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ABSTRACT Studies are based on the exposure of Sprague–Dawley rats (250 male and 250 female
rats) to electromagnetic fields (EMF) at different frequencies in standing and travelling wave chambers.
Values of specific absortion rate (SAR) for all of these experiments were obtained from commercially
available FDTD-based simulation software based on numerical phantom animals. An experimental radiation
system was developed with a standing-wave cavity which keeps electromagnetic parameters constant while
facilitating stress-free exposure of animals to non-thermal radiation. This makes it possible to directly
measure the power absorbed by the animal and determine whole-body mean SAR according to weight.
All studies using this setup were performed with global system for mobile communication (GSM) radiation
at 900 MHz. The simple picrotoxin model made allow to identify morphological signs of neurotoxicity in
rat brain tissue. Experiments involving travelling waves were done in a commercial Gigahertz Transverse
ElectroMagnetic (GTEM) chamber connected to one or two vector signal generators (to carry single
or multiple EMF exposure frequencies). In the diathermy model, rat thyroid and thymus exposed to
2.45 GHz radiation showed visible morphological and immune effects. Cellular stress in the cerebral cortex,
the cerebellum or both seems to be more associated with the type of signal than with additive effects of
combined frequencies. Finally, some hypothesis related with the future models about the ElectroMagnetic
(EM) pollution are established. In an urban environmental that combines the electromagnetic and chemical
pollution of environmental particles, cortical excitability, inflammatory response, and cell injury can be
modified.

INDEX TERMS Bioelectromagnetic effects, electromagnetic radiation effects, specific absorption rate.

I. INTRODUCTION
ElectroMagnetic Fields (EMF) are pervasive in everyday
life. Antennas, including GSM (Global System for Mobile

The associate editor coordinating the review of this manuscript and
approving it for publication was Huapeng Zhao.

Communication) antennas for cell phones in towns and cities
expose most of the human population to radiation at mul-
tiple frequencies, especially RadioFrequency (RF). Copi-
ous research in the last decade has described changes in
the biological parameters of living organisms after contact
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FIGURE 1. A) Sketch of the Experimental System I. Vector Signal Generator (VSG), Spectrum Analyser (SA) and Power Meters (PM1, PM2) from
Agilent (Models E4438C, E4407B and E4418B, respectively), Linear Power Amplifier (AMP) from Amplifier Research (Model AR 15S1G3), and
Directional Couplers (DC1, DC2) from Narda (Model 3282B-30). TA, Transmitting Antenna; RA, Receiving Antenna. Coordinates originate at the
center of the chamber floor. B) Geometrical dimensions of the methacrylate holder (RH).

with EMF. Some segments of the population may be more
vulnerable to potentially adverse effects stemming fromwork
exposure or individual susceptibility. Relevant epidemio-
logical and experimental studies have attempted to evalu-
ate EMF exposure and its effects on cancer risk [1], the
nervous system [2], hematology [3], metabolism and the
endocrine system [4] and the human population at large or
specific groups that may incur greater risk due to more direct
exposure.

While many experimental studies have looked at how non-
ionizing radiation affects human health or animal models,
the methodology used critically influences the objectivity
of the results. The experimental radiation system must be
selected with great care when doing laboratory research
with biological models and animals in vivo. Specifically,
the electromagnetic test chamber must provide a controlled
experimental environment that will facilitate subsequent
analysis of the electromagnetic parameters and dosimetry
calculations.

To further our understanding of the effects of non-ionizing
radiation in living organisms at the Bioelectromagnetics
Laboratory of the University of Santiago de Compostela,
we tested several rat animal models in experiments involving
controlled exposure to radio frequencies that are habit-
ually used for wireless devices, Wi-Fi or rehabilitation
therapy [5], [6]. By administering a subconvulsive dose of
picrotoxin (GABA-A receptor antagonist), we developed a
neurological rat model [7] to look at the effects of radiation
on preconvulsive brain function. We also examined tissue
morphology using a diathermic model that exposed the left
front leg of a female rat to maximum subthermal radiation
in order to assess the impact on cellular stress [8]. Recently,
we created a lifelike scenario in the laboratory to explore
harmful effects stemming from simultaneous exposure to two
combined radiofrequencies [9].

II. DESCRIPTION OF EXPERIMENTAL RADIATION
SYSTEMS
A. EXPERIMENTAL SYSTEM I: STANDING WAVE CAVITY
In this experimental system, designed by the Radiating Sys-
tems Group at University of Santiago de Compostela, the ani-
mal is put inside amethacrylate holder (RH) and positioned in
the area of maximum radiation inside a metal cavity. The RH
is large enough to minimize stress to the animals except for
the head which because it cannot move imparts some stress.
There is also a transmitting antenna (TA), a receiving antenna
(RA) and a video camera within the cavity (see Fig. 1.A).

Signal frequency, amplitude and modulation were ascer-
tained by using a generator that was attached to an amplifier.
A directional coupler then carried the amplified signal to
the transmitting antenna inside the cavity, where radiation
occurred. A pure 900 MHz sinusoidal signal was used for the
experiments discussed here.

The receiving antenna (RA) inside the cavity was con-
nected to an external spectrum analyzer. This served to mon-
itor and verify field stability, as well as to ensure the absence
of spurious signals.

The directional couplers, sensors and power meters com-
posing the subsystemmake it possible to determine the power
absorbed by the animal. This is calculated as the difference in
power absorbed by the system with and without the rat inside
the box.

To determine optimal RH placement (see dimensions
in Fig. 1.B), we had to first quantify field distribution within
the radiation area. We used commercially available SPEAG
SEMCAD Finite-Difference Time-Domain (FDTD) software
to model the metal cage, removing the RA and the RH
and keeping only the TA inside. For the simulation, the TA
was modelled as a λ/4 monopole. A perfect electric con-
ductor (PEC) corresponding to the metal box limited the
radiation region, as shown in Fig. 1.A. The computational
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FIGURE 2. |E| field distribution within the metallic cavity with only the
transmitting antenna in place. The distribution corresponds to section
Y=0 of Fig. 1.A, while Z and X correspond to the axes shown in Fig. 1.A.

domain was filled with 0.5 million 3D cells and steady-state
was achieved after 400 sinusoidal periods. Field distribution
|E| was calculated within the radiation region and is shown
in Fig. 2. Local maxima and minima in the resulting field
were very helpful for indicating the most suitable placement
of the RH and the RA.

Once the final positions had been determined, it was easy
to calculate the power available in the system, the power
delivered to the receiving antenna and the power dissipated
in the system.

B. EXPERIMENTAL SYSTEM II: TRAVELLING WAVE CAVITY
AT SINGLE FREQUENCY
In this experimental set-up, the Vector Signal Generator
(VSG) sent a pure sinusoidal signal of 2.45 GHz to the
amplifier at the specified power level during radiation. The
amplifier was connected to the directional coupler (DC) and
output passed into the GTEM radiation chamber. This is a
Schaffner 250 Gigahertz Transverse ElectroMagnetic cham-
ber of 1.25m × 0.65m × 0.45m, where the rat (R) was
immobilized in the holder (RH) and positioned in the zone of
maximum field uniformity in such a way that the left front leg
of the animal would receive maximum radiation. The animal
was then irradiated. The DC measured incident power values
by means of the spectrum analyzer and obtained reflected
power values from the power meter (PM) (see Fig. 3).

C. EXPERIMENTAL SYSTEM III: TRAVELLING WAVE
CAVITY, MULTIPLE FREQUENCIES
In Experimental System III, each of the two vector signal
generators (VSG1 and VSG2) generates a pure sinusoidal
signal of 900 MHz and 2.45 GHz, respectively, at the desired
power level during radiation. Both generators are hooked up
to a signal mixer (SM) which more concretely acts as a power
combiner. This signal is transmitted to the amplifier (AMP),
as shown in Fig. 4.A.

We used MATLAB scientific software to simulate the
900 MHz and 2.45 GHz pure signals separately and the

FIGURE 3. Diagram of Experimental System II. GTEM cell (Schaffner
250 irradiation chamber); VSG: Vector Signal Generator (Agilent E4438C:
250 kHz-4 GHz); AMP: Amplifier (Research Amplifier 15S1G3: 0.8–3 GHz);
DC: Directional Coupler (NARDA 3282B-30: 800-4000 MHz); PM: Power
Meter (Agilent E4418B); RH: Rat Holder.

sum of both signals (900 MHz + 2.45 GHz), as depicted
in Fig. 4.B. In the laboratory, the simulated combined signal
was also validated at lower frequencies using the Agilent
Infinium (600 MHz) oscilloscope to visualize the combined
output signal.

Once amplified, the signal entered the directional cou-
pler (DC) and passed directly into the GTEM radiation cham-
ber, where the rat (R) was immobilized in the holder (RH)
and positioned in the zone of maximum field uniformity
in such a way that the left front leg of the animal would
receive maximum radiation. The animal was then irra-
diated. The DC enabled measurement of incident power
by means of the Power Meter (PM), making it possible
to verify the specified input power to the system. Using
the spectrum analyzer (SA), reflected power values could
also be measured and monitored, and the spectral purity
of the sinusoid signal used in the experiment could be
verified.

As the field impinged on R in the direction k, with vectors
E andH positioned perpendicular and parallel to themain axis
of the animal, respectively, the left front region of R received
maximum field amplitude. The isotropic probe (IP) measured
the field and determined its peak value, using the desired
input signal values when the rat was not in the chamber.
In this way, we quantified how the chamber behaves in the
measurement zone. Later, we will use two plane wave fronts
to reproduce the data obtained with the probe and provide a
more objective simulation of the GTEM chamber.

III. ANIMALS, AND PROTOCOLS.
All the experimental animals were male or female
Sprague-Dawley rats with an approximate weight of
200-250 gr. They were previously treated, in standard con-
ditions (12/12 h of light/darkness cycle), 22oC, with food
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FIGURE 4. A) Diagram of Experimental System III. GTEM, Schaffner 250 GTEM chamber; VSG1, Agilent E8267D Vector Signal Generator (250 KHz–20 GHz)
operating at 2.45 GHz; VSG2, Agilent E4438C Vector Signal Generator (250 KHz–4 GHz) operating at 900 MHz; AMP, Research Amplifier 15S1G3
(0.8–3 GHz); DC, NARDA 3282B-30 Directional Coupler (800–4000 MHz); SA, Agilent E4407B Spectrum Analyzer (9 KHz–26.5 GHz); PM, Agilent E4418B
Power Meter; SM, Signal Mixer (Agilent 11636a power divider used as a power combiner); RH, rat holder; IP, EMF Cube Isotropic Probe; R, rat. B)
Representation of each of the pure sinusoidal signals used (900 MHz and 2.45 GHz) and the sum of both signals (900 + 2.45 GHz).

TABLE 1. Experimental design and management of the animals: A summary of the experimental methodology and the animal model used for each case
are shown.

and water. In all the cases the animals were individually
immobilized in a methacrylate holder during the radiation
process. Likewise, also control animals were immobilized in
same conditions as radiated animals. Some of these animals
were pharmacologically manipulated in a previous stage to
the radiation process. Also, it is important to note that EEG
measurements and video camera recording were made during
the radiation stage to evaluate the appearance of convulsions
or myoclonic head and body jerks (see Table 1). Otherwise,
the rectal temperature was registered in most part of the
studies due to the fact that it represents a good indicator of
the absorption of the electromagnetic radiation (see Table 2).

All the experiments were carried out by following
the guidelines of the European animal protection regu-
lations (Directive 86/609l), the current Spanish directive
RD1201/2005, the Declaration of Helsinki and the guide for

the care and use of laboratory animals, as it was adopted and
promulgated by the US National Institute of Health (NIH
Publication No. 85-23, revised 1996). All the experimental
protocols were approved by the Bioethics Committee on the
Use and Care of Animals of the University of Santiago de
Compostela.

IV. SAR CALCULATION TECHNIQUES
A. STANDING WAVE CAVITY PROBLEM
We calculated the SAR (Specific Absorption Rate) values
in the standing wave cavity problems through simulation
of the |E| field distribution within the radiation region,
with the animal model and the antennas optimally placed
as indicated. In the simulation, the antennas were consid-
ered as λ/4, and we used a single 198.3 g numerical model
(SPEAG SEMCAD numerical phantom) for the rat. The
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TABLE 2. Information about the subthermal radiation in the animals: A summary of the dosimetry and temperature measurements related with each
experiment are shown.

model rat consisted of 60 different tissues based on scanned
MRI sections (1.15 mm width). The simulation SAR value
was then normalized to the experimental absorbed power
value for each animal. By adjusting the simulated values
to the actual weight of the rats and the actual absorbed
power, we obtained an estimated specific absorption ratio,
SARE, for the experimental animals, which can be expressed
as

SARE = SARS ×
PA,E
PA,S

×
WS

WE
(1)

where:

SARS = Simulated SAR
PA,E = Power absorbed by the rat (Difference in the
power dissipated in the cavity with and without the rat
inside the RH)
PA,S = Power absorbed by numerical rat
WE =Weight of rat
WS =Weight of simulated rat

The values of sub-thermal SAR in the radiated animals
which were obtained in the experiments carried out in this
cavity are in Table 2.

B. TRAVELLING WAVE CAVITY PROBLEM: WEIGHT RATIO
In each case, the electric field value from the simulation was
experimentally verified with an isotropic probe placed in the
center of the exposure area.

We estimated SARE by applying a correction factor,
based on the ratio of model rat weight to experimental
rat weight, to the numerical simulation values, expressed
as

SARE = SARS ×
WS

WE
(2)

where SARS is the SAR obtained from the simulation, WS
is the weight of the model rat, and WE is the weight of the
experimental rat.

C. TRAVELLING WAVE CAVITY PROBLEM: SCALING THE
MODEL
SARE was estimated by scaling the SEMCAD numerical
model rat and adjusting it for weight differences among the
experimental rats in the radiated animal groups. To achieve
uniform scaling, we multiplied all the original dimensions
of the voxels that are included in the numerical phantom of
the rat by the proportionality constant that was required for
effectively scaling the rat model to a model that [10].

The values related with the sub-thermal SAR also for this
case can be found in Table 2.

V. EXPERIMENTAL VALIDATION OF RAT BIOLOGICAL
MODELS
A. MODEL FOR SEIZURE PRONE RATS IN
STANDING-WAVE CAVITY
Experimental studies in this group began with the hypothesis
that modulated GSM radiation at sub-thermal SAR levels
could increase electrical instability in brain tissue of rats
that had been made seizure-prone through injection of a sub-
convulsive (not inducing spontaneous seizures) dose of the
γ -aminobutyric acid (GABA) antagonist picrotoxin [7].

In the first study, we assessed the effects of the radiation
by observing (with electroencephalography in some cases),
whether the rats suffered seizures or not. We also did post
mortem immunochemical analyses of relevant brain areas
based on the presence of c-Fos, a sensitive marker of neu-
ronal activation [11] that appears in brain areas affected by
seizures [12]. The rats were exposed for 2h to GSM pulse
modulation [13] radiation at 900 MHz, with SAR values of
0.27 W/kg and at an intensity comparable to that of mobile
phone emissions [14].

EEGs (Electroencephalograms) indicated that the irradi-
ated picrotoxin-treated rats suffered seizures featuring gen-
eralized, continuous spike-and-wave trains. Non-treated rats
presented no abnormal activity or indications of seizure, and
spikes did not appear in the EEG recordings from these
groups.

C-fos levels significantly higher in irradiated picrotoxin-
treated animals than in non-irradiated picrotoxin-treated ones
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in the neocortex (frontal cortex, parietal cortex), the pale-
ocortex (piriform cortex, entorhinal cortex) the hippocam-
pus (dentate gyrus, hippocampal CA1; hippocampal CA3)
and the thalamus (Centrolateral nuclei, Centromedial nuclei).
In these regions, however, no significant differences in c-fos
counts appeared between irradiated rats and non-irradiated
rats that had not received picrotoxin.

The results of this study, in which clinical observation was
combined with EEG recordings and immunohistochemical
assays, give strong indication that GSM radiation can signif-
icantly modify activity in cerebral tissues with GABAergic
circuits that are already in an altered condition [14].

The design of the metal chamber and the radiation dis-
tribution within it made it possible to observe the effects
of repeated exposure on the body of the animal, which
was positioned to receive maximum radiation level to the
head [15], [16].

The rats presented indicators (clinical, EEG, neuronal
activity) of alterations in brain activity that could not be
attributed to the effect of heating, as the SAR (Specific
Absorption Rate) was too low to induce generalized heating
of tissues. This suggested that modulated GSM radiation
could impact brain activity.

Those findings led to a second experiment, in an attempt
to explain whether pulse-modulated GSM affected brain
activity differently than unmodulated radiation at identical
wavelengths. In this study, EEG signals and c-Fos expres-
sion in the brains of picrotoxin-pretreated rats exposed to
modulated GSM presented clinical differences to those of
picrotoxin-treated rats exposed to the same dose of unmod-
ulated radiation [17]. The first group displayed myoclonic
head and body jerks that continued for long time periods,
along with sporadic general convulsions. Picrotoxin-treated
rats exposed to unmodulated radiation presented occa-
sional myoclonic head jerks and forepaw spasms, but only
one animal suffered generalized seizures. EEG record-
ings showed short polyspikes or continuous spike-and-wave
discharges during seizure activity. Non-picrotoxin-treated
GSM-irradiated or unmodulated-irradiated rats presented no
indications of myoclonic jerks or abnormalities in the EEG
recordings. These findings of seizures with GSM and the
near absence of clinical or EEG symptoms without GSM
suggest that there is some synergic relations or facilitations
between the effects of the convulsant drug picrotoxin and
GSM radiation. Also, these findings can suggest that they
are induced through a common mechanism. Similar findings
have been reported for other drugs [18] (see Table 3).

The effects of GSM radiation on c-Fos expression in
picrotoxin-treated rats were most pronounced in the lim-
bic structures, areas of the olfactory cortex, the subcor-
tex, the dentate gyrus, and the central lateral nucleus of
the thalamic intralaminar nucleus group. Picrotoxin-treated
groups showed significant differences in c-Fos expres-
sion between the GSM irradiated group and the unmodu-
lated irradiated group. However, no significant differences
appeared in c-Fos expression between picrotoxin-treated and

FIGURE 5. Illustration of the assumed link between GSM radiation and
pathological findings for the cortex and hippocampus. Summarized here
are the effects on the c-Fos neuronal marker and the GFAP glia marker,
stemming from radiation (SAR 1.0 to 1.5 W/kg) and picrotoxin (2 mg/kg),
in relation to time after exposure (90 min, 24 hours, 3 days). Red arrows
indicate ongoing activation of different mechanisms. Dashed red arrows
indicate hypotheses of possible triggers.

non-picrotoxin-treated rats exposed to unmodulated radia-
tion. Table 4 in [17] shows these above-mentioned results.
Our findings suggest that pulse modulation acts as a trig-
ger for seizures and increased c-Fos levels, pointing to the
existence of a mechanism that is not affected by changes in
temperature [19].

The simple picrotoxin model that we have developed in our
laboratory made it possible to identify morphological signs of
neurotoxicity in rat brain tissue. This may directly affect our
understanding of risk related to exposure to RF radiation in
patients with epilepsy [14], [16], [17].

In the next experiment, we used positive immunochemi-
cal testing for neuronal (c-Fos) and GFAP (Glial Fibrillary
Acid Protein) cells to look for indications of neural stress in
cerebral activity after exposure to modulated GSM radiation
at 900 MHz in a picrotoxin-treated. We recorded the chrono-
logical response cascade at 90minutes, 24 hours and 72 hours
after acute exposure [20].

Ninety minutes after radiation, we observed elevated c-Fos
expression in the neocortex and paleocortex, accompanied
by low activation of the hippocampus in picrotoxin-treated
rats. Except in the limbic cortex, neuronal activation had
increased notably in most brain areas 24 hours after picro-
toxin and radiation. Three days after exposure, the effects
of radiation in picrotoxin-treated animals were still evident
in the neocortex, dentate Gyrus and CA3 but activity had
decreased significantly in the piriform and entorhinal cor-
tex. Meanwhile, glial reactivity in brain regions of irradi-
ated, picrotoxin-treated rats had increased with every seizure.
All these above-mentioned results are included in Table 8
of [20]. In the seizure model used for this study, the GABA-
A channels become blocked and the glutamatergic system
overrides the GABAergic inhibitor system, which entails
an increase in neuronal activation. Apparently, this activa-
tion of the NMDA receptors in the astrocytes explains glial
activation in the presence of picrotoxin (see Fig. 5 and
Table 3).
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TABLE 3. Summary of the obtained results from publications for the experimental model used on each case.
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FIGURE 6. Distribution of local SARs in the phantom rat ‘exposed’ to
2.45 GHz at 3 W, in the plane X = 0:33 m.

Despite the ponderous anatomical differences between rats
and humans with regard to brain size, morphology, and there-
fore dosimetry, we found that the combination of stress from
non-thermal SAR due to radiation and the noxious action
of picrotoxin activated c-Fos protein and glia markers in
brain tissue. Since nervous pathways in persons with epilepsy
tend towards electrical instability, our findings suggest that
this group may be especially sensitive to electromagnetic
radiation [21].

B. EXPERIMENTAL CELLULAR STRESS AND DIATHERMIC
MODEL IN TRAVELLING WAVE CAVITY AT SINGLE
FREQUENCY
Burgeoning use of 2.45GHz electromagnetic fields in indus-
try and medicine, in Bluetooth wireless technologies [22]
and in rehabilitation therapies for diverse categories of pain
and pathology [23] led us on a quest to find new laboratory
models for studying cellular stress in relation to non-ionizing
radiation at subthermal SAR levels.

We began studying quantitative and qualitative expression
of HSP-90 in different anatomical regions of the rat brain fol-
lowing acute exposure of Sprague-Dawley rats to 2.45 GHz
radiation at different SAR in a GTEM chamber (see Table 3).
We also examined morphological lesions in histopatholog-
ical sections from these animals to look for dark neurons
or DAPI-stained nuclei. The study was designed to look
for changes in expression of HSP-90, a biological marker
in the brain including regional differences and alterations
in the cytoprotective effect of this molecular chaperone in
reaction to non-ionizing radiation [24]. Following exposure
to radiation, cellular distribution of HSP-90 increased with
higher SAR in the hypothalamic nuclei, limbic cortex and
somatosensorial cortex. Twenty-four hours after irradiation,
HSP-90 levels remained high in all hypothalamic nuclei for
all SAR. In the parietal cortex, HSP-90 levels remained high
compared to non-radiated animals 24 hours after exposure.
However, in the limbic system, HSP-90 levels were sig-
nificantly lower (nearly half) than in non-radiated animals
24 hours after exposure at the highest power. Non-apoptotic
cellular nuclei and dark neurons were present 90 minutes and
24 hours after maximum SAR exposure.

The next experiment was a comparative analysis of how
cellular activation resulting from non-pulsed electromagnetic
fields applied at 2.45 GHz and 3 or 12 W affected the par-
aventricular nucleus (PVN) which in rats is located in the
anterior hypothalamus. The animals underwent single 30 min

FIGURE 7. Rat thyroid tissue stained with fluorescent DAPI. The
photographs show no nuclear fragmentation or chromatin condensation
in the epithelial cells of the thyroid follicles in any of the experimental
groups. Photos (A) (B) (C): Animals slaughtered 24 h after exposure to
0 W (control), 1.5 W or 12 W, respectively; (D) (E) (F): Animals slaughtered
90 min after exposure to 0 W (control), 1.5 W or 12 W. Arrows indicate
follicular cells with no signs of apoptosis. 100× magnification, calibration
bar 20 µm.

exposure or repeated exposure (30 min exposure at 3 W for
10 sessions in a two-week period) in a GTEM chamber [25].
High SAR provoked an increase of the c-Fos marker 90 min
or 24 h after radiation, but with low SAR, c-Fos counts were
higher than in control rats after 24 h. Repeated irradiation
at 3 W (see SAR, Fig. 6) increased cellular activation in
the PVN by over 100% compared to animals exposed to
acute irradiation and repeated-exposure non-radiated control
animals (see Table 3).

Several recent studies have described the relationship
between RF exposure and thyroid gland disorders. We devel-
oped an experiment to determine HSP-90 and HSP-70 lev-
els for analyzing cellular stress from radiation. We exposed
female rat thyroid tissue to 2.45 GHz RF in an experimental
GTEM system [26] to study the effects on anti-apoptotic
activity and integrity.

HSP-90 and HSP-70 had significantly decreased ninety
minutes after applying radiation at 0.04 W/kg or 0.10W/kg
SAR (see Fig. 2 in [26]). Twenty-four hours after radiation,
HSP-90 had partially recovered and HSP-70 had completely
recovered. Signs of lesions were scarce in the gland and
there were no indications of apoptosis in any of the radi-
ated animals. Our findings suggest that acute sub-thermal
radiation at 2.45 GHz could alter cellular stress levels in rat
thyroid gland without affecting anti-apoptotic capacity at first
(see Fig. 7).

In human environments, exposure to direct and indirect
non-ionizing radiation is common. Despite indications that
radiation triggers stress in thyroid cells, little research has
been done on morphological changes that signal preco-
cious re-adjustments in the mammalian thyroid gland after
close-range exposure to non-ionizing radiation at 2.45 GHz.
Our next study involved a diathermic model and experi-
mental set-up that focused maximum direct radiation on the
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FIGURE 8. No significant differences were detected in central follicle
diameter size, but the diameter of the peripheral follicle increased
significantly in animals exposed repeatedly compared to non-radiated
animals. An asterisk * indicates statistically significant differences
between radiated/non-radiated; a, b indicate statistically significant
differences between rats that underwent repeated exposure versus single
exposure (p<0.05, two-way ANOVA, followed by Tukey’s test).

left shoulder of the animal, which was immobilized inside
a GTEM chamber. According to our hypothesis, exposure
to localized 2.45 GHz diathermic radiation would trigger
detectable changes in thyroid gland morphology and alter-
ations in the expression of heat stress proteins in rat thyroid
cells. We tested the hypothesis through immunohistochem-
ical assay of HSP-90 expression in rat thyroid tissue after
single or repeated (10 times in two weeks) exposure to
2.45 GHz RF and looked for morphological changes. The
radiation levels, exposure time, and doses were on a human
scale [27]. After ninety minutes of radiation with the highest
SAR, the central and peripheral follicles had become enlarged
and the peripheral septa had become thinner. Twenty-four
hours after exposure, only the central follicles radiated at
12W were observed to be smaller, while peripheral folli-
cles exposed repeatedly at 3W had increased in size (see
Fig. 8). In this diathermy experiment, rat thyroid exposed
to 2.45 GHz radiation showed visible morphological effects
including: (a) hypertrophy of the gland linked to SAR and/or
number of exposures; (b) changes in HSP-90 distribution in
membranes and parafollicular cells. It is inconclusivewhether
these effects were the direct or exclusive result of radiation, so
they can be listed among indirect effects on the hypothalamus
(see Table 3).

Electromagnetic fields can induce or mediate stress
response by triggering the production of HSPs, which
regulate immune response and thymus function. To bet-
ter understand this process, we studied cellular stress in
rat thymus after exposure to RF at 2.45 GHz, based on
an experimental diathermic model in a GTEM chamber.
We analyzed HSP-70 and HSP-90 as indicators of cellular
stress and glucocorticoid receptor expression, applying a
hematoxylin-eosin (H&E) stain that made histological and
immunohistochemical changes easier to detect [28]. Among
the morphological variations observed in the thymus tissue
were augmented blood vessel distribution and the presence of
red blood cells as well as hemorrhagic reticuloepithelial cells.

HSP-90 decreased in the thymus of rats exposed to the highest
power level (12 W), but all groups except one recovered after
24 h. There were no significant alterations of HSP-70 in
any group. Finally, glucocorticoid receptor immunomarkers
were more prevalent in the thymic cortex of exposed rats
(see Table 3).

C. MALE RAT MODEL IN TRAVELLING WAVE CAVITY WITH
TWO COMBINED FREQUENCIES
We began studying exposure to simultaneous multiple RF
signals in order to experimentally observe tissue condition
and apoptosis status in exposed rats and to look for cor-
relations between tissue damage and SAR-based estimates.
Sections of different tissues (cerebral cortex, cerebellum,
thymus, pituitary gland, tongue, trapezoid muscle, testicle,
interscapular fat) were taken from rats sacrificed 24 h after
exposure, as well as from negative controls and positive con-
trols exposed to gamma radiation. The tissues were stained
with haematoxylin-eosin to facilitate examination of general
cell morphology and with DAPI to identify apoptosis [29].
Only the positive controls presented lesions or indications of
tissue destruction or apoptosis. The results for rats exposed
to either frequency, or to both at the same time, were quite
similar to the results for the negative controls. The low spe-
cific absorption rates applied in the experiment (< 0.3 W/kg
except in the pituitary glands), along with single rather than
repeated exposure in the design, may have been responsible
for lack of significant effects. The study did not clarify:
1) additivity of absorbed energy and/ or biological effects
in tissue or 2) whether combined and single frequencies
have the same interaction mechanism in live tissue. These
unanswered questions led to another experiment, in which
Sprague-Dawley rats were irradiated in an experimental mul-
tifrequency system and the combined SAR was determined
by FDTD. We then looked at cellular stress based on expres-
sion of HSP 90 and 70 and examined both hemispheres of the
cerebrum and cerebellum for effects of pre-apoptotic caspase-
3 activity [30].

Twenty-four hours after exposure to combined or single
radiation, we observed significant differences in HSP-90 and
HSP-70 expression. However, there were no significant dif-
ferences in caspase 3 levels between the hemispheres of
the cerebral cortex at high SAR levels. In the cerebellar
hemispheres, groups exposed to a single RF and high SAR
displayed significant differences in the expression of HSP-90,
HSP-70 and caspase-3 with respect to control animals. This
indicates that absorbed energy and/or biological effects of
combined signals were not additive, by which we deduce that
another mechanism is involved when multiple frequencies
interact with nervous tissue (see Table 3).

VI. DISCUSSION AND DIRECTIONS FOR FUTURE
RESEARCH.
This publication analyzes the impact on human health of
experimental studies of radiofrequency exposure in ani-
mals; however, it should be taken into account that they
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FIGURE 9. Sketch of our hypothesis about the role which the particulate matter atmospheric pollution play in the experimental models for animals
exposed to non-ionizing radiation is here depicted. The pictures A, B, C are the sketches of the three EM models in which the studied animals are
introduced. Through orange wide arrows the more relevant facts of each study are stated. The wide red arrows suggest the possible biological effects
induced by means of the combination of the EM radiation and the particulate matter pollution on each case.

were carried out in short periods of time in both acute
and subacute manner. The lack of more long-term stud-
ies prevents having incomplete information on the impact
of non-ionizing radiation on the health of the population.
However, it does not de-authorize the study as the valida-
tion and analysis of short-term biological effects since they
could provide relevant information about the risks and initial
mechanisms of interaction of electromagnetic field with the
population.

Several studies in humans validate our findings based on
experimental radiation systems with animals: modifications
of the EEG activity in epileptic patients [31]–[34], hormonal
alterations or increasing in thyroid cancer [35], [36], and neu-
rological symptomatology provoked by means of the interac-
tion of multiple radiofrequencies [37].

GSM radiation (in a standing wave cavity) at 900MHz can
induce seizures in rats made susceptible to seizures through
the administration of picrotoxin in subconvulsive doses.
Behavioral indicators, EEG results and c-Fos expression in
neurons confirmed this in comparison to rats exposed to
unmodulated radiation. GFAP and c-Fos, which are positive
neurotoxic markers, induced potentially reversible alterations
in brains with a physiological tendency towards electrical
instability. Our findings underscore the relevance of further
rigorous research to understand the effects of mobile tele-
phone RF on persons suffering from epilepsy. Forty-five min-
utes exposure to GSM-EMFs of a mobile phone modulates

the inter-hemispheric coupling of resting EEG rhythms in
epilepsy patients [32]. However, a significant increase in EEG
activity within the alpha, beta, and gamma bands is also
described when epileptic patients were exposed to controlled
electromagnetic radiation in a controlled manner [31].

Environmental risk factors, such as air pollution, could
potentially impact large sections of the population and there is
become public health concerns. The exposure to environmen-
tal factors has been shown to increase the risk the hospital-
ization for epilepsy [38]. The crucial role of several possible
mechanisms which modify cortical excitability which would
act simultaneously in this pathology it is now undetermined
(see Fig. 9).

However, as a consequence of the urbanization progress,
the particulate matter pollution in the atmosphere represents
an important risk for the development of diseases and/or
cancer [39]–[41]. In other hand, the exposure to electromag-
netic fields induce either stimulatory, inhibitory, or no effect
on the immune system in relationship to how specific EMF
frequencies, specific EMF power densities, and specific EMF
durations interact with specific field parameters [42].

From the citizen health care point of view, to breathe
polluted air modifies the immune response and increases
the systemic effects and injuries in the tissues [43], [44].
The design of experimental models in which various toxic
agents are combined and interact between them could help to
understand the pathogeny of several diseases (see Fig. 9).
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Combined radiation at 900 and 2.45 GHz RF subther-
mal SAR in a GTEM chamber apparently had no negative
effects on tissues; the results were comparable to those of
non-radiated animals. The combined signals triggered energy
absorption in nervous tissue at 2W or 4 W power, but the
absorbed energy did not correspond to the sum of the two
SARs. Cellular stress in the cerebral cortex, the cerebel-
lum or both seems to be more associated with the type of
signal than with additive effects of combined frequencies.
This points to the possibility of another mechanism at work
when multiple signals act on tissue. Consequently, there is
no linear cause-effect relationship, the sub-thermal effects
from a combined two-frequency signal must be described as
a non-linear study biosystem.

The electromagnetic pollution is essentially concentrated
in urban areas: there are some evidences about it can aug-
ment the effects of certain other pollutants, e.g. by enhancing
metal-induced cellular stress and oxidative stress [45]. Endo-
plasmic reticulum stress and the unfolden protein response
can trigger cell death in illnesses which are associated with
early mortality and PM exposure; therefore, endoplasmic
reticulum stress is a plausible mechanism of PM-mediated
inflammation and adverse health effects [46].

Simultaneous exposure to particulate and electromagnetic
air pollution can have synergistic effects on the nervous sys-
tem (see Fig. 9).

VII. CONCLUSIONS
The experimental models of controlled exposure of animals
to radiofrequency allow us to know in the short term the
mechanisms and risks that can affect human health. The
modulation of EEG rhythms in epileptics, the modification
of the immune response and the increase in cellular stress are
biological effects that could be caused in humans by radio fre-
quency interaction. In an urban environmental that combines
the electromagnetic and chemical pollution of environmental
particles cortical excitability, inflammatory response and cell
injury can be modified.
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