoned that randomiz-
ing the direction of the field would reduce FDG
uptake by mitigating the cumulative effect of the field
on the ion-channel gate. In our second experiment,
where the rats were free to move in the cage, we
found that the resulting field randomization elimi-
nated the hindbrain activation observed when the
rats were constrained. The results of the second
experiment therefore supported our biophysical
theory of transduction, although there may be other
explanations for why brain activation was not seen in
the second experiment.

We showed earlier that the evoked potentials occurred
within about 500 ms after presentation of the stimulus
(Frilot et al., 2009), and that electroreception in humans
and animals occurs in the head (Carrubba et al., 2007;
Marino et al., 2003). The results are consistent with the
theory that the electroreceptors were located in the hind-
brain, where the PET-activated region was found. But bi-
ological tissue is essentially transparent to magnetic
fields. Consequently the electroreceptor cell (the cell that
transduces the EMF) could have been located elsewhere;
in this case the activated region in the hindbrain
reflected early postprocessing of the afferent signal trig-
gered by transduction.

The PET images were insufficiently detailed to per-
mit direct identification of the activated voxels in spe-
cific regions of the brain. Consequently neuroanatomi-
cal localization was accomplished by superimposing
the emission data on a published atlas of MR images
of the rat brain. When we performed this localization
process previously, we located the activated voxels in
the cerebellum (Frilot et al., 2009). In this study they
were located several mm lower in the hindbrain, in
the region of the medulla (Fig. 6). There was an in-
herent error of about 2.3 mm in localizing the acti-
vated voxels using our method, which could explain
the difference in hindbrain localization between the
two studies (Fig. 6). The inherent placement error
may also have been responsible for the off-center loca-
tion of the PET-activated region (Fig. 1). The cent-
roids of the region was 1.69 mm from the hindbrain
centerline, and therefore within the error range.

Fig. 6. Comparison of locations of coronal (top) and transverse
(bottom) planes containing voxels activated by exposure to a mag-
netic field having a 50% duty cycle. First column, this study (Figs. 2
and 3); second column, a prior study (Frilot et al., 2009). CB, cere-
bellum; P, pons. MY, medulla.
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